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Abstract 

 

The redlegged earth mite, Halotydeus destructor, is an invasive species 

introduced into Australia from South Africa. In Australia, this species 

enters summer diapause at the egg stage which can survive desiccation, 

heat exposure and applications of pesticides over summer, while annually 

it produces approximately three generations of active mites in the cool 

and wet period. Hatching of diapause eggs approximately synchronize the 

germination of annual plants and the post-diapause mites (1st generation), 

thus causing serious damage on seedlings.  

 

Understanding the mechanism and fitness cost of adaptation to host plants, 

environmental changes and pesticides pressure in this species is crucial 

for development of an integrated pest management (IPM) strategy. My 

experiment reveals that host performance of H. destructor is influenced 

by the interaction between mite populations and host plants. Mite survival, 

net reproductive output, development and feeding damage on plants are 

reduced if the previous host plant of a population is different from the 

host plant of the introduced microcosm, revealing that a fitness cost is 

involved in host adaptation.  

 

A typical type of diapause eggs with a thick chorion is known to survive 

sprays of pesticides and stressful summer. A program, Timerite®, has been 

designed in Western Australia to predict the onset of the typical diapause 

(TD) egg production based largely on daylength, and farmers spray 
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pesticides according to Timerite® predicted date to suppress populations 

of pre-diapause mites. However, effectiveness of Timerite® is less in 

eastern areas of Australia than Western Australia. My study reveals a 

cryptic type of diapause (CD) egg which lacks a thick chorion and thus is 

morphologically similar to the non-diapause (ND) egg. Production of 

diapause eggs (including both TD and CD types) was triggered by 

longer-daylength, as well as hotter and drier conditions in comparison 

with conditions leading to ND eggs. However, CD egg can be produced 

under shorter daylength and cooler temperatures in comparison with TD 

eggs. Coexistence of CD and ND eggs reflects a bet-hedging strategy in 

that some individuals can enter diapause for unpredictable conditions. 

Nevertheless, a fitness penalty of this strategy is revealed by lower 

diapause intensity of CD eggs when parental mites were reared in cooler 

and moister conditions. 

 

Heavy reliance of synthetic pyrethroid chemicals targeting active mite 

has led to target-site resistance (kdr) evolving. The L1024F substitution in 

the voltage-gated para sodium channel is incompletely recessive. 

Heterozygote (RS) individuals which are detectable in genetic screening 

are therefore undetectable by bioassays. Only the resistant homozygote 

(RR) survive 100 mgL-1 bifenthrin which is the discriminating dose and 

also the field rate, while RS heterozygotes do not survive. Refuges 

untreated by pyrethroids could reduce resistance evolution because 

susceptible homozygous (SS) mites in refuges mate with RR survivals in 

sprayed areas to produce RS. Furthermore, the resistant population has 
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decreased net reproductive output in comparison with susceptible 

populations, revealing a fitness cost of the L1024F substitution. The 

frequency of resistant alleles in a population is therefore decreased in the 

absence of pyrethroid chemicals. 

  



 
v 

 

Declaration 

 

 

 

 

 

 

This is to clarify that  

1. the thesis comprises only my original work towards the PhD 

except where indicated in the preface; 

2. due acknowledgement has been made in the text to all other 

material used; 

3. the thesis is fewer than 100,000 words in length, exclusive of 

tables, maps, bibliographies and appendices. 

 

 

Signed:_____________________ 

 

Date:______________________ 

  

8 Nov, 2018



 
vi 

 

Preface 

 

Two out of five experimental chapters of this thesis (Chapter 2 and 3) 

have been published in peer-reviewed journals with minor revisions 

under the titles below. Another chapter (Chapter 4) has been submitted to 

a peer-reviewed journal and is under review. The nature and contributions 

for each paper is also described below.  

 

 

Chapter 2. X. Cheng , P. A. Umina, and A. A. Hoffmann. 2018. 

Influence of previous host plants on the reproductive success of a 

polyphagous mite pest, Halotydeus destructor (Trombidiformes: 

Penthaleidae). Journal of Economic Entomology 111: 680–688. 

http://doi.org/10.1093/jee/tox368. 

 

The experimental work was performed by XC with the following 

assistance. This study was designed in collaboration with AAH and PAU. 

Mites collection was made by XC with assistance of Josh Douglas. 

Microcosms were made by XC with assistance of PAU and Nicholas 

Osborne. Data analysis was performed by XC with assistance of AAH 

and Prof. Yuh-ling Lee. Manuscript was written by XC and subsequently 

revised by AAH and PAU. AAH and PAU supervised the data analysis 

and manuscript writing. 90% of the work for this chapter was performed 

by XC. 

 



 
vii 

 

 

Chapter 3. X. Cheng , A. A. Hoffmann, J. L. Maino, and P. A. Umina. 

2018. A cryptic diapause strategy in Halotydeus destructor (Tucker) 

(Trombidiformes: Penthaleidae) induced by multiple cues. Pest 

Management Science https://doi.org/10.1002/ps.5053 

 

The experimental work was performed by XC with the following 

assistance. This study was designed in collaboration with AAH and PAU. 

Mites were collected by XC with assistance of Josh Douglas. Microcosms 

were made by XC with assistance of Kelly Richardson and Nick Bell. 

The experiment was performed by XC. Manuscript was written by XC 

and subsequently revised by AAH, PAU and JLM. Data analysis was 

performed by JLM. The graphic abstract was painted by Elia Pirtle. AAH 

and PAU supervised the data analysis and manuscript writing. 80% of the 

work for this chapter was performed by XC. 

 

 

Chapter 4. X. Cheng , A. A. Hoffmann, J. L. Maino, and P. A. Umina. 

2018. Summer diapause intensity influenced by parental and offspring 

environmental conditions in the pest mite, Halotydeus destructor. This 

work has been submitted to Journal of Insect Physiology.  

 

The experimental work was performed by XC with the following 

assistance. This study was designed in collaboration with AAH and PAU. 

Mites were collected by XC with assistance of Josh Douglas. Microcosms 



 
viii 

 

were made by XC with assistance of Kelly Richardson and Nick Bell. 

The experiment was performed by XC. Manuscript was written by XC 

and subsequently revised by AAH, PAU and JLM. Data analysis was 

undertaken with the help of JLM and AAH. The graphic abstract was 

made by XC with assistance of Elia Pirtle. AAH and PAU supervised the 

data analysis and manuscript writing. 80% of the work for this chapter 

was performed by XC. 

 

  



 
ix 

 

Acknowledgement 

I am extremely grateful to my supervisors Ary Hoffmann and Paul Umina 

for their exceptional assistance and guidance throughout my PhD 

candidature. I greatly appreciate the enthusiasm and knowledge they 

provided. With their support, I have learned an incredible amount as a 

student and gained confidence and independence as a scientist.  

 

Many thanks to Siu Fai Lee, Nancy Endersby, Vanessa White, Isabel 

Valenzuela, Qiong Yang, and Adam Miller for advice and assistance in 

genetics laboratory work. I also thank Owain Edwards, Annabel Clouston, 

Josh Douglas, Lisa Kirkland and Matthew Binns for their assistance with 

the field work. Nick Bell, Kelly Richardson, Garry McDonald, Emily 

Thomson, Matthew Hill all provided time, advice and assistance over the 

period my candidature. Special thanks also to James Maino and Prof. 

Yuh-ling Lee for advice and assistance in statistics. Elia Pirtle has been a 

great help in drawing an awesome graphical abstract for my paper. 

 

I am especially grateful to my friends in PEARG and CESAR (Nick, 

Megan, Li-Hsin, Perran, Jason, Ashley, Anthony, Ginger, Ian, Siobhan, 

Rachel, Heng, Gordana, Rahul, Rebecca, Molly, Tom, Ann, Michele, 

Samantha, Véronique, Alana, Ellen, Moshe, Eddie, Oliver, Yifan, Xinyue, 

Marianne, Weibin, Li-Jun, Julia, Aston, and Xuefen), friends in Burnley 

campus (Nicholas, Sascha, Pei-wen, Xinxue, Chelsea, Jie) as well as my 

housemates (Tai, Bron and Mao) who provided assistance, friendship and 

motivation at different times.  



 
x 

 

 

My PhD candidature is supported by scholarships from the University of  

Melbourne (Melbourne International Research Scholarship and 

Melbourne International Fee Remission Scholarship), the Australian 

Commonwealth Scientific and Research Organization (CSIRO) and the 

Taiwan Ministry of Education (Government Scholarship to Study Abroad 

(GSSA)). I would also like to thank the Grains Research and 

Development Corporation for providing funding for my research. I also 

thank Heritage Seeds and Smyth Seeds for the supply of seeds. 

 

  



 
xi 

 

Contents 

 

Abstract......................................................................................................ii 

Declaration.................................................................................................v 

Preface.......................................................................................................vi 

Acknowledgements...................................................................................ix 

Table of contents.......................................................................................xi 

List of tables...........................................................................................xvi 

List of figures.........................................................................................xix 

 

Chapter 1: General introduction.............................................................1 

1.1 Invasive species in Australia.............................................................2 

1.2 Invasive Halotydeus destructor.........................................................4 

1.2.1 History........................................................................................4 

1.2.2 Taxonomy of H. destructor.........................................................5 

1.3 Feeding and adaptation to host plants...............................................8 

1.4 Biology and adaptation to environmental changes.........................11 

1.4.1 Life cycle of H. destructor........................................................11 

1.4.2 Differences between non-diapause and diapause eggs.............13 

1.4.3 Traits of active mites................................................................14 

1.4.4 Distribution...............................................................................15 

1.4.5 Mechanism of diapause............................................................16 

1.5 Adaptation to pesticides and fitness cost........................................18 

1.5.1 Pesticide resistance...................................................................18 



 
xii 

 

1.5.2 Receiveness of pyrethroid resistance........................................20 

1.5.3 Fitness of pyrethroid resistance................................................21 

1.6 Thesis outline..................................................................................21 

 

Chapter 2: Influence of previous host plants on the reproductive 

success of a polyphagous mite pest, Halotydeus destructor 

(Trombidiformes: Penthaleidae)...........................................................23 

2.1 Abstract...........................................................................................23 

2.2 Introduction.....................................................................................25 

2.3 Methods...........................................................................................27 

2.3.1 Microcosm preparation.............................................................27 

2.3.2 Mite collections........................................................................29 

2.3.3 Mite introductions and assessments..........................................30 

2.3.4 Data analysis.............................................................................31 

2.4 Results.............................................................................................32 

2.4.1 Survival of parental mites.........................................................32 

2.4.2 Reproductive output (Ro) ........................................................34 

2.4.3 Development of filial mites......................................................35 

2.4.4 Feeding damage to plants.........................................................35 

2.5 Discussion.......................................................................................36 

2.6 Table and figures of Chapter 2...................................................41-47 

 

Chapter 3: A cryptic diapause strategy in Halotydeus destructor 

(Tucker) (Trombidiformes: Penthaleidae) induced by multiple 

cues...........................................................................................................48 



 
xiii 

 

3.1 Abstract...........................................................................................48 

3.2 Introduction.....................................................................................51 

3.3 Materials and methods....................................................................57 

3.3.1 Mite collections and microcosm experiments...........................57 

3.3.2 Diapause assessments using morphology and hatching 

tests....................................................................................................59 

3.3.3 Viability of eggs over summer...................................................60 

3.3.4 Data analysis............................................................................61 

3.4 Results.............................................................................................63 

3.4.1 Environmental conditions influencing diapause.......................63 

3.4.2 Differences in the induction and number of cryptic and typical 

diapause eggs.....................................................................................64 

3.4.3 Viability of cryptic and typical diapause eggs..........................65 

3.5 Discussion.......................................................................................65 

3.6 Conclusion.......................................................................................70 

3.7 Tables and figures of Chapter 3.................................................72-79 

 

Chapter 4: Summer diapause intensity influenced by parental and 

offspring environmental conditions in the pest mite, Halotydeus 

destructor.................................................................................................80 

4.1 Abstract...........................................................................................80 

4.2 Introduction.....................................................................................84 

4.3 Materials and methods....................................................................89 

4.3.1 Microcosm set-up and mite collections....................................89 

4.3.2. Experimental design................................................................91 



 
xiv 

 

4.3.3. Data analysis...........................................................................94 

4.4 Results.............................................................................................95 

4.5 Discussion.......................................................................................97 

4.6 Conclusion.....................................................................................103 

4.7 Tables and figures of Chapter 4.............................................106-113 

 

Chapter 5: Pyrethroid resistance in the pest mite, Halotydeus 

destructor: dominance patterns and resistance screening.................114 

5.1 Abstract..........................................................................................114 

5.2 Introduction...................................................................................116 

5.3 Materials and methods..................................................................120 

5.3.1 Mite collections.......................................................................120 

5.3.2 Establishment of multi-genotype population..........................121 

5.3.3 Pesticide laboratory bioassays...............................................121 

5.3.4 DNA extraction of mites..........................................................123 

5.3.5 HRM genotyping assays.........................................................124 

5.3.6 Tm Calling to monitor the heteroduplex.................................126 

5.3.7 Tm Calling to monitor the heteroduplex of a DNA pool.........126 

5.4 Results...........................................................................................128 

5.4.1 Comparison between genotyping and sequencing..................128 

5.4.2 Sensitivity of genotypes to bifenthrin......................................129 

5.4.3 Monitoring of resistance in the field.......................................130 

5.5 Discussion.....................................................................................131 

5.6 Tables and figures of Chapter 5.............................................136-143 

 



 
xv 

 

Chapter 6: Fitness cost of pyrethroid resistance in the redlegged 

earth mite, Halotydeus destructor........................................................144 

6.1 Abstract.........................................................................................144 

6.2 Introduction...................................................................................145 

6.3 Materials and methods..................................................................151 

6.3.1 Microcosms for mite rearing..................................................151 

6.3.2 Mite collections.......................................................................153 

6.3.3 Mixed resistant and susceptible mites in different proportions to 

introduce into microcosms...............................................................153 

6.3.4 Mite assessments to identify generations and samplings.......155 

6.3.5 Bioassays................................................................................157 

6.3.6 DNA extraction and genotyping.............................................158 

6.3.7 Data analysis..........................................................................158 

6.4 Results...........................................................................................159 

6.4.1 The first experiments (April 2014-May 2015)........................159 

6.4.2 The second experiments (July-October 2015)........................161 

6.4.3 The third experiments (July-October 2015)............................162 

6.5 Discussion.....................................................................................164 

6.6 Tables and figures of Chapter 6.............................................169-177 

 

Chapter 7: General discussion.............................................................178 

7.1 Overview and further studies in H. destructor..............................178 

7.2 Future directions to study other species........................................182 

 

References......................................................................................184-206 



 
xvi 

 

List of tables 

Table 2.1. Two-way ANOVAs testing the effects of mite origin and 

microcosm plant on traits. Data was square-root transformed before 

analysis.....................................................................................................41 

 

Table 3.1. Table of model coefficients, standard errors, and goodness of 

fit measures for binomial models predicting the production of diapause 

eggs in female H. destructor.....................................................................72 

 

Table 3.2. Table of model coefficients, standard errors, and goodness of 

fit measures for binomial models predicting the production of TD eggs in 

female H. destructor................................................................................73 

 

Table S3.1. Table showing the sample sizes used in Figure 3.1 and Figure 

3.2. Fig. 3.1 included the number of all F1 females and F2 eggs in each 

environmental treatment. ND eggs and the females in non-diapause-eggs 

production were excluded in Fig. 3.2.......................................................74 

 

Table 4.1. Treatments used in this study to investigate diapause intensity 

in H. destructor.......................................................................................106 

 

Table 4.2. Model coefficients, standard errors, and model goodness of fit 

measures for mixed-effects logistic models predicting hatch rate of eggs. 

Reference levels of factors: Temperature = 11°C; Soil moisture = Moist; 

Daylength = 10/14 LD; Incubation = CT cabinet; Diapause type = 



 
xvii 

 

Cryptic....................................................................................................107 

 

Table S4.1. Sample sizes of data used to generate violin plots presented 

in Figures 4.1 and 4.2.............................................................................108 

 

Table 5.1. The detection rate of HRM analysis in the first step 

(genotyping) and the second step (Tm Calling) when compared to Sanger 

sequencing.....................................................................................................136  

 

Table 5.2. LC50 values (and 95% confidence intervals) of resistant 

homozygote (RR), resistant heterozygote (RS) and susceptible 

homozygote (SS) individuals after exposure to bifenthrin in laboratory 

bioassays.................................................................................................136  

 

Table 5.3. Resistance allele frequencies of field populations examined 

individually or by pooled DNA..............................................................137 

 

Table S5.1. Mite numbers used to test for dominance relationships in the 

Boyup edge population............................................................................139 

 

Table 6.1. Linear regressions test the effects of resistant allele frequencies 

of the parental generation on the maximal number of mites (log 

transformed) in each filial generation.....................................................169 

 



 
xviii 

 

Table 6.2. Bioassay result of Boyup S and Boyup R populations collected 

from Boyup Brook in 2014 which were used as the starting points of 

1-R1 and 1-S microcosm treatments respectively in the first experiment. 

Bifenthrin 0.1 gL-1 which killed all susceptible individuals has been used 

as the discriminating dose (Umina 2007, Umina et al. 2012). Boyup R 

and Boyup S populations were used as the starting point of the first 

experiment as 1-R1 and 1-S treatments..................................................170 

 

Table 6.3. Resistant allele frequencies between generations in each 

treatment of the three experiments.........................................................171 

 

Table 6.4. Bioassay result of mites collected in 2015 from Boyup Brook 

resistant (Boyup R) and susceptible (Boyup S) populations as well as 

Capel resistant (Capel R) and susceptible (Capel S) populations. Boyup R 

and Boyup S were used as the starting points of 2-R1 and 2-S microcosm 

treatments respectively in the second experiment. Capel R and Capel S 

were used as the starting points of 3-R1 and 3-S microcosm treatments 

respectively in the third experiment.......................................................172 

  



 
xix 

 

List of figures 

Figure 2.1. Changes in the average adult number (±SE) remaining when 

introduced to microcosms containing (a) grasses, (b) legumes and (c) 

broad-leaf weeds.......................................................................................42 

 

Figure 2.2. Survival of the parental mites. (a) Estimated time for half the 

adults to die (LT50). (b) Survival of mites at day 4. Different letters 

indicate significant differences between the origin of mites by post-hoc 

tests (on square root transformed data) within each microcosm plant 

type...........................................................................................................43 

 

Figure 2.3. Changes in the average number (±SE) of offspring mites 

(juveniles + adults) across time in microcosms containing (a) grass, (b) 

legume or (c) broad-leaf weeds. These offspring were produced by the 

parental mite generation from different host plants. Note the figures have 

different scales..........................................................................................44 

 

Figure 2.4. The effects of mite origin on the (a) maximal offspring 

number, (b) maximal offspring adults, and (c) average plant damage of 3 

observation dates after offspring peaked. Average (±SE) values are 

presented. Different letters indicate significant differences between the 

origin of mites within each microcosm plant type...................................45 

 

Figure 2.5. Changes in the average number (±SE) of offspring adults 

across time in microcosms containing (a) grasses, (b) legumes or (c) 



 
xx 

 

broad-leaf weeds. Note the figures have different scales.........................46 

 

Figure 2.6. Averaged feeding damage to plants (±SE) within microcosms 

containing (a) grasses, (b) legumes and (c) broad-leaf weeds associated 

with mites from different origins..............................................................47 

 

Figure 3.1.  The diapause production status of female H. destructor for 

each treatment combination, as measured by the number of diapause eggs 

comprising the total number of eggs dissected from each mite. In the 

violin plots, the horizontal notch represents the median value for each 

group, while the vertical lines represent the inter-quartile range. Sample 

sizes of each treatment group are shown in Table S3.1............................75 

 

Figure 3.2. The proportion of TD eggs produced by female H. destructor 

for each treatment combination, as measured by the number of TD eggs 

comprising all diapause eggs dissected from each mite. Sample sizes of 

each treatment group are shown in Table S3.1.........................................76 

 

Figure S3.1: Photographs showing the morphology of eggs (a) without a 

thicker chorion (b) with a thicker chorion which can be seen as an extra 

rim surrounding the egg, especially on the polar side..............................77 

 

Figure S3.2. The distribution of (A) the number of eggs dissected from 

each female mite used in the study, (B) the frequency distribution of 

diapause eggs dissected from each female mite, and (C) egg types across 



 
xxi 

 

all female mites ignoring zeros. Sample sizes and data are identical to 

those used in Figure 3.1......................................................................78 

 

Figure S3.3. Mean number (and standard error) of eggs produced by 

female mites categorized into those producing ND, CD and TD eggs, 

according to the majority egg type in each female. Bars with different 

letters indicate significant differences according to the Scheffe's post-hoc 

test.............................................................................................................79 

 

Figure 4.1. Violin plots showing the rate of (A) hatched eggs, (B) eggs 

visually unhatched and undecayed, (C) eggs decayed, for each mite from 

which typical or cryptic diapause eggs were dissected. Sample sizes of 

each group are shown in Table S4.1. Vertical lines in the violin plots show 

the inter-quartile range while the horizontal notch is the median value of 

each group.......................................................................................109-110 

 

Figure 4.2. Violin plots showing the hatch rate of (A) cryptic diapause 

eggs and (B) typical diapause eggs, dissected from mites reared in 

different temperature and soil moisture conditions. Data for typical 

diapause eggs reared at 11°C are not displayed as very few (n<4) females 

produced typical diapause eggs. Sample sizes of each group are shown in 

Table S4.1. Vertical lines in the violin plots show the inter-quartile range 

whi le  the  hor izontal  notch  i s  the  median  value  o f  each 

group.......................................................................................................111 

 



 
xxii 

 

Figure S4.1. Photograph of air-dry cryptic diapause eggs after 202-days 

desiccation in a shade-house. The diapause egg that had lost its orange 

colour was found to be decayed..............................................................112 

 

Figure S4.2. Violin plot showing the decay rate of (A) cryptic diapause 

eggs and (B) typical diapause eggs, dissected from mites reared in 

different temperature and soil moisture conditions. Data for typical 

diapause eggs reared at 11°C are not displayed as very few (n<4) females 

produce typical diapause eggs. Sample sizes of each group are shown in 

Table S4.1. Vertical lines in the violin plots show the inter-quartile range 

while the horizontal notch is the median value of each group...............113 

 

Figure 5.1. Concentration-response curves of SS (susceptible 

homozygotes of Bellarine population), RS (heterozygotes of Boyup edge 

population) and RR (resistant homozygotes of Boyup edge population) at 

8h bifenthrin bioassays...........................................................................140 

 

Figure 5.2. Concentration-response curves of SS (susceptible 

homozygotes of Boyup susceptible population and Capel susceptible 

population), RS (heterozygotes of Boyup edge population) and RR 

(resistant homozygotes of Boyup edge population) at 24h bifenthrin 

bioassays.................................................................................................141 

 

Figure S5.1. Map of Australia showing the  locations of H. destructor 

collected between 2014 and 2016 from 1 South Perth, 2 Capel, 3 Boyup 



 
xxiii 

 

Brook, 4 Albany, 5 Mt Compass, 6 Tintinara, 7 Naracoorte, 8 Drung, 9 

Halls Gap, 10 Miners Rest, 11 Diamond Creek, 12 Shepparton, 13 Albury, 

14 Henty and 15 Moorong. Locations with a high resistant frequency 

(>60%) are indicated by red stars. Locations with a low resistant 

frequency (<5% but not zero) are indicated by black triangles. Locations 

where resistant alleles were not detected are indicated by white 

circles......................................................................................................142 

 

Figure S5.2. Concentration-response curves of the Boyup edge 

population to bifenthrin after 8 h and 24 h exposure..............................143 

 

Figure 6.1. The average number (±SE) of mites in different observation 

dates in (a) the first experiment, (b) the second experiment, and (c) the 

third experiment. The parental (P) generation and the first filial (F1) 

generation in each experiment can be easily identified because almost all 

mites of the parental generation died before F1 mites emerged and 

matured. However, mites of F2 (and the following generation) somewhat 

overlapped with mites of the previous generation, while F2 (and F3) 

could be seen by new emerging larvae and the fluctuating curves. Note 

that the scales differ between graphs...............................................173-174 

 

Figure 6.2. The effect of resistant allele frequencies in the parental 

treatments on the maximal number (log-transformed) of mites in F1, F2 

and F3 generations in the first experiment.............................................175 

 



 
xxiv 

 

Figure 6.3. The effect of resistant allele frequencies in the parental 

treatments on the maximal number (log-transformed) of mites in F1 and 

F2 generations in the second experiment...............................................176 

 

Figure 6.4. The effect of resistant allele frequencies in the parental 

treatments on the maximal number (log-transformed) of mites in F1 and 

F2 generations in the third experiment...................................................177 

 



- 1 - 
 

Chapter 1: General introduction 

 

Globalization is accompanied by increasing emissions of anthropogenic 

greenhouse gas and facilitated transport networks, leading to climatic 

change and long-dispersal of alien invasive species, including plants, 

animals, pathogens and disease vectors (Crowl et al. n.d., O’Brien and 

Leichenko 2000, Tatem et al. 2006, Meyerson and Mooney 2007, Curtis 

2009). Biological invaders threaten the integrity of existing ecosystems 

with potential effects on agriculture, public health, the economy and the 

biodiversity of native species (Lee 2002). A successful invasion includes 

the following steps: (1) introduction of an alien species, (2) initial 

colonization in the new habitat, (3) successful establishment, and (4) 

subsequent range expansion into new habitats (Sakai et al. 2001). The 

biological invader needs to survive environmental differences between 

the original and invaded habitats which may involve phenotypic plasticity 

and adaptive evolution in response to selection pressures from different 

environments (Prentis et al. 2008).  

 

Global warming may accelerate the spread of invasive species with high 

thermal tolerance, allowing them to establish and spread in new habitats 

(Le Kang et al. 2009). For instance, foraging during the hottest hours in 

summer is arrested or reduced in most native ants of northern California 

but remains in the Argentine ant (Linepithema humile), a combative 

invader. Therefore, L. humile may benefit from global warming in 

competition with native ant species (Human and Gordon 1996). Maturing 
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within short time is a characteristic in some invasive species which can 

help in evolutionary processes including those leading to range shifts and 

pesticide resistance (Hellmann et al. 2008, Maino et al. 2018b). Faster 

development may accelerate evolution leading to adaption to 

environmental changes including host shifts and chemicals (Baldacchino 

et al. 2015).  

 

The introduced species may also drive natural selection on other species. 

For instance, introduced apple (Malus pumila) provides a new host for the 

maggot (Rhagoletis pomonella) which natively feeds on hawthorn 

(Crataegus spp.). Higher internal temperatures of ripening apples 

compared to hawthorns leads to variation in thermal adaptation between 

maggot populations of apples and hawthorns (Filchak et al. 2000). 

Adaptation to higher temperatures is a favoured trait selected by the apple 

host plant, while the population of hawthorns prefers cooler temperatures. 

Although the effect of a neutral or even deleterious allele in the native 

condition may become beneficial in the introduced range (Prentis et al. 

2008), adaptation to a new host or environmental conditions may lead to 

reduction of fitness in other hosts and environments, reflecting trade-offs 

in fitness and diversifying selection on populations of a species (Nosil et 

al. 2002, Kawecki and Ebert 2004, Grbić et al. 2011, Calatayud et al. 

2016).  

 

1.1 Invasive species in Australia 

The list of the 100 worst invasive alien species in the world (Invasive 
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Species Specialist Group 2018) is headed by Acacia mearnsii, a native 

Australian leguminous tree which invades other countries and alters soil 

climate and nutrition, leading to loss of biodiversity and ecosystem 

function (Maitre et al. 2011). However, Australia has been also invaded 

by many species in the worst-100 list, including a fungus 

(Batrachochytrium dendrobatidis), six terrestrial plants (Ardisia elliptica, 

Hiptage benghalensis, Mimosa pigra, Morella faya, Opuntia stricta, and 

Schinus terebinthifolius), three aquatic plants (Salvinia molesta, Caulerpa 

taxifolia, and Undaria pinnatifida), a fish (Gambusia holbrooki), an 

amphibian (Rhinella marina), a reptile (Trachemys scripta elegans), two 

birds (Acridotheres tristis and Sturnus vulgaris), three mammals (Cervus 

elaphus, Oryctolagus cuniculus and Vulpes vulpes), a sea star (Asterias 

amurensis), and six arthropod species (e.g. a crab (Carcinus maenas), a 

mosquito (Aedes albopictus) and four ants (Anoplolepis gracilipes, 

Pheidole megacephala, Solenopsis invicta, Wasmannia auropunctata).  

 

In this list, species of Acari are mostly overlooked. While not in the worst 

100 list, sibling species of Varroa mites are notorious parasites of 

honeybees and vectors of deformed wing virus, which represent one of 

the reasons for colony collapse disorder (Anderson and Trueman 2000, 

Cox-Foster et al. 2007, Wilfert et al. 2016). Sibling species (e.g. V. 

jacobsoni and V. destructor) that comprise Varroa mites have recently 

undergone a host shift from Asian honeybee (Apis cerana) to western 

honeybee (Apis mellifera) and become a worldwide pest of bees for most 

countries (Oldroyd 1999, Anderson and Trueman 2000) that threatens 
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honey production and importantly pollination services. Currently, 

Australia remains one of the last countries which is free of Varroa mites 

but repeated incursions are being intercepted. Varroa mite (Varroa 

jacobsoni) was first detected in 2016 at Townsville (Queensland) and 

associated with the Asian honey bee (Apis cerana) which is also an 

invader species in Australia. Although A. cerana has successfully 

established in Australia, the populations which have been infected by 

mites were eliminated (Queensland Government Department of 

Agriculture and Fisherie 2016) . Another recent detection of Varroa mites 

infecting a bee colony occurred at the Port of Melbourne (Victoria) and 

involved a crate from the United States (Rooth 2018). 

 

Unlike the varroa mite, another invasive mite species, the redlegged earth 

mite (Halotydeus destructor), has successfully established and threatens 

broad-acre agricultural systems in Australia due to a broad range of host 

plants. In my thesis, I aim to investigate the mechanism around how this 

species adapts to host shifts, environmental changes and applications of 

pesticides as well as the fitness cost caused by these adaptations.  

 

1.2 Invasive Halotydeus destructor 

 

1.2.1 History 

Halotydeus destructor was firstly named as the earth flea in 1908 in the 

Western Cape Province in South Africa (Jack 1908). In Australia, this 

species was firstly found in 1920 and named by Newman as red-legged 
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velvet earth mite (Newman 1923). The Australian population was 

putatively introduced from the Western Cape Province of South Africa to 

Bunbury in Western Australia (WA) by infested ships ballast. 

Subsequently, mites spread to South Australia (SA), Victoria (VIC) and 

New South Wales (NSW) in 1930, followed by the first record in the 

island state, Tasmania (TAS), in 1940 (Weeks et al. 1995, Ridsdill-Smith 

1997). In 1942, this species was first observed in New Zealand 

(Ridsdill-Smith 1997). 

 

1.2.2 Taxonomy of H. destructor 

Kingdom Animalia 

Phylum Arthropoda 

Class Arachnida 

Subclass Acari 

Order Trombidiformes 

Suborder Prostigmata 

Supercohort Eupodides 

Superfamily Eupodoidea 

Family Penthaleidae 

Genus Halotydeus 

 

The Penthaleidae family includes three genera (Halotydeus, Penthaleus 

and Chromotydaeus) which can be distinguished morphologically by the 

location of the anus. The genus Halotydeus can be distinguished by the 

terminal anus (Qin and Halliday 1996a), while the anus of the genera 
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Penthaleus and Chromotydaeus is at the dorsal position. Compared with 

Penthaleus, the anus of Chromotydaeus is at a more posterior margin 

(Qin and Halliday 1996b). Earth mites of two genera (Halotydeus and 

Penthaleus) are major economic pest in the southern agricultural regions 

of Australia. 

 

The genus Halotydeus consists of marine and terrestrial mite species 

occurring between frigid and torrid zones, revealing remarkable 

adaptations and evolution to different environmental conditions. Although 

at least four marine Halotydeus species (Halotydeus hydrodromus, 

H. mollis, H. signiensis and an undescribed species) have been 

documented in intertidal habitats of UK, Hong Kong, Antarctic, 

and Philippines (Pugh and King 1985, Qin and Halliday 1996a, Procheş 

and Marshall 2001), this genus is better known from its terrestrial species 

complex, which includes the notorious agricultural pest, H. destructor 

(Tucker), invading from South Africa into Australia and New Zealand 

(Weeks et al. 1995, Qin 1997, Hill et al. 2016). Previous studies of 

Halotydeus mites were mostly performed in Australia because H. 

destructor is an important pest of many agricultural plants 

(Ridsdill-Smith 1997, Umina and Hoffmann 2004, Cheng et al. 2018b), 

while at least three other species (H. bakerae, H. castellus and H. 

spectatus) have been found feeding on native Australian flora. A 

morphological key has been developed to identify five Halotydeus 

species, including four species (H. bakerae, H. castellus, H. spectatus, H. 

destructor ) in Australia and one species (H. anthropus) only found in 
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South Africa (Qin and Halliday 1996a). 

 

Morphologically based systematic studies on invertebrates have often 

been challenged by molecular approaches, leading to cryptic species 

which may previously have been misidentified as one species due to 

morphological similarity (Bickford et al. 2007). Allozyme electrophoresis 

was the first genetic method applied to earth mites of two genera, 

Penthaleus and Halotydeus, which were collected from Victoria 

(Australia) by Weeks et al. (1995). Results of allozyme indicated that the 

Penthaleus genus comprises three cryptic species (P. major, P. falcatus 

and P. tectus) which are diploid and reproduce (at least largely) by 

thelytokous parthenogenesis, while H. destructor is diploid, panmictic 

and conspecific (Weeks et al. 1995, Halliday 2005). Subsequently, 

allozyme electrophoresis was used to analyse Halotydeus populations 

from Australia and South Africa (Qin 1997). South African mites were 

collected from 14 locations and included at least two close-related but 

morphologically distinguishable species, H. destructor and H. anthropus, 

while Australian mites were collected from 39 locations, covering states 

of Western Australia (WA), South Australia (SA), Victoria (Vic) and New 

South Wales (NSW). Although allozyme revealed that South African 

populations were geographically diversified, the Australian populations, 

which likely derived from the population of Cape Town (South Africa), 

were not significantly subdivided and presented a large population with 

moderate gene flow (Qin 1997).  
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However, the resolution of allozyme electrophoresis is limited by the low 

number of markers, so microsatellite and mtDNA (mitochondrial 

cytochrome oxidase I (COI)) were recently used as improved molecular 

markers to investigate Halotydeus mites in Australia (22 populations) and 

South Africa (16 populations) (Hill et al. 2016). Although a cryptic 

species complex with 11 close-related species is found in South Africa, 

only H. destructor has entered Australia and spread through states of WA, 

SA, VIC, NSW and Tasmania. Australian mites in this study were 

collected from agricultural pasture rather than Australian native flora, so 

H. bakerae, H. castellus and H. spectatus were not included in this 

comparison. The Hill et al (2016) study failed to identify the population 

of origin of the Australian mites (H. destructor) despite having greater 

resolution than the earlier Qin (1997) study. 

 

1.3 Feeding and adaptation to host plants 

Although the Penthaleidae family, which has been thought of as being 

obligatory phytophagous, comprise many species of earth mites which 

feed on lower plants (e.g. algae and mosses) (Lindquist 1998, 

Ridsdill-Smith and Pavri 2000), the genus Halotydeus includes species 

that appear to be an obvious exception. Marine Halotydeus species can 

feed on other littoral mites and mosses (Luxton 1990, Pugh 1993), while 

H. destructor can feed on higher plants, including forage grasses, cereals, 

legumes, oilseeds, vegetables and broad-leaf weeds (Annells and 

Ridsdill-Smith 1994, Gaull and Ridsdill-Smith 1996, Umina and 

Hoffmann 2004). Larvae of H. destructor can also feed on mosses, algae 
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(Maclennan et al. 1998) and even cannibalistically on unhatched eggs in 

the absence of favourite host plants (Norris 1950), while H. destructor is 

a highly phytophagous species on a broad range of plants.  

 

Host plant resistance to H. destructor has been screened in different 

varieties of subterranean clover (Trifolium subterraneum) (Gillespie 1991, 

Lake and Howie 1995, Ridsdill-Smith et al. 1995, Weinman et al. 

1995).Toughness of cotyledons and antifeedant compounds have been 

reported as physical and chemical mechanisms that reduce feeding 

damage in some varieties of clovers (Jiang and Ridsdill-Smith 1996a, 

1996b, Jiang et al. 1996), while subterranean clover and other species of 

the Fabaceae family (legumes) are generally favoured by H. destructor, 

including common vetch (Vicia sativa), lucerne (Medicago sativa), dwarf 

bean (Phaseolus vulgaris) and snow peas (Pisum sativum). These 

legumes are suitable hosts for mites in the lab and are commonly attacked 

by mite feeding in the field (Ridsdill-Smith 1991, Annells and 

Ridsdill-Smith 1994, Thackray et al. 1997, Robinson and Hoffmann 

2001). In general, reproduction, survival and damage of H. destructor is 

higher on legumes although mites also feed grasses of Poaceae family 

(e.g. oats, wheat, barley and other pasture grasses), and broad-leaf weeds 

of Asteraceae family (e.g. Arctotheca calendula, Picris echioides and 

Hypochaeris radicata) (McDonald et al. 1995, Merton et al. 1995, 

Robinson and Hoffmann 2001, Umina and Hoffmann 2004, Lawrence 

2009).  
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Broad-leaf weeds provide H. destructor a favoured habitat and 

ovipositing substrate; these plants often provide a higher humidity, 

although not all are suitable sources of food because feeding and 

reproduction of mites are poorer on capeweed (Arctotheca calendula) 

compared to subterranean clover in non-choice experiments in the lab 

(Solomon 1937a, Ridsdill-Smith and Pavri 2000). However, foraging 

behaviour of H. destructor in the field varies seasonally between the 

non-flower and blossoming periods in pasture with capeweed, 

subterranean clover and grasses; mites preferred feeding on foliage of 

subterranean clover in winter in the absence of capeweed flowers, while 

mites aggregated to capeweed flowers in spring for pollen and nectar as 

supplementary nutrition (Annells and Ridsdill-Smith 1994, Gaull and 

Ridsdill-Smith 1996, Ridsdill-Smith and Pavri 2000).  

 

However, some studies have provided inconsistent results on host plants.  

For instance, wheat and oats were found as poor hosts for H. destructor in 

an experiment (Robinson and Hoffmann 2001) but suitable hosts in 

another experiment (Umina and Hoffmann 2004). Interestingly, mites in 

the former and latter experiments were collected from pasture dominated 

by clovers and thick-blade grasses respectively. Mites used in Robinson 

and Hoffmann (2001) experienced host species from the Fabaceae family 

and then moved to the Poaceae family, while mites in Umina and 

Hoffmann (2001) stayed with host species of the same Poaceae family. 

These results suggest adaptation of similar plants may harbor trade-offs in 

fitness, leading to reduced performance on other plants. Trade-offs in host 
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adaptation may relate to the fact that host plants confer different 

defensive system (Fry 1990, Strauss and Agrawal 1999, Agrawal 2000, 

Skoracka et al. 2009).  

 

Host adaptation subdivides a polyphagous species into genetically-linked 

host races in many cases, such as maggot (Rhagoletis pomonella), fall 

armyworm (Spodoptera frugiperda) and two-spotted spider mite, 

(Tetranychus urticae) (Pashley 1988, Feder et al. 1990, Gotoh et al. 1993, 

Weeks et al. 2000, Jallow et al. 2004), while phenotypic plasticity can 

occur in species such as H. destructor even if these are not genetically 

subdivided (Weeks et al. 1995, Qin 1997, Hill et al. 2016). If fitness costs 

are involved in plastic responses in H. destructor, crop rotations may 

provide a potential non-chemical control option to suppress the 

population size of H. destructor even though the favourite host plants are 

included in rotations. Whether the host plants fed by the previous 

generation impacts the following generation will be further investigated 

in Chapter 2 of my thesis.  

 

1.4 Biology and adaptation to environmental changes 

1.4.1 Life cycle of H. destructor 

The life cycle of many arthropods consist of active and dormant stages to 

adapt to environmental changes between favourable and unfavourable 

seasons (Chippendale 1982, Denlinger 2002). The activity and 

development of species can be synchronized to a favourable period but 

arrested in dormancy to survive stressful conditions (e.g. heat, cold, 
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desiccation and starvation) of an unfavourable period (Koštál 2006). 

Quiescence and diapause are two forms of dormancy. Activity and 

development are arrested in quiescence because adverse conditions but 

reactivated rapidly after conditions ameliorate (Hand and Podrabsky 

2000). However, diapause is a preventive dormancy for future 

environmental changes and therefore reactivation requires a relatively 

longer time and involves species-specific mechanisms (Belozerov 2009). 

 

Life stages of H. destructor include the egg, larva, protonymph, 

deutonymph, tritonymph and adult (Annells and Ridsdill-Smith 1994). 

Two phenotypes of eggs (i.e. non-diapause and diapause) can be 

produced by adult females, revealing phenotypic plasticity in the life 

cycles to adapt environmental changes. H. destructor is mulitivoltine in 

Australia with approximately three annual generations (Ridsdill-Smith 

and Annells 1997). Active mites can be found from April (or May) to 

October (or November), depending on geographic regions, during the 

cool and wet period (Ridsdill-Smith and Annells 1997). Females of the 

first two generations lay non-diapause (winter) eggs on the underside of 

leaves or on soil surface in winter conditions, while females of the third 

generation retain diapause eggs in the body in spring (Solomon 1937a, 

Wallace 1970a). Although active mites die in the approach of summer, 

diapause eggs survive heat and desiccation of the stressful period 

(Wallace 1970b, Halliday 1991, Ridsdill-Smith 1997, Ridsdill-Smith et al. 

2005). All currently registered synthetic chemicals only target mites of 

active stages (larva, nymph and adult) but cannot kill eggs which are 
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protected by the chorion (Ridsdill-Smith et al. 2005). While non-diapause 

eggs hatch rapidly (<2 weeks, depending on temperature) and lose the 

protection of chorion, diapause eggs can survived in female corpses for a 

long summer period (approximately 5 months) after females have been 

killed by pesticides (Umina and Hoffmann 2003). Hatching of 

post-diapause eggs generally synchronizes to germination of autumn 

crops and therefore post-diapause mites cause serious feeding damage on 

seedlings (Ridsdill-Smith and Pavri 2015).  

 

1.4.2 Differences between non-diapause and diapause eggs 

Compared with non-diapause eggs, a noticeably thicker chorion of 

diapause eggs can be seen as a distinct dark rim surrounding the egg. Also, 

diapause eggs are slightly bigger than non-diapause eggs on average. 

Diapause eggs are more bean shaped while non-diapause eggs are more 

symmetrical ovoid shape (Norris 1950). Non-diapause eggs hatch in 6-10 

days at 16°C,while diapause eggs produced without heat exposure at 

16°C hatch in 114-331 days (Wallace 1970a, 1970b). Non-diapause eggs 

die rapidly (<41-hours) under desiccation and high temperatures (>30°C), 

while diapause eggs can survive over summer in Australia (approximately 

5 months in the field) with resistance to desiccation and high 

temperatures (up to 70°C) (Solomon 1937b, Norris 1950, Wallace 1970b, 

James and O’Malley 1991a). Although termination of diapause can be 

accelerated by exposure to higher temperature in summer, embryo 

development of diapause eggs is arrested by post-diapause quiescence 

until the approach of autumn provides 10 days of cooler temperature 
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(<20.5°C) and sufficient rainfall (Wallace 1970b, 1970a). Embryo 

developmental rates vary widely between 5-30°C in non-diapause eggs 

but narrowly between 10-22.5°C in post-diapause eggs. The lower 

developmental threshold is estimated at 5.6°C for non-diapause eggs and 

3.7°C for diapause eggs. 105.9 and 156.3 degree-days are estimated 

requirements for non-diapause and post-diapause eggs development to 

complete embryo development respectively (James and O’Malley 1991a).  

 

1.4.3 Traits of active mites  

Although thermal effect on the developmental rate and survival of both 

non-diapause and diapause eggs have been thoroughly studied, 

information on thermal effects and developmental rate of active mites are 

limited. Development from larva to the adult stages reputedly involves 

20-24 days and the adult may live subsequently for 25-56 days 

(Ridsdill-Smith 1997). A generation of active mites on average takes 56 

days in field pastures but this can be accelerated to 35 days in lab 

condition provided with a plentiful supply of a favourable plant (common 

vetch) and fluctuating daily temperatures between 11-18°C 

(Ridsdill-Smith and Gaull 1995, Ridsdill-Smith and Annells 1997).  

 

The heat movement threshold (HMT) to inhibit mites walking is 

significantly higher in Australian adult mites (mean=33.58 °C) than that 

of South African (mean=31.84 °C). Also, Australian adults recover faster 

from cold stress than South African adults (Hill et al. 2013). Although 

evolutionary changes are revealed by the increased thermal tolerance of 
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adults of Australian populations in comparison with that of South African 

populations, thermal tolerance does not vary within Australia populations, 

but does within South African populations (Hill et al. 2013). The high 

variability in South African populations may reflect a species complex 

within this species, as suggested by allozyme studies discussed above 

(Qin and Halliday 1996a, Qin 1997, Hill et al. 2016). 

 

1.4.4 Distribution  

The global records of H, destructor are limited in Australia, New Zealand 

and South Africa in areas with a Mediterranean-typed climate which are 

cool and wet in winter while being hot and dry in summer. The 

distribution of H, destructor has been described in New Zealand (Manson 

1985) and South Africa (Qin and Halliday 1995, 1996a, Ridsdill-Smith 

1997) where it is approximately 150 km within coastal areas from 

Steinkopf to Humansdorf. In the 1960s in Australia, the distribution of H, 

destructor covered areas with a mean monthly maximal temperature 

threshold (<33°C ) and rainfall falling over the 205-mm isohyet in winter 

(May–October) while rainfall was less than the 225-mm isohyet in 

summer (Wallace and Mahon 1971). Sufficient winter rainfall is crucial to 

provide moisture for active mites but also host plants. A dominance of 

annual plants which are favoured by H. destructor is replaced by 

perennial plants if rainfall is too high in summer. The maturity of an 

annual host plant (e.g. subterranean clover) is a cue for H, destructor to 

produce diapause eggs (Wallace 1970a). The absence of annual plants 

may inhibit diapause induction and active mites thus die in a hot summer. 
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Furthermore, summer rainfall may kill diapause eggs because moistened 

diapause eggs die fast at 45°C while air-dried diapause eggs can tolerate 

even 70°C (Wallace 1970b, James and O’Malley 1991b). However, 

Australian populations have recently been found in hotter and drier areas 

than historically recorded, revealing a range expansion of this invasive 

species in comparison with the historical range in 1960s Australia and the 

native range of South Africa (Hill, Hoffmann, Macfadyen, et al. 2012). 

 

1.4.5 Mechanism of diapause 

Although obligatory diapause is induced at a specific stage of some 

species regardless of environmental conditions (Denlinger 2002), the fact 

that environmental changes trigger H. destructor entering facultative 

diapause has been suggested by previous studies (Wallace 1970a, 

Ridsdill-Smith et al. 2005). Although short daylength and cold 

temperature are general diapause-inducing factors for species which enter 

diapause in winter (Beck 1962, Hairston and Kearns 1995, Kroon et al. 

1997), both are expected diapause-inhibitors for species with summer 

diapause (Masaki 1980). Shortened daylength (9h) failed to inhibit H. 

destructor to produce diapause eggs in the approach of summer in the 

field experiment, while young and matured annual clover, T. 

subterraneum, were biotic factors that inhibited and induced diapause 

responses, respectively (Wallace 1970a). However, a differed study 

suggested that daylength was the main factor for diapause induction in 

the field (Ridsdill-Smith et al. 2005). Based on this study, a program, 

Timerite® (www.timerite.com.au) has been developed to spray pesticides 
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on a predicted date before the onset of diapause-egg production and 

thereby suppress the ensuing generation of earth mites emerging after 

diapause. Nevertheless, another study revealed that some diapause eggs 

were produced earlier than the Timerite® predicted date in the field when 

daylength was relatively shorter and when host plants were relatively 

young (Umina and Hoffmann 2003). In addition to daylength and 

maturity of host plants, other factors may also impact diapause responses 

of H. destructor but have not been closely investigated. 

 

Besides the initiation of diapause, the duration of diapause also influences 

the emergence of post-diapause mites. Diapause duration under a specific 

set of conditions can be considered through the depth or intensity of 

diapause (Saunders 2000, Masaki 2013). Diapause intensity (DI) is at a 

high level at the beginning of diapause while decreasing to lower level at 

the end. Previous studies indicated that exposure to higher temperature 

could accelerate the reduction of DI of H. destructor diapause eggs, while 

variability of DI and heat resistance have been also found (Wallace 1970b, 

1970a). Eggs production switches between diapause and non-diapause 

eggs and diversifying DI are likely to represent adaptive plastic responses 

of H. destructor in response to environmental changes. Whether 

trade-offs in fitness are involved in mechanisms contributing to diapause 

induction and DI will be further investigated in Chapter 3 and Chapter 4 

of my thesis. A new third form of egg production is also identified and 

characterised in these chapters. 
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1.5 Adaptation to pesticides and fitness cost  

1.5.1 Pesticide resistance 

Pesticide resistance are generally associated with four types of 

mechanisms, involving reduced affinity of the target site, increased 

detoxification, behavioural changes and decreased cuticle penetration 

(Brattsten et al. 1986). Although production of diapause eggs in H. 

destructor is likely related to behavioural changes and decreased cuticle 

penetration and represents a form of resistance, it is not typically regarded 

as resistance because sensitivity to pesticides in this case differs between 

active and diapause stages rather than between individuals of the same 

stage.  

Selection on active mites has led to the evolution of pyrethroid resistance 

in some populations (Maino et al. 2018a, Maino et al. 2018b). Firstly, 

resistance in H. destructor was found against bifenthrin and 

α-cypermethrin in active mites collected from Esperance, Western 

Australia (WA) in 2006 (Umina 2007). Compared with susceptible mites 

which were collected from Bellarine, Victoria (VIC), the resistance in the 

Esperance populations was higher than 240,000-fold to bifenthrin and 

approximately 60,000-fold to α-cypermethrin. Further studies on the 

resistant population revealed cross-resistance against the entire range of 

pyrethroid chemicals which target the voltage-gated para sodium channel, 

but not chemicals targeting other target sites (e.g. organophosphates, 

carbamates, diafenthiuron, phenylpyrazole, and avermectin) (Umina et al. 

2012). The target-site insensitive mutations against pyrethroid and DDT 

chemicals are named after kdr (knockdown resistance), the first identified 
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mutation (L1014F) on the II6 region of voltage-gated para sodium 

channel in the housefly, Musca domestica (Williamson et al. 1993). 

Although the wild-type housefly has leucine (L) at the position 1014, it is 

replaced by phenylalanine (F) in the resistant housefly and therefore 

reduces the affinity between the sodium channel and chemicals (e.g. 

pyrethroids and DDT) (Vais et al. 2000). In the pyrethroid-resistant H. 

destructor, another target-site mutation, L1024F, has been found on the 

II6 region of voltage-gated para sodium channel. The wild-type H. 

destructor only contains one susceptible allele (TTG), while at least two 

independent resistant evolutionary events have been identified by two 

alleles (TTC and TTT) from the resistant mites which occur separately in 

WA (Edwards et al. 2018).  

 

Secondly, control failures of organophosphorus chemicals have been 

reported in a paddock in Capel (WA) (Umina et al. 2017). 

Organophosphates represent another group of chemicals that bind another 

target site, acetylcholinesterase (Chang et al. 2014). However, it is still 

unclear whether target-site insensitivity or increased detoxification is 

associated with organophosphate resistance in H. destructor. Although 

resistant populations against either organophosphates and/or pyrethroids 

were restricted to WA in previous studies, recent bioassays have revealed 

that some populations of South Australia (SA) have resistance against 

both groups of pesticides (pyrethroid and organophosphate) (Maino et al. 

2018a), highlighting a risk of resistance spreading and leading to control 

failures. 
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1.5.2 Recessiveness of pyrethroid resistance 

 

In bioassays of many species, kdr mutations have been proven to be 

completely recessive or incompletely recessive because only the resistant 

homozygote (RR) have significantly higher survival, but the heterozygote 

(RS) and the susceptible homozygote (SS) aren't functionally resistant to 

pyrethroids (Scott and Dong 1994, Ranson et al. 2000, Huang et al. 2004, 

Reimer et al. 2008, 2008, Lynd et al. 2010, Chang et al. 2012, Brito et al. 

2013). Although previous studies in H. destructor suggested L1024F was 

partially dominant, the experiments were conducted on adults which were 

likely contaminated by eggs inside the female body (Edwards et al. 2018). 

Therefore, I aimed to develop a high-resolution melting (HRM) (Wittwer 

et al. 2003, Liew et al. 2004) genotyping assay for establishing baseline 

sensitivity of each genotype (RR, RS and SS) in bioassays of mites. 

Pyrethroid resistance is easier to manage but more difficult to detect by 

bioassay if L1024F is functionally recessive because the RS individuals 

are killed by pesticides. For instance, if a population contains 1% 

resistant allele frequency, RR and RS are expected to comprise 

approximately 0.01% and 1.98%, respectively. Therefore, 10,000 samples 

are required to detect one RR individual by the bioassay, while about 50 

samples are expected to detect one RS individual by the genetic method. 

Moreover, refuges without pesticides will be a possible strategy to delay 

the evolution of the resistance if the mutation is recessive. My study of 

recessiveness is covered in Chapter 5.  
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1.5.3 Fitness of pyrethroid resistance 

One hypothesis of a low incidence of pesticide resistance in unsprayed 

populations is that survival rates differ between wild-type and resistant 

genotypes because resistant alleles have harmful effects when pesticides 

are not used (Crow 1957, Georghiou George P. 1990). This differential 

survival can be called a fitness cost, and be thought as energetic 

investment in increased detoxification enzymes or other pleiotropic 

effects of insensitive mutations (Roush and McKenzie 1987, Kliot and 

Ghanim 2012). Consequently, resistant individuals are usually less 

competitive than susceptible ones in the absence of pesticides, resulting 

in the decline of pesticide-resistant alleles in a population. Whether the 

L1024F mutation confers fitness costs in H. destructor is unclear. Fitness 

costs of kdr mutation(s) have been shown in many species, such as Aedes 

aegypti, Myzus persicae and Musca domestica (Foster et al. 1996, 

Rinkevich et al. 2007, Brito et al. 2013). The fitness cost of L1024F in H. 

destructor will be investigated in Chapter 6. 

 

1.6 Thesis outline 

The overall aim in my study is to extend our knowledge of H. destructor 

in terms of adaptation to host plants, environmental changes and 

pesticides in order to improve management strategies against these mites 

including components of resistant management strategies. 

 

Chapter 2 examines whether a fitness cost is conferred by adaptation to 
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host plants used by H. destructor. The data show the presence of a strong 

effect of host plant exposure on mite fitness across generations. 

 

Chapter 3 examines whether the environmental factors (daylength, 

temperature and soil moisture) experienced by the parental generation 

induce H. destructor to produce diapause or non-diapause eggs. A new 

form of diapause egg is identified and characterized. 

 

Chapter 4 examines whether diapause intensity of diapause eggs of H. 

destructor reflects plastic responses in response to conditions at the 

parental and filial generations. This chapter aims to clear up some areas 

of inconsistency in the literature. 

 

Chapter 5 uses L1024F as a genetic marker in an HRM assay to examine 

the baseline sensitivity of each genotype (RR, RS and SS) and screen the 

resistant allele frequencies of field populations. The recessive nature of 

resistance alleles is also established with implications for management 

strategies. 

 

Chapter 6 examines whether the resistant mutations (L1024F) confer 

fitness cost in the absence of pesticides. The identified costs have 

implications for some components of resistance management. 

 

Chapter 7 overviews the five experimental chapters and discusses future 

research directions.  
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Chapter 2: Influence of previous host plants on the 

reproductive success of a polyphagous mite pest, Halotydeus 

destructor (Trombidiformes: Penthaleidae). 

 

Published as X. Cheng , P. A. Umina, and A. A. Hoffmann. 2018. 

Influence of previous host plants on the reproductive success of a 

polyphagous mite pest, Halotydeus destructor (Trombidiformes: 

Penthaleidae). Journal of Economic Entomology 111: 680–688. 

http://doi.org/10.1093/jee/tox368. 

 

2.1 Abstract 

In the evolution of phytophagous arthropods, adaptation to a single type 

of host plant is generally assumed to lead to a reduction in fitness on 

other host plant types, resulting in increasing host specialization. While 

this process is normally considered to be genetically based, short-term 

effects acting within one generation (plasticity) or across two generations 

(cross-generation variation) could also play a role. Here, we test these 

effects in the redlegged earth mite, Halotydeus destructor, a major 

agricultural pest of multiple crop plants. Field populations of mites were 

collected from grasses, legumes and broad-leaf weeds and placed into 

enclosures with different plant types. The survival, net reproductive 

output (Ro) and feeding damage of each mite population were assessed 

across two generations. The interaction between the origin of mites and 

plant type had a significant effect on parental survival, Ro, offspring 
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development and feeding damage. Mites collected from legumes showed 

higher parental survival on all host types; however, Ro, offspring 

development and feeding damage were all higher when mites were placed 

onto the same plant type from which they were collected. These patterns 

point to an ability of H. destructor to perform well on host plants even in 

the absence of genetically differentiated host races, but also the likelihood 

of performance trade-offs when populations are forced to rapidly change 

hosts within and across sequential generations. 

 

KEYWORDS Halotydeus destructor, host-associated differences, 

plant–herbivore interactions, host shift 

 



- 25 - 
 

2.2 Introduction 

Terrestrial arthropods are the most speciose group of animals in the world 

(Erwin 1982, Basset et al. 2012, Zhang 2013) and many of them feed on 

plants (Jaenike 1990). Phytophagous arthropods and their host plants, 

therefore, comprise much of the biodiversity and animal biomass found 

today (Reymond et al. 2004). Although there are a large number of 

phytophagous arthropods that are polyphagous (Bernays and Graham 

1988), the majority of species are specialists, feeding on a single host 

plant species, genus, or family (Agrawal 2000, Magalhães et al. 2007). 

One explanation commonly invoked to account for the high number of 

specialists is the existence of trade-offs in fitness (i.e. specialists have a 

relatively high fitness on a narrow range of hosts relative to generalist 

species) (Futuyma and Moreno 1988, Jaenike 1990). Fitness costs of 

adaptation are likely due to different hosts possessing different defense 

systems, and hence high performance of an arthropod to a host results in 

lower performance on other hosts (Fry 1990, Agrawal 2000, Skoracka et 

al. 2009).  

 

Where trade-offs occur, they are expected to lead to the evolution of host 

races. Host races within different plant species of the same host plant 

family have been reported in many arthropod species. A classic example 

is the fruit fly, Rhagoletis pomonella (Walsh) (Diptera: Tephritidae), 

which has undergone a host expansion within the Rosaceae family from a 

native host, hawthorn, to a novel introduced host, apple (Bush 1969, 

Feder et al. 1990). Host adaptation across plant families has also been 
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reported in a few polyphagous species. The two-spotted spider mite, 

Tetranychus urticae Koch (Trombidiformes: Tetranychidae), is a highly 

polyphagous species feeding on more than 900 host plants (Migeon et al. 

2010, Grbić et al. 2011). Genetic studies on host preference and 

performance indicate that this species consists of different host races in 

rose, cucumber, tomato, cotton, European honeysuckle and European 

spindle (Gotoh et al. 1993, Navajas 1998, Tsagkarakou et al. 1998, Weeks 

et al. 2000).  

 

While such studies suggest that polyphagous species can be subdivided 

into genetically-linked host races, it is also possible that non-genetic 

factors (e.g. phenotypic plasticity, maternal effects, and gut symbionts) 

contribute to fitness differences (West-Eberhard 1989, Fox et al. 1997, 

Wolf and Wade 2009, van Asch et al. 2010, Magalhães et al. 2011, Chu 

et al. 2013, Newcombe et al. 2015). For instance, T. urticae females 

exposed to bean or tomato within a generation show increased preference 

and fecundity on these hosts compared with individuals exposed to the 

other host, indicating that phenotypic plasticity can facilitate adaptation to 

a novel host plant (Agrawal et al. 2002).  

 

The redlegged earth mite, Halotydeus destructor (Tucker) 

(Trombidiformes: Penthaleidae), an invasive species from South Africa, 

has become a major economic pest in Australia (Ridsdill-Smith 1997). 

Genetic analysis of mtDNA and microsatellite markers indicates that the 

genus Halotydeus comprises a complex of 11 sibling species in South 
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Africa, but only H. destructor has entered Australia and become an 

invasive pest (Hill et al. 2016). In Australia, H. destructor has a broad 

host range, including many forage grasses and legumes, cereals, oilseeds, 

and grain legumes (pulses), as well as numerous broad-leaf herbaceous 

plants that are typically regarded as weeds in Australian cropping 

environments (Ridsdill-Smith 1997, Ridsdill-Smith et al. 2008). Genetic 

data suggests that H. destructor in Australia represents a single 

population rather than being subdivided into host races (Weeks et al. 1995, 

Qin 1997, Hill et al. 2016), making it a useful system to investigate 

within and across generation host plant effects. 

 

In this study, we investigate the influence of host type on the survival and 

net reproductive output (Ro) of parental mites from different host plants 

(grasses, legumes, broad-leaf weeds) as well as the survival of the 

offspring generation.  

 

2.3 Methods 

2.3.1 Microcosm preparation 

Treatments with one of three types of host plants were prepared: (1) 

grasses, consisting of equal volumes of phalaris (Phalaris aquatica cv. 

Holdfast), rye grass (Lolium perenne cv. Avalon) and oat (Avena sativa cv. 

Williams) seeds; (2) forage legumes, containing equal volumes of white 

clover (Trifolium repens cv. Winter and Storm), subterranean clover 

(Trifolium subterraneum cv. Gosse) and vetch (Vicia sativa cv Rasina) 

seeds; and (3) broad-leaf weeds, consisting of equal volumes of capeweed 
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(Arctotheca calendula) and common catsear (Hypochaeris radicata) 

seeds or seedlings. Species in the grass, legume and broad-leaf weed 

microcosms belong to Poaceae, Fabaceae, and Asteraceae families, 

respectively.  

 

Sandy loam soil (5 L in total, consisting of 1 part sand and 4 parts loam) 

was added into transparent plastic microcosm containers (approximately 

33 cm long, 21 cm wide and 26 cm deep) with a large gauze window 

(approximately 25 cm long, 14 cm wide) for ventilation. Grass and 

legume seeds were obtained from Heritage Seeds (Victoria, Australia) and 

Smyth Seeds (Victoria, Australia). Seeds of broad-leaf weeds were 

directly collected from the field. Due to the low number of seeds found, 

small seedlings (5-8 cm in diameter) of capeweed and common catsear 

were also transplanted directly from the field into microcosm containers 

(three of each weed species per tub). Because of potential mite egg 

contamination from soil or transplanted broad-leaf weeds, a microcosm of 

each plant type was set up as a negative control and no adults were 

introduced. These controls yielded a total of only 9 mites, suggesting a 

very low contamination rate of 3 mites per microcosm (1%) on average.  

 

Owing to differences in the rate of plant growth between treatments, the 

broad-leaf weed containers were established first in early April 2016. For 

the legume treatment, seeds of white clover were sown in mid-April 2016, 

and seeds of vetch and subterranean clover in early May 2016. For the 

grass treatment, phalaris, rye grass and oat seeds were sown in early May 
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2016. Following host establishment, all containers were placed in a 

shade-house at the Burnley campus of the University of Melbourne 

(-37.830415, 145.023846) and watered twice weekly.  

 

2.3.2 Mite collections 

On 17 June 2016, three populations of H. destructor were collected 

separately around Splitters Creek, NSW, Australia, using a vacuum 

method (Gower et al. 2008), from grass, legumes or broad-leaf weeds. 

Based on the expected timing of egg hatch from summer diapause 

(McDonald et al. 2015), collections were expected to consist of mite 

populations that were towards the end of their first winter generation and 

beginning of the second generation. Mite populations in the field 

comprised adults, nymphs, and larvae. Mites of the grass and legume 

populations were collected from different parts of the same field 

(-36.06060, 146.83378). The grass population was collected from patches 

dominated by phalaris (>70%) and where other grasses including rye 

grass and poa grass (Poa spp.) were present. The legume population was 

collected from plants dominated by subterranean clover, while the 

broad-leaf weed population was collected from a field containing mostly 

capeweed (-36.053242, 146.838928). Mites from each population were 

stored in plastic containers (20 cm long, 10cm wide, 10 cm deep) with 

leaves of grass, clover or capeweed, matching the plant type from which 

they were collected. Each container had about 1000 mites. Additional 

leaves were collected for later feeding. The containers and leaves were 

held in a cooler box and transferred to the laboratory and stored at 4C.  



- 30 - 
 

 

2.3.3 Mite introductions and assessments 

Mites were separated from plant foliage by sieving and groups of 300 

adults were aspirated into small containers (6 cm diameter, 10 cm high) 

with leaves of the plant type (grass, clover or capeweed) matching those 

where mites had been collected. This process was repeated until 54 

batches of mites had been isolated (18 from each population). Mites were 

stored for 7 days at 4ºC before being introduced into microcosms on the 

24th June 2016. Only a few mites (<3%) died before they were 

introduced. 

 

Groups of mites were introduced into the microcosms (described above) 

with one of the three plant types. The microcosms thus provided nine 

treatment-collection origin combinations, with 6 replicate microcosms set 

up per combination. The number of active mites within each microcosm 

was counted twice weekly after introduction until mid-August 2016, 

followed by once weekly until late September 2016. Life stages of the 

active mites were recorded as adults (nearly 1 mm in body length) or 

juveniles (0.65 mm or shorter) which included larva, protonymph, 

deutonymph and tritonymph stages (Baker 1995), so adults of the 

parental generation and juveniles of the filial generation could be readily 

distinguished (assuming parental adults will die before filial juveniles 

matured). Mite feeding resulted in silvery patches on plant leaves and 

cotyledons, with plants withering and dying under high feeding pressure. 

A 0-10 scale was used to assess feeding damage to plants (Liu and 
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Ridsdill-Smith 2000, Umina and Hoffmann 2004). A value of 0 indicated 

no visible damage while 10 indicated 100% of plants dead or dying. 

Fungal growth was visible in a few microcosms and likely to impact mite 

survival; these microcosms were excluded from the analysis. 

 

2.3.4 Data analysis 

Parental adults survived in microcosms from the time of introduction 

(24th June) to 22nd July 2016. The midpoint at which 50% of adults 

survived in a microcosm was determined by the half lethal time (LT50), 

calculated individually for each container using probit analysis following 

(Bliss 1934). To achieve normality (by Shapiro-Wilk tests) and 

homogenous variances between groups (by Levene’s tests), LT50 values 

were square-root transformed prior to analysis. The original plant type 

(where the parental generation was collected) and the plant treatment 

(plant within the microcosm) were included as fixed effects in two-way 

ANOVAs. One-way ANOVAs were used to examine the effect of plant 

type on LT50 values by treatment. Tukey-b post-hoc tests were conducted 

to compare treatments where significant effects were detected.  

 

The above ANOVAs and post-hoc tests were repeated for the remaining 

four variables which were also square-root transformed prior to analysis, 

except Ro which was log transformed. Firstly, survival of the initial 

generation was assessed on day 4 (first census date) because of the high 

mortality of mites at this time. Secondly, the net reproductive output of 

parental mites (Ro) was measured as the maximum number of mites of 
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the filial generation (adults and juveniles combined) in each replicate 

microcosm regardless of date. Thirdly, the number of offspring that 

developed successfully was assessed, by calculating the maximum 

number of adults in each microcosm tub in the filial generation regardless 

of date. Finally, plant damage for the three census dates was averaged 

after the total number of offspring mites (juveniles+adult) peaked in each 

microcosm regardless of date. The broad-leaf weed treatment was 

excluded in the analysis of plant damage because mites only caused 

minor damage (0.5/10). All data were normally distributed after 

transformation and variances were homogeneous apart from the number 

of adults in the filial generation, which was also analyzed after removing 

broad-leaf weed treatments (this led to data being normal and variances 

homogeneous). To retain biological relevance, untransformed data are 

plotted in figures. All analyses were conducted using the statistical 

program SPSS v. 24 with significance set at P = 0.05.  

 

2.4 Results  

2.4.1 Survival of parental mites 

We hypothesized that a host shift would reduce the fitness of the parental 

mites as expressed by changes in parental survival. Survival of the three 

mite populations on each plant type (Figure 2.1) was analyzed by 

two-way ANOVAs (Table 2.1) using LT50 values. These revealed 

significant effects for the origin of mites, plant type of microcosms and 

an interaction that was marginally non-significant. Overall, mites from 

legumes survived the longest, with an average LT50 of 6.47 days, 
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compared with 4.69 days for grasses and 4.08 days for broad-leaf weeds. 

In addition, mites generally survived longest in microcosms containing 

grasses (LT50 = 6.48 days) compared to those with legumes (4.17 days) 

and broad-leaf weeds (4.58 days). One-way ANOVAs (and post-hoc tests) 

were carried out separately for each plant type, which showed the effect 

of mite population was significant in microcosms of each plant type, 

including grasses (F=6.092; df=2, 15; P=0.012), legumes (F=21.320; 

df=2, 9; P<0.001) and broad-leaf weeds (F=6.556 ; df=2, 9; P=0.018). In 

particular, mites collected from legumes had significantly longer LT50 

values than mites collected from grasses when placed into legume and 

broad-leaf weed microcosms (but not the grass microcosms) (Figure 2.2a). 

Mites collected from legumes also had significantly longer LT50 values 

than mites collected from broad-leaf weeds when placed into the grass 

and legume microcosms, but not the broad-leaf weed microcosms (Figure 

2.2a).  

 

Mite survival at the first census date (day 4) was analyzed by two-way 

ANOVAs (Table 1) which revealed significant effects for the origin of 

mites, plant type of microcosms and their interaction. One-way ANOVAs 

(and post-hoc tests) comparing each plant type separately showed similar 

patterns for mite survival rate as those found for LT50 values (Figure 2.2b). 

The origin of mites showed a significant effect on survival rate for each 

plant type, including grasses (F=6.616; df=2, 15; P=0.009), legumes 

(F=7.205; df=2, 9; P=0.014) and broad-leaf weeds (F=5.957; df=2, 9; 

P=0.022). Mites collected from legumes had the highest survival in all 
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three plant treatments. Mites collected from broad-leaf weeds performed 

poorly when placed on grasses and legumes, while mites collected from 

grasses performed poorly when placed on broad-leaf weeds and legumes.  

 

2.4.2 Reproductive output (Ro) 

Adult mites of the parental generation laid eggs at the base of grasses 

around visible surface roots, and under the leaves of legumes and 

broad-leaf weeds. Hatching larvae (those of the filial generation) typically 

emerged around 13-15 days after the initial mite introductions. The 

average number of filial mites (juveniles and adults combined) across 

time is shown in Figure 2.3. The total number of mites was considerably 

higher in the legume microcosms and lowest in the broad-leaf weed 

microcosms.  

 

The maximal number of mites of the filial generation in each microcosm 

(representing Ro) was analyzed using a two-way ANOVA (Table 2.1). 

There were significant effects for plant treatment, and the interaction 

between the origin of mites and plant treatment. The Ro of mites by plant 

type was further examined by one-way ANOVAs, and is shown in Figure 

2.4a. The origin of mites had a significant effect in the grass (F=6.234; 

df=2, 15; P=0.011) and legume (F=5.696; df=2, 9; P=0.025) microcosms, 

but not the broad-leaf weed microcosms (F=2.164; df=2, 9; P=0.171). For 

both grasses and legumes, mites had a higher Ro when the origin and the 

plant type matched. Although not significant, this pattern was also 

observed in the broad-leaf weed microcosms (Figure 2.4a).  
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2.4.3 Development of filial mites 

Figure 2.5 shows the number of adult mites of the filial generation 

through time. Mites of the filial generation begun maturing approximately 

32-35 days after the initial mite introductions. This represents the 

offspring of the parental adults that successfully developed in each plant 

treatment. Treatment effects on the maximum number of adults of the 

filial generation were analyzed by two-way ANOVA (Table 1). Although 

the effect of mite origin was not significant, there was a significant effect 

of plant treatment and its interaction with mite origin. One-way ANOVAs 

showed a significant effect of mite population in the legume microcosms 

(F=7.892; df=2, 9; P=0.010), but not in the grass (F=1.440; df=2, 15; 

P=0.268) and broad-leaf weed (F=0.307; df=2, 9; P=0.743) microcosms. 

For the legume microcosms, the total number of adults was highest when 

mites were collected from legumes and broad-leaf weeds (Figure 2.4b). 

Although not significant, the maximum number of adult mites collected 

in the grass microcosms was observed for mites originating from grasses. 

Adult numbers were very low for all broad-leaf weed microcosms. 

 

2.4.4 Feeding damage to plants 

Feeding damage on grasses, legumes and broad-leaf weeds is shown in 

Figure 2.6. Legume microcosms were most vulnerable to feeding damage 

followed by grass microcosms, with almost no damage in the broad-leaf 

weed microcosms. A two-way ANOVA including the legume and grass 

microcosms revealed significant effects for plant treatment and an 
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interaction between plant type and origin of mites, though the effect of 

the origin of mites was not significant (Table 2.1). 

 

One-way ANOVAs indicated a significant effect of mite population for 

feeding damage in the grass (F=5.501; df=2, 15; P=0.016) and legume 

microcosms (F=7.240; df=2, 9; P=0.013), but not the broad-leaf weed 

microcosms (Figure 2.4c). Feeding damage to all broad-leaf weed 

microcosms was minimal, precluding analysis. Plant feeding damage in 

the grass and legume microcosms was highest when the origin and the 

plant type matched.  

 

2.5 Discussion 

Host-associated differences in H. destructor were revealed by the 

interaction between the plant type where mites originated and the plant 

type used in microcosms. This was observed in both the parental and 

filial generations. Generally, when mites were collected from the same 

plant type as in the microcosm, they performed better than those derived 

from a different plant type and experiencing a host shift. This trend 

matched expectations that a host shift of phytophagous arthropods may 

confer immediate trade-offs in fitness (Bernays and Graham 1988, 

Jaenike 1990, Agrawal 2000) even though genetic shifts are unlikely to be 

involved. The general pattern we established here may account for some 

anomalies in the literature. Inconsistent results have been reported for the 

host crops of H. destructor. Wheat (Triticum aestivum) and oats were 

reported as unsuitable hosts for H. destructor for reproduction and 
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survival (McDonald et al. 1995, Robinson and Hoffmann 2001), but were 

found to be suitable hosts in another study (Umina and Hoffmann 2004). 

Interestingly, the plants where mites in the Robinson and Hoffmann (2001) 

originated were clover (Trifolium spp.), while mites in Umina and 

Hoffmann (2004) originated from thick-bladed grasses (Poaceae spp.). 

While mites in both experiments had experienced a host shift to wheat 

and oats, those in the Robinson and Hoffmann (2001) study involved a 

shift from dicot plants of the Fabaceae (legume) family to monocots of 

the Poaceae family, while mites used in Umina and Hoffmann (2004) 

involved host shifts within the Poaceae family. Furthermore, mites used 

in Umina and Hoffmann (2004) had low levels of reproduction when 

placed on red lentils (Lens culinaris) and bristly ox-tongue (Picris 

echioides), plants from the Fabaceae and Asteraceae families, 

respectively.  

 

In addition, we showed mites performed better overall in legume 

microcosms and poorly in broad-leaf weed microcosms, although this 

varied somewhat depending on mite origin. The maximal offspring 

number of mites produced in legume microcosms by mites from a legume 

origin was nearly double that of mites from a weed origin, although the 

maximum number of adults between these origins was similar. This likely 

reflects the limited plant biomass available in the legume microcosms for 

legume-origin mites, resulting in more plant damage. Apart from the 

legume species tested here, other legumes have been reported as suitable 

hosts for H. destructor in the laboratory and/or are commonly damaged in 
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the field, including lucerne (Medicago sativa), vetch, subterranean clover, 

dwarf bean (Phaseolus vulgaris) and snow peas (Pisum sativum) 

(Ridsdill-Smith 1991, Annells and Ridsdill-Smith 1994, Thackray et al. 

1997, Robinson and Hoffmann 2001).  

 

While broad-leaf weeds, such as capeweed, catsear and bristly ox-tongue 

are commonly found in association with H. destructor in the field (Umina 

and Hoffmann 2004), they may represent poor host plants. 

(Ridsdill-Smith and Pavri 2000) suggested capeweed provided H. 

destructor with a more favorable habitat in the field because of higher 

humidity, but the feeding and fecundity of H. destructor were higher on 

subterranean clover than capeweed in non-choice experiments in the 

laboratory. Solomon (1937a) suggested capeweed leaves are a favorite 

choice for egg laying by H. destructor but not for feeding. Furthermore, 

field studies in pastures dominated by subterranean clover with some 

capeweed and grass (mainly Lolium rigidum) indicate seasonal variation 

in the foraging behavior of H. destructor (Gaull and Ridsdill-Smith 1996). 

During winter, H. destructor may prefer subterranean clover foliage, but 

move to capeweed flowers to feed on nectar and pollen in spring (Annells 

and Ridsdill-Smith 1994, Gaull and Ridsdill-Smith 1996). Capeweed 

flowers may provide supplementary nutrition, which is also believed to 

be the case for microflora on the soil surface, which has been shown to 

enhance survival on wheat (Maclennan et al. 1998). 

 

The reasons why host performance was enhanced when H. destructor had 
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previously been exposed to the same host or a similar host is unclear. 

Perhaps prior exposure triggers detoxification mechanisms that assist 

with host utilization. For instance, cytochrome P-450 detoxification 

enzymes might be required for effective host use, as in T. urticae, when 

feeding on tomato in contrast to beans (Agrawal et al. 2002). Arthropod 

metabolism can be influenced by symbiotic gut microbiotas (Visôtto et al. 

2009, Engel et al. 2012) which might be impacted by host plant exposure 

and behavioral adaptation. Behavioral change in oviposition and gut 

bacteria microbiota has developed in some populations of the western 

corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera:  

Chrysomelidae), to overcome a common annual cropping program of 

rotating between corn (Zea mays) and soybean (Glycine max) (Onstad et 

al. 2001, Pierce and Gray 2006). Larvae of D. virgifera virgifera cannot 

survive on soybeans, but resistant individuals have evolved whereby the 

adult females migrate out of corn fields and into nearby soybean fields 

immediately prior to egg-lay. This behavioral change means larvae are 

likely to hatch in fields with a suitable host plant (i.e. corn). Furthermore, 

resistant females have an increased tolerance to soybeans, allowing them 

to survive on this plant for a short period until oviposition, likely due to 

the presence of gut bacteria microbiota (Chu et al. 2013). Although it is 

not known how hosts examined here affected H. destructor mites, we 

note that oviposition by H. destructor in our experiments differed to 

patterns seen in other studies. In previous studies, eggs of H. destructor 

were laid on the lower surface of leaves (Swan 1934, Solomon 1937a, 

Ridsdill-Smith 1997). Although the same phenomenon was observed in 
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legume and weed microcosms in our study, most eggs in the grass 

microcosms were found on roots spread on the soil surface. This 

behavioral difference may help prevent egg desiccation.  

 

Our results point to variation in host-related survival and reproductive 

output depending on the hosts where mites were sourced. We suspect that 

the impact of host exposure within and between generations represents 

plastic host responses rather than genetically based variation because we 

sourced mites from the same geographic area. Population genetic studies 

of H. destructor have also found little genetic structure across the entire 

Australian distribution (Weeks et al. 1995, Qin 1997, Hill et al. 2016). 

Further research is needed to unravel the mechanisms involved in these 

host-related fitness effects. Our findings point to the usefulness of crop 

rotations in managing H. destructor, particularly given the increasing 

issue of insecticide resistance in this species which is hindering control 

attempts (Umina 2007, Umina et al. 2012, 2017).  
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Table 2.1. Two-way ANOVAs testing the effects of mite origin and 

microcosm plant on traits. Data was square-root transformed before 

analysis. 

Trait Source df Mean 

Square 

F Significance 

LT50 origin of mite 2 0.997 17.188 <0.001 

(parental  plant treatment 2 1.063 18.333 <0.001 

generation) mite x plant 4 0.142 2.451 0.065 

 error 33 0.058   

Survival  origin of mite 2 0.053 10.811 <0.001 

(day 4) plant treatment 2 0.172 35.326 <0.001 

 mite x plant 4 0.019 3.803 0.012 

 error 33 0.005   

Ro origin of mite 2 0.093 0.991 0.382 

 plant treatment 2 3.174 33.823 <0.001 

 mite x plant 4 0.507 5.404 0.002 

 error 33 7.808   

Development of  origin of mite 2 3.737 0.360 0.700 

offspring plant treatment 2 444.918 42.855 <0.001 

(adult number) mite x plant 4 33.172 3.195 0.025 

 error 33 10.382   

Plant damage origin of mite 2 0.055 1.109 0.346 

 plant treatment 1 5.656 113.518 <0.001 

 mite x plant 2 0.633 12.705 <0.001 

 error 24 0.019   

df = degrees of freedom 

 

 



 

Figure 2.1. Changes in the average adult number (

introduced to microcosms containing (a) grasses, (b) legumes and (c) 

broad-leaf weeds.  
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Changes in the average adult number (±SE) remaining when 

introduced to microcosms containing (a) grasses, (b) legumes and (c) 

  

 

SE) remaining when 

introduced to microcosms containing (a) grasses, (b) legumes and (c) 



 

Figure 2.2. Survival of the parental mites. (a) Estimated time for half the 

adults to die (LT50). (b) Survival of mites at day 4. Different lett

indicate significant differences between the origin of mites by post

tests (on square root transformed data) within each microcosm plant type.
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Survival of the parental mites. (a) Estimated time for half the 

). (b) Survival of mites at day 4. Different lett

indicate significant differences between the origin of mites by post

tests (on square root transformed data) within each microcosm plant type.

  

 

Survival of the parental mites. (a) Estimated time for half the 

). (b) Survival of mites at day 4. Different letters 

indicate significant differences between the origin of mites by post-hoc 

tests (on square root transformed data) within each microcosm plant type. 



 

Figure 2.3. Changes in the average number (

(juveniles + adults) across time 

legume or (c) broad-leaf weeds. These offspring were produced by the 

parental mite generation from different host plants. Note the figures have 

different scales. 
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Changes in the average number (±SE) of offspring mites 

(juveniles + adults) across time in microcosms containing (a) grass, (b) 

leaf weeds. These offspring were produced by the 

parental mite generation from different host plants. Note the figures have 

  

 

SE) of offspring mites 

in microcosms containing (a) grass, (b) 

leaf weeds. These offspring were produced by the 

parental mite generation from different host plants. Note the figures have 
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Figure 2.4. The effects of mite origin on the (a) maximal offspring 

number, (b) maximal offspring adults, and (c) average plant damage of 3 

observation dates after offspring peaked. Average (±SE) values are 

presented. Different letters indicate significant differences between the 

origin of mites within each microcosm plant type. 

 

  



 

Figure 2.5. Changes in the average number (

across time in microcosms containing (a) grasses, (b) legumes or (c) 

broad-leaf weeds. Note the figures have different scales.
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Changes in the average number (±SE) of offspring adults 

across time in microcosms containing (a) grasses, (b) legumes or (c) 

leaf weeds. Note the figures have different scales. 

  

 

SE) of offspring adults 

across time in microcosms containing (a) grasses, (b) legumes or (c) 



 

Figure 2.6. Averaged feed

containing (a) grasses, (b) legumes and (c) broad

with mites from different origins.
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Averaged feeding damage to plants (±SE) within microcosms 

containing (a) grasses, (b) legumes and (c) broad-leaf weeds associated 

with mites from different origins. 

  

 

SE) within microcosms 

leaf weeds associated 
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Chapter 3: A cryptic diapause strategy in Halotydeus 

destructor (Tucker) (Trombidiformes: Penthaleidae) induced 

by multiple cues 

 

Published as Cheng, X., Hoffmann A.A., Maino J.L., Umina P.A. 2018. A 

cryptic diapause strategy in Halotydeus destructor (Tucker) 

(Trombidiformes: Penthaleidae) induced by multiple cues. Pest 

Management Science.  

https://doi.org/10.1002/ps.5053 

 

3.1 Abstract 

BACKGROUND: The polyphagous mite pest, Halotydeus destructor, 

typically has three generations during the cool moist season in Australia 

and produces over-summering diapause eggs in spring. Diapause eggs 

have a distinct thick and dark chorion and can survive heat, desiccation 

and the applications of pesticides. Farmers suppress the mite producing 

diapause eggs by a carefully-timed spring pesticide application using 

Timerite, which predicts the onset of diapause egg production based 

largely on daylength. We investigated the association between diapause 

induction and other environmental factors which may complicate 

diapause predictions. 

RESULTS: Diapause in H. destructor induction was influenced by three 

interacting environmental factors, namely daylength, temperature, and 

soil moisture. A cryptic type of diapause egg that lacked a thick chorion 
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and was instead morphologically similar to non-diapause eggs was also 

discovered. Like diapause eggs, this newly discovered egg-type could 

also survive hot and dry summer conditions. 

CONCLUSIONS: There is an opportunity to refine the Timerite spring 

spray by incorporating knowledge of other environmental factors 

inducing diapause in H. destructor. Compared with typical diapause eggs, 

the production of cryptic diapause eggs could reflect a strategy to deal 

with diversifying environmental stresses and/or represent a bet-hedging 

strategy to adapt to unpredictable environments.  

 

Keywords  

Halotydeus destructor, summer diapause induction, heat and desiccation 

resistance, bet-hedging strategy, phenotypic plasticity, ovoviviparity 

 

  



- 50 - 
 

 

Graphical Abstract: A new intermediate form of diapause is discovered 

in the mite, Halotydeus destructor, triggered by conditions between 

winter and late spring. 
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3.2 Introduction 

The regulation of active and dormant stages in the lifecycle of arthropods 

is critical for surviving unfavorable seasonal conditions, and maximizing 

activity under favorable conditions (Chippendale 1982, Denlinger 2002). 

From an eco-physiological point of view, dormancy is defined as two 

principal forms: quiescence and diapause. In quiescence, activity or 

development is arrested due to adverse environmental factors (e.g. 

thermal stress) 

and/or the deficiency of essential factors (e.g. moisture and food), but is 

rapidly recovered after elimination of these stresses (Hand and Podrabsky 

2000). In contrast, diapause is a prospective dormancy antedating 

environmental stress and therefore reactivation requires species-specific 

mechanisms (Belozerov 2009). Although a few species enter obligatory 

diapause at a specific stage in the life cycle regardless of environmental 

cues (Denlinger 2002), facultative diapause is induced in most species by 

abiotic factors (e.g. daylength (Lees 1950, Ridsdill-Smith et al. 2005), 

temperature (Xue et al. 2002), soil moisture (Wallace 1968, Roberts et al. 

2011)) and/or biotic factors (e.g. maturity of host plants (Fife 1949, 

Wallace 1970a, Roberts et al. 2011), predator-prey interactions (Kroon et 

al. 2008), scarcity of food (McMullen 1967)).  

 

Facultative diapause can be further classified as winter and summer 

diapause according to the seasonal destination (Masaki 1980). Winter and 

summer diapause are sometimes referred to as hibernation and aestivation 

according to seasons (Belozerov 2008, Gill et al. 2017); hibernation refers 
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to the dormancy period that is terminated by exposure to cold 

temperatures over winter, while aestivation is the dormancy period 

allowing species to survive desiccation over summer (Masaki 1980). The 

relationship between diapause mechanisms, abiotic factors and biotic 

factors is highly species-specific. Abiotic factors such as shorter 

daylength and cold temperatures are common diapause-inducing factors 

for many winter-diapause species (Beck 1962, Hairston and Kearns 1995, 

Kroon et al. 1997), but are diapause-inhibiting factors for some 

summer-diapause species (Masaki 1980). Biotic factors such as 

increasing maturity of host plants can induce diapause in both 

winter-diapause (Squire 1940, Fife 1949, Lees 1953, Usua 1973) and 

summer-diapause species (Wallace 1968, 1970a, Roberts et al. 2011). 

Much is known about the interactions between multiple factors affecting 

winter diapause (Lees 1953, Beck 1962, Chippendale et al. 1976, Xue et 

al. 2002, Xiao et al. 2010), however comparatively speaking, few 

published studies have focused on species undergoing summer diapause 

(Masaki 1980) 

 

Diapause can be categorized according to life stage, which in Acari can 

include egg, larva, nymph and adult diapause (Belozerov 2010). Winter 

diapause of eggs in Acari has been reported in seven species from the 

Tetranychoidea superfamily. Summer diapause is known in at least five 

species from the Eupodoidea superfamily (Belozerov 2008), including 

Halotydeus destructor (Tucker) (Trombidiformes: Penthaleidae), an 

invasive pest from South Africa introduced into Australia, which attacks 
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pastures, grains and vegetables (Weeks et al. 1995, Qin 1997, Hill et al. 

2016). Although legumes are preferred hosts of this polyphagous species, 

broad-leaf weeds and microflora also provide moist habitat and 

supplementary nutrition (Solomon 1937a, Annells and Ridsdill-Smith 

1994, Gaull and Ridsdill-Smith 1996, Maclennan et al. 1998). In 

Australia, this pest is active in the cool and wet months, typically between 

April and November, completing at least three generations a year 

(Ridsdill-Smith 1997, Umina et al. 2004). The female typically lays 

‘winter’ non-diapause eggs in the first two generations, but retains 

summer diapause eggs in the body in the third generation (Wallace 1970b, 

Halliday 1991, Ridsdill-Smith 1997, Ridsdill-Smith et al. 2005). 

Although active mites die with the approach of summer, air-dry diapause 

eggs in dehydrated female cadavers can tolerate 70°C and hence survive 

the hot, dry summer period (Wallace 1970a). Diapause in H. destructor is 

terminated by exposure to heat, although embryo development can be 

arrested by post-diapause quiescence until autumn conditions necessary 

for survival (i.e. following rainfall and a decline in temperature) (Wallace 

1970b, 1970a). There is no winter diapause period in H. destructor. The 

production of the filial generation (involving diapause or non-diapause 

eggs) is impacted by the maturity of host plant used in the early life stage 

of the parental generation prior to adulthood (Wallace 1970a). Therefore, 

the production of diapause or non-diapause eggs in H. destructor is a 

facultative response impacted by parental effects, similar to those 

documented for the winter diapause mite, Panonychus ulmi (Lees 1953). 
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Diapause eggs of H. destructor can survive applications of pesticide as 

well as summer heat and desiccation (Umina and Hoffmann 2003, 

Ridsdill-Smith et al. 2005), although the mechanisms involved are 

unclear. There are several synthetic chemicals registered in Australia to 

control this pest, but these only target the active stages of the mite (larvae, 

nymphs and adults), not eggs. Diapause eggs may survive better than 

active mites through protection provided by the egg cuticle, whereas 

non-diapause eggs hatch fast (<2 weeks, depending on temperature) and 

larvae are then exposed to residues of pesticides (Wallace 1970b). The 

number of diapause eggs produced by H. destructor dramatically impacts 

the population size in the following autumn (Ridsdill-Smith et al. 2005). 

The first generation of mites can cause serious feeding damage to crop 

and pasture seedlings because of the synchronicity between the 

germination of annual plants and the emergence of post-diapause H. 

destructor (Gower et al. 2008, Umina et al. 2017).  

 

In order to minimize autumn population sizes, a carefully-timed chemical 

spray can be applied before the onset of diapause, as prescribed in a 

strategy developed in Western Australia based on assessments of 18 field 

populations (Ridsdill-Smith et al. 2005). This work suggested diapause 

induction was best predicted by daylength (80.1% of variation explained), 

followed by the duration of long-term plant growing season (10.4%) and 

other factors (9.5%). Subsequently, a package known as Timerite® 

(www.timerite.com.au) was developed for Australian farmers, whereby 

the predicted spray date is geographically-specific but constant between 
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years. In addition to daylength, the long-term plant growing season is 

used to adjust the predictions of diapause onset. This variable is estimated 

using rainfall and temperature data, averaged over 7 years (Ridsdill-Smith 

et al. 2005). This means the predicted onset date of diapause is constant 

in every year for each location.  

 

Timerite® has proved to be highly successful in managing H. destructor 

in Australia, with population size reductions of 99% in the following 

autumn observed in parts of Western Australia (Ridsdill-Smith et al. 2005, 

2008). However, Ridsdill-Smith (Ridsdill-Smith et al. 2005) found the 

onset of diapause at some locations was not always constant between 

years. Furthermore, studies in eastern areas of Australia indicate the 

effectiveness of Timerite® may be less than in Western Australia (Umina 

and Hoffmann 2003, Gower et al. 2008). The use of different approaches 

to identify the onset of diapause may contribute to inconsistent results, 

and uncertainty still exists about the cues responsible for inducing 

diapause in H. destructor. Firstly, diapause and non-diapause eggs are 

considered physically different and morphologically distinct due to a 

noticeably thicker chorion, which is seen as a dark rim surrounding the 

egg. The polar chorions of diapause and non-diapause eggs are in the 

range of 3.92-5.4μm (mean = 4.73 μm) and 1.6-2.32 μm (mean = 1.98 

μm), respectively. The side-wall chorions of diapause and non-diapause 

eggs are in the range 2.56-4 μm (mean = 3.47 μm) and 1.28-2.32 μm 

(mean = 1.9 μm), respectively (Norris 1950). Morphological differences 

were used to identify the onset of diapause eggs of H. destructor when 
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developing the Timerite® strategy (Ridsdill-Smith et al. 2005). A second 

approach is to consider the incubation period under a hatching test. For 

example, non-diapause eggs have been shown to hatch in 7.5-17.5 days at 

11.3°C and 6-10 days at 16°C (never exceeding 20 days), while diapause 

eggs without heat exposure hatched in 114-331 days at 16°C (Wallace 

1970a, 1970b). A third approach is to focus on the timing of pesticide 

applications targeting field populations of mites. Researchers have been 

able to eliminate H. destructor populations (using pesticides) at regular 

intervals between winter and late spring, and successfully assess the 

resulting mite densities of the following autumn (Umina and Hoffmann 

2003, Gower et al. 2008). While spring treatments sprayed after the 

Timerite® date produced a marked increase in autumn mite numbers as 

expected, some diapause eggs were produced before the Timerite® date 

(Umina and Hoffmann 2003, Gower et al. 2008), suggesting additional 

factors are involved in diapause induction. In the absence of direct 

comparisons between approaches, it is unclear if morphological variation 

of H. destructor eggs accurately predicts diapause egg induction or egg 

hatching times observed in the field. There is also ambiguity around the 

specific role of various factors (i.e. daylength, temperature, moisture, host 

plants) in diapause induction (Wallace 1970a, Umina and Hoffmann 2003, 

Ridsdill-Smith et al. 2005, Gower et al. 2008). For example, a field 

experiment that shortened the daylength exposure to 9 hours (using 

light-proof covers on field plots) was expected, but failed to, inhibit the 

diapause induction of mites with the approach of summer (Wallace 

1970a). 
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In this study, we undertook several experiments to improve our 

understanding of egg morphology and the environmental factors that 

induce diapause in H. destructor. Specifically, we addressed the 

following questions. (1) How do environmental factors - daylength, 

temperature and soil moisture – contribute to diapause egg induction? (2) 

Can diapause and non-diapause eggs be confidently identified by 

morphology alone?  

 

3.3 Materials and methods 

3.3.1 Mite collections and microcosm experiments 

Experiments were undertaken using a microcosm approach under 

semi-field conditions. This method has been used previously to determine 

numerous aspects of mite biology, including diapause, competition and 

plant host preferences (Umina and Hoffmann 2003, 2004, 2005, Cheng et 

al. 2018b). In our experiments, clear plastic tubs (approximately 18 cm 

long, 12.5 cm wide and 26 cm high) with two gauze windows 

(approximately 10 cm long, 8 cm wide, for ventilation) were used as 

microcosms. Each tub contained sandy loam soil (1 L in total, consisting 

of 1 part sand and 4 parts loam). A mixture of pasture seeds was sown in 

mid-June 2016 at the following proportions: 40% vetch (Vicia sativa cv 

Rasina), 20% white clover (Trifolium repens cv. Storm), 20% 

subterranean clover (Trifolium subterraneum cv. Gosse), 10% phalaris 

(Phalaris aquatica cv. Holdfast), and 10% oats (Avena sativa cv. 

Williams). This mixture was selected because these plants were 
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previously shown as suitable hosts for rearing mites in microcosms 

(Thackray et al. 1997, Umina and Hoffmann 2004). Seeds were obtained 

from Heritage Seeds (Victoria, Australia) and Smyth Seeds (Victoria, 

Australia). Following sowing, each tub was watered, enclosed with a 

clear plastic lid and placed in a shade-house. Tubs were watered as 

required thereafter. 

 

Halotydeus destructor were collected using a vacuum method (Gower et 

al. 2008) in late-July 2016 at Bundoora, Victoria (-37.711364, 

145.048763), from pasture dominated by legumes (>70%, mainly white 

clover with a few vetches (Vicia spp.) and medics (Medicago spp.)), some 

thick-bladed grasses (Poaceae spp.) and a few broad-leaf weeds (Picris 

echioides and Arctotheca calendula). The majority of original and 

microcosm hosts were legumes to minimize the trade-offs of a host shift 

(Cheng et al. 2018b). Based on predicted egg hatch timing (McDonald et 

al. 2015), mites were estimated to be the second field generation. Mites 

were sorted in the laboratory and adults introduced into microcosm tubs 

(200 individuals per tub), followed by a 2-week incubation in a 

shade-house. Mites from the field (parental mites) were specifically 

collected to produce non-diapause ‘winter’ eggs, which later hatched 

resulting in the first filial generation (F1). Microcosms containing F1 

eggs were then moved into temperature-controlled (CT) cabinets. Three 

different temperatures (11, 15 and 19 °C) and two daylengths (10/14 h 

and 16/8 h LD cycles) were tested in combination. For each combination, 

6 microcosms experienced low soil moisture (dry treatment), and 5 
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microcosms experienced high soil moisture (moist treatment). This 

resulted in 12 environmental treatments (3 temperature x 2 daylength x 2 

soil moisture) and a total of 66 microcosms. Soil moisture within each 

microcosm was measured twice a week with a soil probe (Gardman soil 

measure meter, Bunnings, Australia) and watered as required. 

Microcosms with dry and moist soil treatments were maintained at 

1%-2.7% and 5.2%-10.2% (w/w water/soil), respectively. While in the 

shade-house, soil moisture within all microcosms was maintained at 

5.2%-10.2%. 

 

3.3.2 Diapause assessments using morphology and hatching tests 

Once F1 mites had matured, sexes were identified by the color of the 

genital area, whereby red coloration and creamy-white coloration were 

used to identify males and females, respectively (Weeks et al. 1995). The 

diapause status of eggs of the second filial generation (F2) was 

morphologically identified from dissected F1 females (27-58 dissected 

females were assessed from within each microcosm). Although some 

females containing no eggs were probably reproductively immature, each 

treatment included between 16-41 mature F1 females and 140-474 F2 

eggs (see Table S3.1). We then performed hatching tests on the F2 eggs 

produced within each microcosm and compared the hatching results with 

the egg morphology. F2 eggs from each dissected F1 female were placed 

on moist filter paper in a petri dish. The total number of F2 eggs with and 

without a visible thicker chorion was recorded (all eggs fell into these two 

classes by thickness, although there was variation in the darkness of the 
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thicker-chorion eggs). Petri dishes were sealed with Parafilm and 

incubated in a CT cabinet (15°C and 10/14 h LD) for 4 weeks. A 4-week 

incubation was used for the first hatching test because at this temperature 

all non-diapause eggs are expected to hatch (in < 2 weeks) but no 

diapause eggs (which hatch after 114 days) are expected to do so 

(Wallace 1970b). The vast majority of eggs with the thicker chorion 

failed to hatch after 4 weeks but hatched after a summer incubation 

period, demonstrating they were viable. Interestingly however, some 

unhatched eggs that did not have a thicker chorion, did hatch at a later 

date (see below), and are henceforth referred to as ‘cryptic’ diapause (CD) 

eggs because they are morphologically similar to non-diapause (ND) eggs 

(Figure S3.1).  

 

3.3.3 Viability of eggs over summer 

A second hatching test was performed to assess the viability of the CD 

eggs. Typical diapause (TD) eggs were also examined as the positive 

control. Despite removing eggs from the sheltered body of female mites, 

we found that 96% of the TD eggs hatched post-diapause, demonstrating 

that the viability of eggs is not negatively impacted by this procedure. 

Petri dishes containing either CD and TD eggs were partly opened for 3 

days to dehydrate eggs that had been placed on the moist filter paper. 

After 3 days, the paper was completely dry and both types of eggs shrunk 

and became somewhat bent and flattened. Air drying was necessary 

before long-term incubation because moistened diapause eggs are known 

to be more vulnerable to heat stress (Wallace 1970b, James and O’Malley 
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1991b). A subset of TD and CD eggs from within each treatment were 

then removed and dry incubated for 202 days (from November 2016 to 

mid-June 2017) in petri dishes over summer in a shade-house that was not 

temperature-controlled, ensuring eggs experienced natural day-length and 

temperature fluctuations, with temperatures frequently hotter than 30°C. 

This incubation period is somewhat longer than the expected diapause 

period in the field (typically around 5 months). Compared to diapause 

eggs which were expected to survive desiccation and the heat of summer, 

ND eggs have been shown to die from desiccation within 41-hours 

(Norris 1950). Even moistened ND eggs have high mortality if 

temperature is higher than 27.5°C (Wallace 1970b).  

 

In mid-June 2017, water was sprayed onto filter paper of each petri dish 

to moisten the eggs. After all eggs were re-moistened, the petri dishes 

were sealed and incubated for approximately 4 weeks (until mid-July) in 

a shade-house. Embryonic development of these eggs was observed 

approximately once per week. More than 70 % of all eggs developed into 

larvae, although for the purpose of analysis we defined a ‘successfully 

hatched egg’ as the development of an embryo to the deutovum (prelarva) 

stage following previous studies (Wallace 1970b, 1970a). This overcame 

any potential issues associated with egg cannibalism by early-hatching 

larvae, as has been demonstrated in this species (Norris 1950). 

 

3.3.4 Data analysis 

To assess diapause induction under different environmental conditions, 
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two analyses were carried out: the first exploring factors influencing 

diapause generally (typical and cryptic); and the second focusing on 

factors influencing the newly discovered CD eggs. Firstly, female mites 

were categorized based on the number of eggs (N) dissected from a 

female: if (NCD + NTD)/Ntotal ≥ 50% then classify as a female mite ‘in 

diapause egg production’ otherwise a female mite ‘in non-diapause egg 

production’. This categorization was performed on individual mites, as 

their eggs were highly skewed towards being either all diapause eggs or 

all non-diapause eggs (Figure S3.2). This phenomenon has been shown 

previously (Wallace 1970a). In less than 2% of cases, the proportion of 

non-diapause and diapause eggs within females was exactly 50%. In 

these instances, females were categorized as producing diapause eggs 

(although removal of these females and re-running the analysis did not 

alter the results). After mites had been categorized, a binomial logistic 

model was used to predict the status of egg production (diapause or 

non-diapause) of females with temperature, moisture, and daylength as 

categorical factors. Based on earlier literature, 10/14 h LD, 11°C and 

moist soil conditions were expected to inhibit diapause, and thus 

considered as reference factors in the model. Two-way interactions were 

tested between all explanatory variables. Following this, we explored 

factors that influence whether females produce TD or CD eggs. A similar 

analysis was performed on the subset of diapause mites classified as 

follows: if NTD /(NTD+NCD ) ≥ 50% then classify as ‘a female mite 

producing TD eggs’ otherwise ‘a female mite producing CD eggs’. 

Females with no eggs were omitted from all analysis as they were unable 
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to be categorized, likely due to reproductive immaturity. Two-way 

interactions between the explanatory variables were again tested but 

omitted here due to the low number of eggs and lack of variation in some 

categories leading to completely separated data when interactions were 

included. The relative importance of variables to the model fit was tested 

by omitting variables and comparing to the full model using the 

information criteria metrics AIC and BIC (Burnham and Anderson 2003). 

 

In H. destructor, non-diapause eggs are typically laid, while diapause 

eggs are retained within the body of females (Wallace 1970b, 

Ridsdill-Smith 1997). We examined the total number of eggs within 

female bodies that we categorized as described earlier using a one-way 

ANOVA and Scheffe's post-hoc tests, acknowledging that this does not 

provide a measure of female fecundity because some ND eggs would 

already have been laid. 

 

The glm function as part of the stats library in the R language for 

statistical computing (R Core Team 2017) was used to fit the binomial 

models and analyze the data.  

 

3.4 Results 

3.4.1 Environmental conditions influencing diapause 

The effect of environmental factors on the incidence of diapause eggs in 

H. destructor are presented in Table 3.1 and Figure 3.1. These results 

indicate (in order of importance) ambient temperature, soil moisture, and 
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daylength each improve the model fit to observations. Two-way 

interactions between factors improved the model fit (df = 5, χ2 = 19.8, p = 

0.001) and so were included in the analysis. The analysis revealed that 

main effects of higher temperature and dryer soil moisture significantly 

increased the production of diapause eggs (Table 3.1). The effect of 

daylength was significant, however the overall impact on diapause egg 

production was lower than temperature and soil moisture (Table 3.1). The 

effect of daylength was also not straightforward compared with 

temperature and moisture; longer daylength (16/8 h LD) decreased the 

diapause incidence at 19°C but increased the rate at 15°C (Figure 3.1).  

 

3.4.2 Differences in the induction and number of cryptic and typical 

diapause eggs 

The proportion of diapause eggs that were classified as CD and TD 

within each environmental treatment are presented in Figure 3.2, with the 

estimated effect of environmental factors (daylength, temperature and soil 

moisture) presented in Table 3.2. These show that daylength and 

temperature were important to predict diapause type, while the effect of 

moisture was marginal. Generally, higher temperatures and longer 

daylength were associated with mites producing TD eggs, rather than CD 

eggs (Figure 3.2). 

 

The average number of eggs extracted from the dissected females 

indicated that the females producing TD eggs contained more eggs than 

females producing ND and CD eggs (p < 0.001) (Figure S3.3). Although 
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females that produced CD eggs had slightly fewer total eggs compared 

with females that produced ND eggs, this difference was not significant 

(p = 0.060). 

 

3.4.3 Viability of cryptic and typical diapause eggs 

Although the color and shape of many CD eggs became bleached and 

collapsed during the desiccation period in the shade-house, 292 out of 

387 (~75%) of the CD eggs hatched. By contrast, 577 out of 601 (~96%) 

TD eggs hatched. Although the CD egg is morphologically similar to ND 

eggs, unlike ND eggs, they were shown to be viable after exposure to 

summer conditions. 

 

3.5 Discussion 

For the first time, a distinct mode of cryptic diapause is described for H. 

destructor. This cryptic type represents a viable diapause egg despite 

lacking the thick chorion of typical diapause eggs, demonstrating three 

distinct types of eggs in H. destructor: non-diapause (ND, ‘winter eggs’), 

cryptic diapause (CD) and typical diapause (TD). This has not been 

observed before in H. destructor (Norris 1950, Wallace 1970a, 1970b, 

Ridsdill-Smith et al. 2005), or in any arthropod pests of which we are 

aware. The lower hatch rate of CD eggs compared with TD eggs may 

reflect the lack of a deeper chorion leading to a weaker level of protection 

against hot and dry summer conditions. The difference in viability 

between both diapause types requires further study. However, the CD 

eggs and the interaction between environmental factors leading to their 
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production is likely to be (at least partly) responsible for the 

inconsistency of results in previous studies.  

 

Compared to ND eggs, diapause eggs of both types were induced by 

longer daylength, hotter temperature and drier soil (Figure 3.1 and Table 

3.1). CD eggs were produced in relatively short-daylength and cooler 

conditions when compared to TD eggs (Figure 3.2 and Table 3.2), 

indicating H. destructor has the ability to produce different types of 

diapause eggs in the lead up to spring. Early production of diapause eggs 

was noted in studies showing that post-diapause mites emerged after 

pesticides were applied according to the Timerite® dates (Umina and 

Hoffmann 2003, Gower et al. 2008, Ridsdill-Smith and Pavri 2015). In 

addition, we have found CD eggs when dissecting mites from the field 

well before the Timerite® date: we obtained 277 CD eggs, 24 ND eggs 

and no TD eggs from H. destructor collected on 15th September 2014 

from a pasture paddock at Diamond Creek, Victoria (-37.676357, 

145.131784). The Timerite® predicted date for this location is 16th 

October, more than a month after our sample was taken. 

 

This study shows the accuracy of the Timerite date could be improved. 

Currently, the Timerite date does not change between years, despite 

knowledge that the diapause date at a location can vary substantially 

(more than several weeks) between different years (Ridsdill-Smith et al. 

2005). This study has revealed that there are key processes missing from 

the estimation process of the Timerite date, such as temperature and 
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moisture conditions, which were found to have a stronger effect on 

diapause than daylength. The incorporation of this new knowledge, as 

well as increasingly available dynamic climatic data on temperature and 

moisture that captures variation in conditions through years, has the 

potential to enhance Timerite.  

 

The production of CD eggs in H. destructor may reflect a bet-hedging 

strategy whereby some individuals of a generation enter diapause to adapt 

to uncertain environments (Menu et al. 2000). It could also reflect an 

evolutionary strategy governing the hatching of autumn eggs after 

post-diapause quiescence, whereby the embryonic development of eggs is 

inhibited when temperatures exceed a threshold (Wallace 1970b). The 

threshold in Western Australia is known to be higher than in eastern 

Australia, likely because temperature (and rainfall patterns) in the eastern 

areas are more changeable and uncertain than those of Western Australia, 

indicating adaptive evolution (McDonald et al. 2015). Whether the 

threshold temperature varies between CD and TD eggs, or whether 

strategies differ between mites in Western Australia and eastern Australia, 

remains unclear.  

 

In addition to bet-hedging, the two physiologically different types of 

diapause eggs may reflect phenotypic plasticity evolved under 

diversifying environmental selection (Furness et al. 2015). Previous 

studies have found the number of ND eggs within a female mite is lower 

than that of diapause eggs, reflecting the fact females lay ND eggs but 
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retain diapause eggs within their body (Ridsdill-Smith and Annells 1997, 

Ridsdill-Smith et al. 2005). Interestingly, our findings revealed that 

female mites producing CD (and ND) eggs carried fewer overall eggs 

than those females producing TD eggs. It is possible that CD eggs 

produced in relatively cooler temperatures are laid rather than being 

retained inside the mite body as is the case for TD eggs (which are also 

slightly larger than ND eggs) (Norris 1950, Ridsdill-Smith et al. 2005). If 

this is the case, fewer resources would be required to produce CD eggs 

than the production and storage of TD eggs, thus offering a fitness 

advantage for a cryptic diapause strategy. Further studies are needed to 

understand the fertility, life span and fitness costs of females producing 

ND, CD and TD eggs. 

 

Previous studies suggested that egg-laying is inhibited by high 

temperatures for diapause and ND eggs and therefore ND eggs may 

commence development inside the female body (Norris 1938, 1950). This 

phenomenon has been also observed in our research, especially when 

high temperature (19°C) accompanied the moist treatment. We clearly 

found that some eggs developed to the deutovum, or the larval stage, 

within female mites (https://youtu.be/er4I9v4IyiA ), suggesting 

ovoviviparity in H. destructor. Ovoviviparity may be an evolutionary 

strategy utilized by H. destructor to protect ND eggs from future 

desiccation at high temperatures, recognizing ND eggs can die from 

desiccation within 41 hours (Norris 1950), which is insufficient time for 

embryonic development (>6 days) (Wallace 1970a, 1970b). 
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The effect of daylength was noted as being important for diapause 

induction by Ridsdill-Smith et al. (2005); however a shortened daylength 

did not reduce diapause responses in the approach of summer in the study 

by Wallace (1970a). Our study revealed a daylength*temperature 

interaction reflecting the fact that the short daylength (10/14 h LD) did 

not have a marked effect at 11°C, but did at 15°C and 19°C. We found no 

marked effect of daylength on diapause egg production at 19°C under dry 

conditions, a finding that is congruent with the Wallace (1970a) study. 

Furthermore, differences were observed between individual mites that 

experienced the same treatment conditions. For example, under the 

19°C/dry/10:14h LD treatment, some mites produced 100% diapause 

eggs while some produced 100% ND eggs. The 19°C and dry conditions 

are diapause-inducing, while a short-daylength (10/14 h LD) is expected 

to be diapause-inhibiting. Further studies are needed to understand 

whether these individual differences in sensitivity to various factors are 

heritable or represent non-genetic variability. 

 

In addition to the individual differences in female mites observed in our 

study, evolutionary changes are probably involved in diapause 

characteristics of H. destructor, which entered Australia from South 

Africa over a century ago and have undergone genetic adaptation (Hill et 

al. 2016). In comparison with South African populations, Australian 

populations have expanded into hotter and drier inland areas and have 

become more thermoresistant (Wallace and Mahon 1971, Hill, Hoffmann, 
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Macfadyen, et al. 2012, Hill et al. 2013). Pesticide resistance against 

pyrethroids (Umina 2007, Umina et al. 2012) and organophosphates 

(Umina et al. 2017) has also evolved in H. destructor populations in 

Australia. While the interaction between these evolutionary changes and 

diapause induction are unclear in H. destructor, pesticide resistance has 

been shown to influence photoperiodic diapause in the codling moth, 

Cydia pomonella, indicating pleiotropic trade-offs (Boivin et al. 2004). 

Geographical adaptation also influences the photoperiodic response of 

winter diapause in Aedes albopictus (Lounibos et al. 2003, Urbanski et al. 

2012).  

 

3.6 Conclusion 

A novel mode of diapause in H. destructor, which is influenced by a 

complex of environmental factors has been identified in this study. 

Furthermore, we demonstrate that temperature and soil moisture play a 

critical role in diapause egg production in H. destructor which has 

implications for pest control. While a very useful management tool, the 

Timerite® model currently used by Australian farmers could be improved 

by incorporating real-time (or predicted) temperature and soil moisture 

information rather than long-term averages to allow predictions to 

account for variable environmental conditions between years. The 

presence of different types of diapause eggs raises the question of 

whether these reflect adaptive responses to different recurring 

environmental conditions and different levels of environmental variability. 

This could be further tested by comparing the incidence of diapause 
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strategies across populations of mites given that H. destructor in Australia 

covers a wide range of climatic conditions and given there is evidence for 

adaptive differentiation in H. destructor populations (Hill, Hoffmann, 

Macfadyen, et al. 2012, Hill et al. 2013, 2016).   
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Table 3.1. Table of model coefficients, standard errors, and goodness of 

fit measures for binomial models predicting the production of diapause 

eggs in female H. destructor. 

 

Full model No temperature No moisture No daylength 

(Intercept) -2.14 (0.55)*** -0.90 (0.20) *** -0.94 (0.26)*** -2.58 (0.52)*** 

Temperature = 15°C 0.86 (0.64) 

 

0.29 (0.36) 1.84 (0.59)** 

Temperature =19°C 2.59 (0.66)*** 

 

2.03 (0.43)*** 2.74 (0.59)*** 

Moisture = dry 1.78 (0.60)** 1.08 (0.31)*** 

 

1.81 (0.58)** 

Daylength = 16h -1.28 (0.70)* 0.15 (0.29) -1.07 (0.48)* 

 

15°C:dry -0.63 (0.72) 

  

-0.57 (0.69) 

19°C:dry -0.01 (0.81) 

  

0.05 (0.77) 

dry:16h 0.21 (0.59) 0.09 (0.45) 

  

15°C:16h 2.55 (0.67)*** 

 

2.44 (0.62)*** 

 

19°C:16h  0.72 (0.77) 

 

0.69 (0.65) 

 

AIC 387.82 468.82 418.67 398.57 

BIC 426.54 484.31 441.90 421.80 

Log Likelihood -183.91 -230.41 -203.33 -193.29 

Deviance 367.82 460.82 406.67 386.57 

Num. observations 355 355 355 355 

Reference levels of factors: Temperature = 11°C; Moisture = moist; Daylength = 10h. ***p < 

0.001, **p < 0.01, *p < 0.05 
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Table 3.2. Table of model coefficients, standard errors, and goodness of 

fit measures for binomial models predicting the production of TD eggs in 

female H. destructor. 

 

Full model No temperature No moisture No daylength 

(Intercept) -2.25 (0.65)*** -1.04 (0.35)** -2.13 (0.57)*** -1.94 (0.63)** 

Temperature = 15°C 1.07 (0.62) 

 

1.05 (0.62) 1.41 (0.61)* 

Temperature = 19°C 1.56 (0.61)* 

 

1.53 (0.60)* 1.78 (0.60)** 

Moisture = dry 0.15 (0.37) -0.01 (0.36) 

 

0.22 (0.36) 

Daylength =16h 1.11 (0.35)** 1.21 (0.34)*** 1.12 (0.35)** 

 

AIC 202.90 207.00 201.07 211.18 

BIC 218.25 216.21 213.35 223.46 

Log Likelihood -96.45 -100.50 -96.54 -101.59 

Deviance 192.90 201.00 193.07 203.18 

No. observations (n) 159 159 159 159 

Reference levels of factors: Temperature = 11°C; Moisture = moist; Daylength = 10h. ***p < 0.001, **p 

< 0.01, *p < 0.05 
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Table S3.1. Table showing the sample sizes used in Figure 3.1 and Figure 

3.2. Fig. 3.1 included the number of all F1 females and F2 eggs in each 

environmental treatment. ND eggs and the females in non-diapause-eggs 

production were excluded in Fig. 3.2. 

Figure 

3.1 

Temperature Moisture Daylength Number of females Number of 

eggs 

 11°C dry 10h 41 389 

 11°C dry 16h 32 253 

 11°C moist 10h 30 361 

 11°C moist 16h 27 242 

 15°C dry 10h 35 330 

 15°C dry 16h 31 474 

 15°C moist 10h 35 326 

 15°C moist 16h 21 186 

 19°C dry 10h 23 256 

 19°C dry 16h 26 314 

 19°C moist 10h 25 263 

 19°C moist 16h 16 140 

Figure 

3.2 

Temperature Moisture Daylength Number of females 

in diapause-egg 

production 

Number of 

diapause 

eggs 

 11°C dry 10h 18 152 

 11°C dry 16h 5 52 

 11°C moist 10h 2 43 

 11°C moist 16h 2 17 

 15°C dry 10h 16 178 

 15°C dry 16h 25 425 

 15°C moist 10h 8 65 

 15°C moist 16h 10 136 

 19°C dry 10h 20 239 

 19°C dry 16h 25 314 
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Figure 3.1.  The diapause production status of female H. destructor for 

each treatment combination, as measured by the number of diapause eggs 

comprising the total number of eggs dissected from each mite. In the 

violin plots, the horizontal notch represents the median value for each 

group, while the vertical lines represent the inter-quartile range. Sample 

sizes of each treatment group are shown in Table S3.1. 
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Figure 3.2. The proportion of TD eggs produced by female H. destructor 

for each treatment combination, as measured by the number of TD eggs 

comprising all diapause eggs dissected from each mite. Sample sizes of 

each treatment group are shown in Table S3.1. 



 

Figure S3.1: Photographs showing the morphology of eggs (a) without a 

thicker chorion (b) with a thicker chorion which can be seen as an extra 

rim surrounding the egg, especially on the polar side.
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: Photographs showing the morphology of eggs (a) without a 

b) with a thicker chorion which can be seen as an extra 

rim surrounding the egg, especially on the polar side. 

: Photographs showing the morphology of eggs (a) without a 

b) with a thicker chorion which can be seen as an extra 
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Figure S3.2. The distribution of (A) the number of eggs dissected from 



 

each female mite used in the study, (B) the frequency distribution of 

diapause eggs dissected from each female mite, and (C) egg types across 

all female mites ignoring zeros. Sample sizes and data are identical to 

those used in Figure 3.1.

 

 

Figure S3.3. Mean number (and standard error) of eggs produced by 

female mites categorized into those producing 

according to the majority egg type in each female. Bars with different 

letters indicate significant differences according to the Scheffe's post

test. 
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each female mite used in the study, (B) the frequency distribution of 

iapause eggs dissected from each female mite, and (C) egg types across 

all female mites ignoring zeros. Sample sizes and data are identical to 

.1. 

Mean number (and standard error) of eggs produced by 

gorized into those producing ND, CD and TD

according to the majority egg type in each female. Bars with different 

letters indicate significant differences according to the Scheffe's post

each female mite used in the study, (B) the frequency distribution of 

iapause eggs dissected from each female mite, and (C) egg types across 

all female mites ignoring zeros. Sample sizes and data are identical to 

 

Mean number (and standard error) of eggs produced by 

TD eggs, 

according to the majority egg type in each female. Bars with different 

letters indicate significant differences according to the Scheffe's post-hoc 
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Chapter 4: Summer diapause intensity influenced by parental and 

offspring environmental conditions in the pest mite, Halotydeus 

destructor  

 

4.1 Abstract 

The regulation of active and dormant stages of arthropods is critical for 

surviving unfavourable seasonal conditions, and for many species 

depends on the diapause intensity (DI). There is substantial information 

on diapause strategies of arthropods under winter conditions; however, 

most cases of summer diapause are poorly understood despite its 

importance in most geographic regions of the world. Here we show how 

complex interactions with the environment drive DI involving multiple 

summer diapause forms of the mite Halotydeus destructor. This invasive 

pest in Australia is only active in winter but enters diapause at the egg 

stage which can survive hot and dry summer conditions. Although recent 

research point to two forms of diapause eggs, a typical (TD) form with a 

thick chorion and a cryptic form (CD) without this chorion which is 

morphologically similar to non-diapause (ND) eggs. Compared with TD 

eggs which are produced in late spring, CD eggs could be produced 

together with ND eggs in the earlier season with relatively cooler 
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temperature and shorter daylength, reflecting an advance bet-hedging 

strategy.  

 

Fitness trade-offs in this strategy are investigated in this study as 

variability of DI of the TD and CD forms under different environmental 

factors for incubating diapause eggs (temperature) and rearing parental 

mites (different daylength, temperature and soil moisture). With the 

exception of daylength, all factors impacted hatchability of diapause eggs. 

Higher mortality of CD eggs indicated relatively shallower DI than TD 

eggs, likely reflecting a fitness penalty of this bet-hedging strategy under 

some conditions. Hatchability of CD eggs revealed thermal and moisture 

stresses have opposite and complementary effects between parental and 

filial generations. Although DI of filial eggs decreased in hot and dry 

summer conditions, parental mites reared in hotter and drier conditions 

increased the DI of offspring. A bet-hedging strategy involving CD might 

be replaced by TD under consistently stressful conditions because of 

higher survival, regardless of additional production costs that might be 

required. These findings highlight a complex set of plastic responses to 

summer conditions in H. destructor that undoubtedly contribute to the 



 

success of this invasive pest under a range of environments. 

 

Graphical abstract  

Highlight 

 Diapause intensity (DI) is impacted by parental and offspring 

environments 

 DI is overall deeper in typical diapause (TD) than cryptic diapause 

(CD) eggs 

 Eggs with insufficient DI are killed in hot and dry summer

 Reduced DI of CD eggs reveal the fitness penalty of bet

strategy 

 Parental mites in hotter and drier conditions increase DI f

future survival 

Keywords  

Diapause intensity; transgenerational effect; phenotypic plasticity; 
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success of this invasive pest under a range of environments. 
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bet-hedging strategy; adaptation; fitness cost 
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4.2 Introduction 

The development and activity of many arthropods is synchronized to 

match favourable seasonal conditions, while arrested development 

through diapause can aid survival under environmental adversities 

(Koštál 2006). Diapause must be maintained for an appropriate time 

which is specific to species and populations from diverse habitats 

(Masaki 2002, Belozerov 2008), and may involve hibernation (winter 

diapause) or aestivation (summer diapause) (Masaki 1980, Belozerov 

2008). Regulation between active and diapause stages reflects plastic 

responses and their evolution to adapt to climatic changes (Sgrò et al. 

2016). Under a given set of environmental conditions, the duration of 

diapause is known as the diapause depth or diapause intensity (DI) 

(Saunders 2000, Masaki 2002). DI can also be defined by the intensity of 

stimuli (e.g. cold or heat) needed to terminate diapause (Wallace 1970a, 

Koveos et al. 1993).  

 

DI may vary between populations of a species and between individuals 

within a population. The former reflects geographic variation of DI 

(Kimura 1988, Koveos et al. 1993), while the latter may reflect a 
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bet-hedging diapause strategy, when all individuals of a population are 

exposed to the same conditions, but some individuals enter a deeper DI 

and have a prolonged diapause duration (Menu and Debouzie 1993). 

Some individuals in a population may reactivate at a different time to 

adapt to stochastic or unpredictable environmental changes (Menu et al. 

2000). Variability in DI may be under genetic control in which case the 

response to environmental factors can vary among individuals; this 

genetic variation, and the plastic responses associated with diapause, are 

important for responding rapidly to environmental changes (Masaki 2002, 

Furness et al. 2015, Sgrò et al. 2016).  

 

Although having clear benefits, plasticity in DI may confer fitness 

penalties, including production and timing costs (Sgrò et al. 2016). For 

example, a deep DI to survive a long period of winter may have high 

production costs, such as anti-freeze and heat shock proteins (Denlinger 

2002, Li et al. 2002, MacRae 2010). A timing cost may also occur when 

individuals in deep DI fail to become active when environmental 

conditions have ameliorated, while insufficient DI may lead to a failure to 

survive persistent harsh conditions. The environmental conditions that 
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trigger an individual entering diapause with different DI has been well 

studied (Masaki 2002, Koštál 2006). A recent study involving the blowfly, 

Calliphora vicina, showed the parental generation also influences DI, in 

that warmer parental conditions led to weaker cold tolerance of the filial 

generation, reflecting a cross-generation (transgenerational) effect on DI 

in a winter-diapausing species (Coleman et al. 2014). However, studies of 

summer diapause are far fewer than those involving winter diapause 

(Masaki 1980, Sgrò et al. 2016) and information of cross-generation 

(transgenerational) plasticity in summer-diapause arthropods is very 

limited. 

 

Mites belonging to the genus Halotydeus vary dramatically in distribution, 

comprising both marine and terrestrial mites. Halotydeus hydrodromus, 

H. mollis, H. signiensis and another undescribed species are 

marine species found in UK, Hong Kong, Antarctic, and Philippines 

respectively (Pugh and King 1985, Baker 1995, Procheş and Marshall 

2001), while a terrestrial complex of 11 Halotydeus species are found in 

South Africa (Hill et al. 2016). The latter group includes H. destructor, an 

invasive pest species of Australia and New Zealand that attacks a wide 
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variety of economically important crop and pasture species (Qin 1997, 

Umina and Hoffmann 2004). Within Australia, H. destructor survives the 

adversity of heat and desiccation by entering aestivation (summer 

diapause) at the egg stage (Ridsdill-Smith et al. 2005), providing a useful 

system to examine the cross-generation effects of summer diapause.  

 

Halotydeus destructor has at least three generations between April and 

November (Ridsdill-Smith 1997, Ridsdill-Smith and Annells 1997). The 

majority of diapause eggs are produced and stored in the female body of 

the third generation in the lead up to summer, while non-diapause eggs 

are laid on the surface of foliage or soil in the first two generations during 

the cool and moist period (Umina and Hoffmann 2003). Although earlier 

studies indicated the onset of diapause was predicted by daylength, and 

that diapause eggs could be morphologically distinguished from 

non-diapause eggs by a thicker chorion and darker colour (Norris 1950, 

Ridsdill-Smith et al. 2005), a recent study revealed a novel type of 

diapause egg that lacked the thick chorion and dark colour of typical 

diapause eggs, and was instead morphologically similar to non-diapause 

(ND) eggs (Cheng et al. 2018a). These cryptic diapause (CD) eggs and 
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typical diapause (TD) eggs are produced as daylength increases and 

conditions become warmer and drier.   

 

The conditions associated with the production of CD and TD eggs in H. 

destructor have been shown to differ. TD eggs were mostly produced 

when parental mites were reared in an environment with three 

diapause-inducing factors (long daylength, warm and dry conditions), 

while CD eggs were typically produced when parental mites were reared 

in an environment with cooler temperatures and a relatively shorter 

daylength compared with TD eggs. Additionally, when parental mites 

were reared in environments combining diapause-inducing and 

diapause-inhibiting factors (e.g. short daylength, high temperature and 

moist soil), CD and ND eggs were commonly produced (Cheng et al. 

2018a). During the transition from winter to summer, CD eggs will 

therefore be produced earlier than TD eggs, and at a time when ND eggs 

are still being produced by female mites. This co-production of CD and 

ND eggs likely reflects a bet-hedging strategy to ensure diapause 

production begins under uncertain conditions (Cheng et al. 2018a).  
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At present it is unclear to what extent CD and TD contribute to variability 

in DI in H. destructor. Previous studies suggested DI varied between 

individual eggs and that eggs with a deeper DI may require higher 

temperatures to terminate diapause (Norris 1950, Wallace 1970a, 1970b). 

Cheng, Hoffmann et al. (2018) showed the survival of TD eggs was 

greater than CD eggs during the summer period, although the multiple 

stimuli affecting diapause production was not considered. In this chapter, 

we investigated three factors likely influencing DI and over-summer 

survival of eggs in order to better understand diapause initiation and 

termination, and thus improve control strategies for H. destructor. The 

factors investigated were: (i) egg type (CD or TD); (ii) the environmental 

stimuli (thermal treatments) experienced by diapausing eggs; and (iii) the 

environmental effects (different daylength, temperature and soil moisture 

conditions) experienced by the parental generation.  

 

4.3 Materials and methods 

4.3.1 Microcosm set-up and mite collections 

A microcosm approach was used to induce diapause responses of H. 

destructor as previously applied (Umina and Hoffmann 2003, Cheng et al. 
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2018a). The plants in microcosms were mostly legumes to minimize the 

fitness cost of host shifts (Cheng et al. 2018b). To prepare a microcosm, 1 

L sandy loam soil (1 part sand, 4 parts soil) was added into each clear 

plastic tub (approximately 26 cm high, 18 cm long and 12.5 cm wide) 

with two gauze windows (approximately 10 cm long, 8 cm wide) for 

ventilation. In mid-June 2016, pasture seeds were sown as a mixture, 

consisting of 40% vetch (Vicia sativa cv Rasina), 20% white clover 

(Trifolium repens cv. Storm), 20% subterranean clover (Trifolium 

subterraneum cv. Gosse), 10% phalaris (Phalaris aquatica cv. Holdfast) 

and 10% oats (Avena sativa cv. Williams), which are suitable hosts to rear 

H. destructor (Thackray et al. 1997, Umina and Hoffmann 2004, Cheng 

et al. 2018b). Sixty-six microcosm tubs were established in this manner. 

All tubs were covered by a clear plastic lid, placed in a shade-house, and 

watered twice per week for approximately 6 weeks. 

 

Halotydeus destructor were sourced from a pasture paddock at Bundoora, 

Victoria (-37.71136, 145.04876), dominated by legumes (>70%, mostly 

white clover with some medics (Medicago spp.) and vetch (Vicia spp.)), 

with the remainder comprised of broad-leaf weeds (Arctotheca calendula 
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and Picris echioides) and thick-bladed grasses (Poaceae spp.). On the 

basis of predicted hatching time of post-diapause eggs, mites were 

collected by vacuuming in late-July 2016, when mites were expected to 

be the second field generation and laying ND eggs (Gower et al. 2008, 

McDonald et al. 2015). Mites were transferred to the laboratory in plastic 

containers containing vegetation and paper towel to absorb excess 

moisture. Two-hundred adult mites were then aspirated into each 

microcosm tub, which were returned to the shade-house for egg laying. 

Tubs were watered thereafter to maintain moist soil conditions across all 

tubs. 

 

4.3.2. Experimental design 

Over a period of 2 weeks, mite eggs were laid within each microcosm, 

typically on the underside of plant leaves. These constituted the first filial 

generation (F1) of the microcosm populations. Microcosms were then 

moved from the shade-house to temperature-controlled (CT) cabinets and 

exposed to 12 treatments (Table 4.1). Soil moisture within each 

microcosm was measured twice per week with a soil probe (Gardman soil 

measure meter, Bunnings, Australia) and water added as required. The 



- 92 - 
 

‘Moist’ and ‘Dry’ treatments were maintained at 5.2%-10.2% and 

1%-2.7% soil moisture (w/w water/soil), respectively. Microcosms were 

kept within the CT cabinets for approximately eight weeks over which 

time eggs hatched, and mites matured to adulthood.   

 

Mature male and female F1 mites were distinguished by the red and 

creamy-white colour of the genital area, respectively (Weeks et al. 1995). 

A sample of mature F1 females from each treatment (16-41 females per 

treatment) was dissected to obtain F2 eggs (140-474 eggs per treatment). 

These were expected to include ND, CD and TD eggs depending on the 

environmental treatment. The number of F2 eggs (with or without the 

thicker chorion) was recorded within each microcosm, and eggs placed 

onto a piece of filter paper and placed into petri-dishes, which were then 

sealed with Parafilm for hatching tests following Cheng, Hoffmann et al. 

(2018). In the first hatching test, petri-dishes were incubated for 4 weeks 

within a CT cabinet at conditions reflective of the winter period (15°C 

and a 10/14 LD cycle). Only ND eggs hatched in the 4-week incubation, 

with unhatched CD and TD eggs distinguished by the thickness of the 

outer chorion (Cheng et al. 2018a).  
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A second hatching test was performed on those eggs that failed to hatch 

in the first test. Eggs within each petri-dish were air dried for 3 days in a 

CT cabinet (15°C and 10/14 LD) because previous studies have found 

heat stress is more harmful to moistened diapause eggs than air-dried 

eggs (Wallace 1970b, James and O’Malley 1991b). To investigate 

whether heat exposure accelerated the termination of diapause and 

whether environmental F1 treatments impacted F2 eggs over summer 

diapause, eggs from each treatment were randomly sorted into two groups. 

One group was placed in a CT cabinet at 19°C with a 10/14 LD cycle. 

The second group was placed in a shade-house over the summer period, 

experiencing natural day-length and temperature fluctuations that 

frequently exceeded 30°C in the daytime. The incubation period for both 

groups lasted 202 days from late-November 2016 to mid-June 2017.  

 

Following the incubation period, a proportion of eggs lost their orange 

colour and/or displayed a collapsed shape (Figure S4.1). These eggs 

failed to hatch when moistened and were recorded as decayed eggs 

(Figure S4.2). The remaining eggs were separated into CD and TD, and 
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hatched by spraying a fine mist of water onto the filter paper within each 

petri-dish. All petri-dishes were re-sealed with Parafilm and placed in the 

shade-house for a further 4 weeks. The embryonic development of 

re-moistened eggs was checked weekly. Embryonic development of an 

egg to the deutovum (prelarva) stage was considered to indicate 

successful development (Wallace 1970b) and recorded as a hatched egg. 

During this period, the majority of undecayed eggs hatched, while none 

of the decayed eggs developed. The temperature conditions at this time 

were typical of winter, ranging from 3.4 - 16.8°C (average 11.1°C). When 

diapause has been terminated, embryonic development of post-diapause 

eggs requires around 156 degree-days (James and O’Malley 1991a). The 

4-week incubation period provided in this study provided sufficient time 

(310.8 degree-days) to complete development. 

 

4.3.3. Data analysis 

To analyse the hatchability of post-diapause eggs, we fitted a 

mixed-effects logistic model to the binomial hatch response (hatch or 

unhatched) with three environmental explanatory factors (soil moisture, 

temperature, and daylength) which were used to rear the parental 



- 95 - 
 

generation. We also fitted two filial factors: (i) hatching condition 

(shade-house versus CT cabinet); and (ii) egg type (TD versus CD). As 

some individual mites contributed multiple eggs, we controlled for this 

non-independence by adding a random intercept effect for the mite from 

which each egg was extracted.  

 

AIC (Akaike information criterion) and BIC (Bayesian information 

criterion) were used to test the relative importance of variables to the 

model fit by omitting each variable and comparing to the full model 

(Burnham and Anderson 2003). The glmer function as part of the lme4 

library (Bates et al. 2015) in the R language for statistical computing (R 

Core Team 2017) was used to fit the binomial models and analyse the 

data. 

 

4.4 Results 

The mixed-effects logistic model analysed the influence of two F2 filial 

factors (egg-type and incubation environment) and three parental factors 

(daylength, temperature and soil moisture) on hatch rate (Table 4.2). All 

factors improved the model fit, although daylength was associated with 
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only a marginal improvement. The effects of incubation environment and 

egg type are presented as violin plots in Figure 4.1. Due to substantial 

skewing to the extremes (nearly all eggs either hatched or remained 

unhatched), these plots effectively display the variation in hatch rate 

obtained across conditions. Incubation of eggs within the shade-house 

resulted in significantly higher hatch rates compared with CT cabinet 

incubation, regardless of egg type (Figure 4.1A). The proportion of 

visually unhatched and undecayed eggs was higher in the CT cabinet than 

in the shade-house (Figure 4.1B). Additionally, the hatch rate (viability) 

of TD eggs was much higher than for CD eggs (Figure 4.1A), regardless 

of incubation environment. The decay rate of TD eggs was lower than CD 

eggs, regardless of incubation environment (Figure 4.1C).  

 

When considering the parental effects of environmental factors 

(daylength, temperature and soil moisture) on F2 diapause eggs, hatch 

rate of diapause eggs was influenced by temperature and soil moisture 

experienced by the parental generation (Table 4.2). The hatch rate of TD 

eggs was higher compared with CD eggs at all parental conditions 

(Figure 4.2), while the hatch rate of the CD eggs increased when the 
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parental mites were reared in warmer and drier environments (Figure 

4.2A). By contrast, the hatch rate of TD eggs peaked at near 100% in 

each treatment and was not improved by any cross-generation treatment 

(Figure 4.2B). Decay rate showed the opposite pattern of hatch rate 

(Figure S4.2). Although the decay rate of TD eggs was nearly 0% 

regardless of treatment, decay rate of CD eggs was markedly higher when 

parental mites were reared in cool and moist conditions.  

 

4.5 Discussion 

Exposure to the more variable conditions experienced in the shade-house 

over the summer period accelerated the termination of diapause for both 

TD and CD eggs compared with CT cabinet conditions, revealing an 

effect of the environmental conditions on diapause duration in H. 

destructor. A small fraction of both TD and CD eggs appear to have a 

deeper diapause intensity (DI) that is only broken by exposure to the 

shade-house conditions, likely involving heat events experienced during 

this period. Although only a single duration of incubation was tested in 

our study, the hatchability of diapause eggs may vary in association with 

DI in line with previous studies that have shown diapause duration of H. 
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destructor is shortened by heat exposure (Wallace 1970a, 1970b). 

Without heat exposure, eggs with a deeper DI will have a longer diapause 

duration. In addition, there were noticeably more decayed CD eggs than 

TD eggs, which points to a subset of CD eggs failing to survive over 

summer due to insufficient DI.  

 

Although our previous research into diapause induction suggested the 

coexistence of CD and ND eggs will likely provide a benefit to H. 

destructor in uncertain environments (Cheng et al. 2018a), the current 

study highlights a potential fitness penalty for the CD strategy with lower 

survival of CD eggs compared with TD eggs, reflecting a relatively 

shallower DI. Although TD eggs may have extra production costs (e.g. a 

thicker chorion, diapause-associated protein and heat-shock protein) 

compared with CD eggs, the improved survival of TD indicates it is the 

favoured phenotype when parental mites experience environmental 

factors that act to induce diapause (Cheng et al. 2018a). This points to 

trade-offs between fitness costs and survival under different environments. 

The relative advantages of phenotypic plasticity leading to diapause (i.e. 

our TD eggs) and bet-hedging strategies associated with variability (i.e. a 
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mix of ND and CD eggs) have been discussed in studies involving other 

species (Furness et al. 2015, Sgrò et al. 2016). 

 

In addition to the environment experienced by the filial generation and 

the egg polymorphism (CD and TD) of the filial generation, conditions 

experienced by the parental mites also influenced DI. This resulted in 

variability between individuals with the same diapause type. Although 

CD eggs, on average, entered a shallower diapause when compared with 

TD eggs, over-summer survival of CD eggs was strengthened when the 

parental generation experienced warmer and drier environments (i.e. dry 

soil moisture at 19°C). The cross-generational effect of this parental 

environment partly compensated for the lower robustness of CD eggs 

when exposed to summer conditions. Because DI is reduced by 

shade-house conditions over summer, parental mites experiencing 

warmer and drier conditions can likely increase the DI of their offspring 

to increase the chances of survival. This suggests adaptive 

transgenerational plasticity in response to climatic variation; higher 

temperatures in summer diapause of H. destructor act as a DI enhancer, 

in contrast to the DI reducer effect of high temperatures in the winter 
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diapause of species such as C. vicina (Coleman et al. 2014).  

 

The complex of environmental conditions influencing DI in H. destructor 

may complicate the timing of post-diapause emergence and thus hinder 

control strategies. Predicting the emergence of post-diapause mites has 

proven challenging (Wallace 1970b, 1970a, Ridsdill-Smith et al. 2005, 

McDonald et al. 2015), which in part is the reason why many Australian 

farmers apply ‘insurance’ insecticides (e.g. bifenthrin) to protect 

emerging crop seedlings from H. destructor in autumn (Ridsdill-Smith et 

al. 2005, Micic et al. 2008). However, bifenthrin resistance has evolved in 

H. destructor in the last decade and continues to spread to new 

agricultural regions of Australia (Umina 2007, Umina et al. 2012, Maino 

et al. 2018a). This resistance is conferred by a knockdown resistance (kdr) 

point mutation, L1024F, on the sodium channel gene, which is the target 

site of DDT and pyrethroid chemicals (Edwards et al. 2018). Resistant 

mutations can have pleiotropic effects on the mechanism of diapause 

(Boivin et al. 2004). If such pleiotropic effects include the timing of 

autumn hatching, synchrony of development based on resistance 

phenotypes could conceivably lead to assortative mating (i.e. resistant 
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mites are more likely to mate with other resistant mites) and thus 

exacerbate resistance issues. Further studies to understand the interaction 

between diapause and insecticide resistance in H. destructor is needed to 

improve control strategies.  

 

Further complicating management attempts are the post-diapause 

hatching responses of H. destructor in different geographic regions. In 

Western Australia (WA), embryonic development of post-diapause eggs is 

inhibited by quiescence when temperatures exceed 20.5°C (Wallace 

1970b), while the temperature threshold of eastern Australian populations 

is estimated to be 16°C (McDonald et al. 2015). If WA and eastern 

Australian populations experienced the same gradient of cooling 

temperatures from summer into autumn, WA mites would therefore be 

expected to hatch earlier in warmer conditions, revealing a shorter 

dormancy period or shallower DI.  

 

Despite of potential fitness penalties, phenotypic plasticity and adaptive 

evolution are crucial to survive changing climates and variable 

environments encountered by different geographical populations; 
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something that this is particularly important for biological invaders such 

as H. destructor (Prentis et al. 2008). Plasticity and evolution may be 

revealed by changes in diapause responses as well as other traits, 

including host-plant preferences, pesticide resistance and metagenesis 

between sexual reproduction and asexual parthenogenesis (MacKay 1987, 

Grbić et al. 2011, Dermauw et al. 2013). In the pea aphid (Acyrthosiphon 

pisum) for example, mating between sexual males and females results in 

winter-diapause eggs with the approach of winter in cold habitats (e.g. 

high altitudes) (Shingleton et al. 2003). At other times of the year, 

viviparous parthenogenesis occurs. Although diapause egg production 

impacts on fitness (e.g. reduced fertility and increased energy 

requirements for cold tolerance), increased diversity from genetic 

recombination can improve adaptation of aphids to environmental 

changes and pesticide pressure (Glesener and Tilman 1978, Guillemaud et 

al. 2003). Adaptation to diverse environments has been overcome by an 

asexual parthenogenetic earth mite, Penthaleus major, which belongs to 

the same family as H. destructor. Penthaleus major has a similar 

distribution to H. destructor in Australia and survives the summer period 

as diapause eggs (Wallace and Mahon 1971, Hill, Hoffmann, McColl, et 
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al. 2012). Globally however, P. major has a much wider distribution that 

spans torrid and frigid zones (Weeks and Hoffmann 1999, Hallas 2004, 

Pereira et al. 2017). Although only parthenogenesis has been found in 

Australian populations of P. major (Weeks et al. 1995), it is unclear if 

sexual reproduction is triggered by winter-diapause conditions in other 

countries. Further studies of plastic responses and their associated fitness 

trade-offs are warranted, particularly in Acari. 

 

4.6 Conclusion 

The intensity varied between diapause eggs which is associated with the 

temperature and soil moisture experienced in the parental generation. 

Fitness penalties of the bet-hedging strategy are revealed by the reduced 

diapause intensity of cryptic diapause eggs when the parental generation 

is reared under cool temperatures and moist conditions. By contrast, 

parental mites reared in hotter and drier conditions increased diapause 

intensity of offspring, reflecting a plastic response to adapt to future 

stresses. This information explains the reason why the emergence of 

post-diapause eggs was difficult to predict in the pest management if only 

considering the summer and autumn weathers experienced by filial 
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generation (diapause eggs). The plastic dispause responses in H. 

destructor undoubtedly contribute to the success of this invasive pest 

under a range of environments.  
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Table 4.1. Treatments used in this study to investigate diapause intensity 

in H. destructor. 

Treatment Day length Temperature Soil moisture 

1 10:14 LD 19°C Moist 

2 10:14 LD 19°C Dry 

3 10:14 LD 15°C Moist 

4 10:14 LD 15°C Dry 

5 10:14 LD 11°C Moist 

6 10:14 LD 11°C Dry 

7 16:8 LD 19°C Moist 

8 16:8 LD 19°C Dry 

9 16:8 LD 15°C Moist 

10 16:8 LD 15°C Dry 

11 16:8 LD 11°C Moist 

12 16:8 LD 11°C Dry 
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Table 4.2. Model coefficients, standard errors, and model goodness of fit measures for mixed-effects logistic models 

predicting hatch rate of eggs. Reference levels of factors: Temperature = 11°C; Soil moisture = Moist; Daylength = 

10/14 LD; Incubation = CT cabinet; Diapause type = Cryptic. 

 Full model No temperature No soil moisture No daylength No incubation No egg type 

(Intercept) -3.42 (0.55)*** -1.17 (0.43) *** -2.21 (0.47)*** -3.63 (0.56)*** -2.54 (0.52) -3.93 (0.63)*** 

Temperature = 15°C 1.92 (0.47)*** 
 

1.74 (0.49)*** 1.86 (0.48)*** 1.95 (0.50)*** 2.51 (0.53)*** 

Temperature = 19°C 2.86 (0.50)*** 
 

2.55 (0.51)*** 2.82 (0.50)*** 2.92 (0.53)*** 3.85 (0.55)*** 

Soil moisture = Dry 1.88 (0.39)*** 1.60 (0.40)*** 
 

1.82 (0.39)*** 1.92 (0.42)*** 2.22 (0.44)*** 

Daylength = 16/8 LD -0.65 (0.37) -0.50 (0.39) -0.41 (0.38) 
 

-0.72 (0.39) -0.19 (0.40) 

Incubation = Shade-house 1.88 (0.35)*** 1.90 (0.38)*** 1.89 (0.37)*** 1.91 (0.36)*** 
 

2.02 (0.40)*** 

Diapause type = Typical 1.97 (0.35)*** 2.59 (0.36)*** 2.11 (0.36)*** 1.83 (0.34)*** 1.99 (0.36)*** 
 

AIC 715.11 748.19 738.59 716.19 743.21 744.51 

BIC 743.71 769.64 763.62 741.22 768.24 769.54 

Log Likelihood -349.55 -368.09 -362.29 -351.10 -364.60 -365.26 

No. observations 264 264 264 264 264 264 

***P < 0.001, **P < 0.01, *P < 0.05
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Table S4.1. Sample sizes of data used to generate violin plots presented 

in Figures 4.1 and 4.2. 

Fig. 4.1 Diapause 

type 

Incubation Number of 

female mites 

Number of 

diapause eggs 

 

 CD CT cabinet 91 428  

 CD Shade-house 100 387  

 TD CT cabinet 35 557  

 TD Shade-house 38 601  

Fig. 4.2 (& 

Fig. S4.2) 

Soil 

moisture 

Temperature Egg type Number of 

female mites 

Number of 

eggs 

 Dry 11°C CD 50 153 

 Dry 15°C CD 36 248 

 Dry 19°C CD 28 139 

 Moist 11°C CD 22 50 

 Moist 15°C CD 31 86 

 Moist 19°C CD 24 139 

 Dry 11°C TD 3 50 

 Dry 15°C TD 23 355 

 Dry 19°C TD 26 407 

 Moist 11°C TD 2 10 

 Moist 15°C TD 6 116 

 Moist 19°C TD 13 220 
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Figure 4.1. Violin plots showing the rate of (A) hatched eggs, (B) eggs 

visually unhatched and undecayed, (C) eggs decayed, for each mite from 

which typical or cryptic diapause eggs were dissected. Sample sizes of 

each group are shown in Table S4.1. Vertical lines in the violin plots show 

the inter-quartile range while the horizontal notch is the median value of 

each group. 
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Figure 4.2. Violin plots showing the hatch rate of (A) cryptic diapause 

eggs and (B) typical diapause eggs, dissected from mites reared in 

different temperature and soil moisture conditions. Data for typical 

diapause eggs reared at 11°C are not displayed as very few (n<4) females 

produced typical diapause eggs. Sample sizes of each group are shown in 

Table S4.1. Vertical lines in the violin plots show the inter-quartile range 

while the horizontal notch is the median value of each group. 

 



 

Figure S4.1. Photograph of air

desiccation in a shade-

colour was found to be decayed
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Photograph of air-dry cryptic diapause eggs after 

-house. The diapause egg that had lost its orange 

found to be decayed. 

dry cryptic diapause eggs after 202-days 

at had lost its orange 
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Figure S4.2. Violin plot showing the decay rate of (A) cryptic diapause 

eggs and (B) typical diapause eggs, dissected from mites reared in 

different temperature and soil moisture conditions. Data for typical 

diapause eggs reared at 11°C are not displayed as very few (n<4) females 

produce typical diapause eggs. Sample sizes of each group are shown in 

Table S4.1. Vertical lines in the violin plots show the inter-quartile range 

while the horizontal notch is the median value of each group. 
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Chapter 5: 

Title: Pyrethroid resistance in the pest mite, Halotydeus 

destructor: dominance patterns and resistance screening 

 

5.1 Abstract 

An L1024F substitution in the para gene, which encodes a subunit of the 

voltage-gated sodium channel, has been implicated in pyrethroid 

resistance in an earth mite pest, Halotydeus destructor, which attacks 

canola and other crops. A high-resolution melt (HRM) genotyping assay 

was developed for testing the relative pyrethroid susceptibility of 

different para genotypes and for high-throughput field screening of 

resistant alleles. The L1024F mutation was incompletely recessive in 

phenotypic laboratory bioassays with the pyrethroid pesticide, bifenthrin. 

While the resistance ratio of heterozygotes (RS) to susceptible 

homozygotes (SS) was around 3, only the resistant homozygotes (RR) 

(with a resistance ratio > 200,000) survived the recommended field rate 

of bifenthrin (100 mgL-1). HRM genotyping of mites from field 

populations across southern Australia indicated the presence of resistant 

alleles in Western Australia and South Australia, but not in Victoria and 

New South Wales. The assay developed here will be useful for routine 

screening of pyrethroid resistance, and the dominance relationships 

established here point to useful resistance management strategies 

involving the maintenance of reservoirs of susceptible mites to dilute 

resistant homozygotes in the population.   



 

 

Highlights 

 L1024F is incompletely recessive

 Only the resistant homozy

(100 mgL-1) 

 The field rate is also the 
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5.2 Introduction 

The redlegged earth mite, Halotydeus destructor, was introduced from 

South Africa into Australia in the early 20th century and has become a 

major pest across southern Australia (Hill et al. 2016). This polyphagous 

mite causes feeding damage on a wide range of economically important 

plants, especially at the crop establishment phase (Ridsdill-Smith 1997, 

Umina and Hoffmann 2004). H. destructor was estimated to have an 

annual economic impact of $44.7 million and $20.5 million due to 

feeding damage and pesticide costs, respectively (Murray et al. 2013). In 

Australia, this seasonal pest is active in winter with 3-4 generations from 

April to November. Females produce diapause eggs with the approach of 

summer, triggered by longer daylength, higher temperature and dryer soil 

(Cheng et al. 2018a). Diapause eggs typically have a thicker chorion and 

are stored in the body of female mites (Ridsdill-Smith et al. 2005). Most 

eggs produced in winter generations do not show diapause (Wallace 

1970a, Ridsdill-Smith et al. 2005), but a cryptic type of diapause egg 

without a thicker chorion can be produced during this period depending 

on local conditions, likely reflecting a bet-hedging strategy for 

unpredictable conditions (Cheng et al. 2018a). 

 

Pesticides are routinely used to manage H. destructor in Australia. 

Carefully timed applications of pesticides are important because currently 

registered pesticides are only effective on active mites (i.e., larvae, 

nymphs or adults) (Umina and Hoffmann 2003). Systemic chemicals (e.g., 

imidacloprid, fipronil and bifenthrin) are used for seed dressings and 
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bare-earth treatments as preventive applications to protect germinating 

crops from emerging post-diapause mites in autumn, while 

organophosphates (e.g., omethoate and dimethoate) and pyrethroids (e.g., 

bifenthrin and alpha-cypermethrin) are used as foliage sprays to kill mites 

in the plant growing season. In many areas, farmers also follow a 

carefully-timed organophosphate spray regime (Timerite®) targeting 

pre-diapause mites which can minimize over-summer diapause eggs and 

protect crops in the following autumn (Ridsdill-Smith et al. 2008). 

 

Ongoing pesticide applications targeting mites has led to pesticide 

resistance evolution. Resistance against both pyrethroids and 

organophosphates has been found in some H. destructor populations in 

Australia, while others show resistance against only one class of chemical 

(Umina et al. 2017). Resistance ratios for pyrethroids are far higher than 

those for organophosphates (Umina 2007, Umina et al. 2012). Pyrethroid 

resistance in H. destructor has been linked to a mutation in the 

voltage-gated para sodium channel (Edwards et al. 2018). The 

voltage-gated sodium channel includes four homologous domains (I-IV) 

each with six segments (S1-S6) as first identified in Drosophila 

melanogaster (Loughney et al. 1989). Mutations on this channel 

contributing to cross-resistance to pyrethroid and DDT are known as 

knockdown resistance (kdr) which was first found through a mutation in 

the II6 region in the housefly, Musca domestica, whereby phenylalanine 

(F) is substituted for leucine (L) at position 1014 (L1014F) (Williamson 

et al. 1993). In the two-spotted spider mite, Tetranychus urticae, a 
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pyrethroid-resistant mutation was also found in the II6 region whereby 

valine (V) is substituted for leucine (L) at position 1024 (L1024V). 

 

In H. destructor, a different amino acid change was identified as 

associated with pyrethroid resistance whereby phenylalanine (F) was 

substituted for leucine (L) at the same position (L1024F) (Kwon et al. 

2010, Edwards et al. 2018). Only one allele (TTG) was detected for the 

wildtype (L) susceptible mites, while two alleles (TTT and TTC) have 

been detected in the substituted (F) form; these mutations are known to be 

separated geographically, suggesting at least two independent 

evolutionary events (Edwards et al. 2018). Pyrethroid resistance was first 

detected in Western Australia (WA) and remained relatively contained for 

many years, although it was expected to spread (Qin 1997, Umina et al. 

2012, Hill et al. 2016). Resistance in H. destructor was recently found in 

other parts of Australia (Maino et al. 2018a). This led to the development 

of a National Resistance Management Strategy aimed at reducing 

selection pressures and containing resistance (GRDC 2018) However, this 

strategy is based on the assumption that pyrethroid resistance in H. 

destructor is a dominant trait and therefore does not consider the role of a 

refuge strategy. Refuge strategies have been used to manage resistance in 

lepidopteran pests to insecticidal (Bt) toxins derived from the bacterium 

Bacillus thuringiensis and genetically introduced into crops (Gould 1998, 

2000). Bt-susceptible individuals are preserved in refuges of non-Bt 

plants and mate with Bt-resistant individuals. Because Bt-resistance is 

functionally recessive in many species, heterozygous offspring are killed 
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by Bt crops and resistance evolution is delayed (Kliot and Ghanim 2012, 

Jin et al. 2015).  

 

Many kdr mutations are completely or incompletely recessive (Scott and 

Dong 1994, Huang et al. 2004, Reimer et al. 2008, Chang et al. 2012). 

While some bioassay and genetic results for H. destructor suggest 

resistance involving L1024F is partially dominant (Edwards et al. 2018), 

pointing to the potential for rapid resistance evolution when RS 

individuals survive field doses, data collected to date are inconclusive. 

Dominance is particularly important given that it affects the effectiveness 

of resistance management through gene flow involving an influx of 

susceptible individuals (Gould 2000, Bates et al. 2005) which in turn 

needs to be identified through a rapid screening approach that allows RS 

individuals to be identified.  

 

In this chapter, we aim to (1) develop a high-resolution melting (HRM) 

(Wittwer et al. 2003, Liew et al. 2004) genotyping assay to monitor 

pyrethroid resistance rapidly and cost effectively; (2) investigate the 

pyrethroid susceptibility of homozygous and heterozygous individuals 

and determine their dominance relationships; and (3) monitor resistant 

allele frequency in mite populations across Australia, with a particular 

focus on heterozygote individuals which represent the first signs of 

resistance evolution given that H. destructor is a sexually reproducing 

diploid species and heterozygotes are therefore much more common than 

RR homozygotes when alleles are rare in a population. 
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5.3 Material and methods 

5.3.1 Mite collections 

A vacuum method (Gower et al. 2008) was used to collect mite 

populations from the states of Western Australia (WA), South Australia 

(SA), Victoria (VIC) and New South Wales (NSW) (Figure S5.1). 

Pyrethroid resistance was initially found in WA in 2006 (Umina 2007). In 

WA, mites were collected from paddocks at Boyup Brook (2014) and 

Capel (2015) where pyrethroids have been applied and resistant mites 

have been found through phenotypic laboratory bioassays (Umina et al. 

2012, 2017).  

 

In 2015, putatively susceptible populations were collected from South 

Perth (WA) and Albany (WA) as well as populations at Boyup Brook and 

Capel away from known resistant paddocks. The resistant populations in 

Boyup Brook and Capel are herein referred to as ‘Boyup resistant’ and 

‘Capel resistant’ populations, while the putatively susceptible populations 

are referred to as ‘Boyup susceptible’ and ‘Capel susceptible’ populations. 

Putatively susceptible populations were also collected in SA from one 

location (Naracoorte), in VIC from 5 locations (Drung, Halls Gap, Miners 

Rest, Diamond Creek and Shepparton) and in NSW from 3 locations 

(Albury, Henty and Moorong). These collections aimed to test whether a 

low frequency of kdr present in heterozygotes could be found. L1024F 

was used as the genetic marker to examine the resistant allele (R) 

frequency in these field populations, using individual mites.  
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For testing populations with multiple genotypes, R frequencies were too 

high in both the Boyup resistant and Capel resistant populations or too 

low in all susceptible populations (see below). Therefore, mites were 

collected again in 2015 at Boyup Brook from the edge of a resistant 

paddock in an attempt to obtain a population with heterozygotes as well 

as homozygotes. This population is herein referred to as ‘Boyup edge’ 

and provided enough RS and RR (but not SS) individuals for this purpose. 

Additional mite populations were also collected in SA in 2016 from a 

new location (Tintinara) where pyrethroid resistance was first reported in 

SA (Maino et al. 2018a) and a putatively susceptible SA location (Mt 

Compass). 

 

5.3.2 Establishment of multi-genotype population 

A laboratory population was initiated in 2014 from 125 adults of the 

Boyup resistant population and 375 adults of the Boyup susceptible 

population reared using pasture plants and the microcosm rearing method 

(Umina and Hoffmann 2004, Cheng et al. 2018b). The population was 

maintained within microcosm tubs in a shade-house for approximately 10 

weeks. The population was used to provide mites for sequencing. DNA 

from these mites was extracted individually to develop the HRM assay.  

 

5.3.3 Pesticide laboratory bioassays 

Life stages of mites were sorted by body length; mites were classified as 

adults when around 1 mm but nymphs and larvae when less than 0.65 mm 
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(Baker 1995). To investigate dominance of pyrethroid resistance, adults 

from the Boyup edge population were assayed using a modified glass vial 

technique (Hoffmann et al. 1997, Umina and Hoffmann 1999). The 

assays included a negative control (water) and 12 concentrations of 

bifenthrin (Talstar 250 EC; FMC Australia), ranging from 0.03-10000 

mgL-1. Bifenthrin was tested because it is one of the mostly commonly 

used pyrethroids to control H. destructor in Australia (Umina 2007, 

Edwards et al. 2018). For each concentration and replicate, a 40 mL glass 

vial was filled with 30 mL of solution which was swirled to coat the glass 

surface completely. Then the solution was poured off and the vial was left 

upside-down overnight to air-dry. A leaf of common vetch (Vicia sativa 

cv Rasina) and up to five adults were placed into each vial. Between 27 

and 58 adults were tested for each concentration (Table S5.1) across 6-12 

vials.  

 

Vials were sealed with Parafilm and placed at room temperature. Mites 

were recorded after 8 h (and again at 24 h) as alive (moving freely), 

incapacitated (inhibited movement) or dead (no movement over a 5 s 

period) (Umina 2007). Incapacitated mites invariably died and hence they 

were pooled with dead mites. Surviving mites were scored again at 24 h. 

Mites at each concentration were stored separately as ‘8 h dead’, ‘8 h 

alive-24 h dead’ and ‘24 h alive’, and later genotyped using HRM. 

Because of the low frequency of SS homozygotes (see below), the  

concentration-response curve (0.003-100 mgL-1) of SS from Bellarine 

susceptible population previously published (Umina 2007) was compared 
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with the curves of RR and RS from the Boyup edge population for the 8h 

mortality. For the 24h mortality, concentration-response curves (0.0025-1 

mgL-1 bifenthrin) of SS from Boyup susceptible and Capel susceptible 

populations tested in my study were compared with curves of RR and RS 

from the Boyup edge population. LC50 values (and 95% confidence limits) 

were estimated using probit analysis (Bliss 1934, Finney 1971) in the 

program SPSS v. 24. 

 

5.3.4 DNA extraction of mites 

A modified Chelex extraction protocol (Walsh et al. 1991) was used to 

extract total genomic DNA. Two glass beads (2 mm diameter), 100 μL of 

5% Chelex (Roche, Mannheim, Germany) and 3 μL of 10 mg mL-1 

Proteinase K (Bioline) were added into each well of an Axygen® 96-well 

deep plate (2 mL per well and with a rounded bottom). Depending on the 

aim of the molecular monitoring (see below), either a whole adult, five 

whole mites of similar size, or parts of an adult (the gnathosoma and legs) 

were placed into each well. The plate was then sealed and shaken for 4 

min (20 Hz) with Qiagen TissueLyser II to homogenize the mite tissue. 

The deep-well plate was then centrifuged at 1377 x g for 5 min and 

Chelex solution was transferred to a chimney top 96-well PCR plate 

(UltraFlux®). Samples were incubated with an Eppendorf Mastercycler® 

at 56 °C for 1 h, followed by 95°C for 5 min. The PCR plate was 

centrifuged at 1377 x g for 5 min. For each sample, 10 μL of the 

supernatant above the Chelex resin was diluted in 90 μL of water and the 

diluted genomic DNA served as PCR template. 
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5.3.5 HRM genotyping assays 

One susceptible and two resistant polymorphisms are known at site 1024: 

TTG (Leucine, L) is the susceptible allele, while TTC (phenylalanine, F) 

and TTT (phenylalanine, F) are the resistant mutations (Edwards et al. 

2018). There are six possible genotypes: G (TTG/TTG), C (TTC/TTC), T 

(TTT/TTT), Y (TTC/TTT), S (TTC/TTG), and K (TTT/TTG). A 313 bp 

PCR amplicon encompassing the target site 1024 was obtained following 

a published method (Edwards et al. 2018) and sequenced by Sanger 

sequencing (Macrogen, South Korea). A whole adult of either the Boyup 

resistant population, Boyup susceptible population or the laboratory strain 

was crushed to extract DNA. Thirty nine mites from the Boyup resistant 

population and 19 mites from the Boyup susceptible population were 

sequenced to obtain individuals of the six genotypes which were used as 

standards to identify 77 unknown samples of laboratory population in the 

HRM analysis. Mites from the laboratory population were also sequenced 

to compared with HRM analysis. 

 

L1024F polymorphisms were scored through a fluorescent (ResoLight™ 

Dye) PCR and modified high-resolution melt (HRM) assay (Wittwer et al. 

2003) in a LightCycler®480 (Roche) instrument. HRM primers, 

5'-CTGGTTGTGCTGAATCTTTTCCTTG-3' and 

5'-GATTAGATGCGCCAAAACTTGACAG-3' were designed to flank 

the target polymorphisms and produce an amplicon of 58 bp (Edwards et 

al. 2018). The sequences of priming sites were conserved among 58 
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sequenced mite samples, including 19 and 39 samples from Boyup 

susceptible and Boyup resistant populations, respectively. The 10 μL PCR 

reaction included 2 μL of 1/10 diluted template DNA, 0.04 μL of each 

primer at 100 μM, 1 μL of the IMMOLASETM buffer (10x), 0.01 μL of 

IMMOLASETM DNA polymerase (10 u/μL), 0.064 μL of dNTP’s at 25 

mM (Bioline), 0.8 μL of MgCl2 at 50 mM (Bioline), 0.25 μL of the 

LightCycler® 480 High Resolution Melting Master reagent, and 5.796 μL 

of ddH2O.  

 

Samples from the laboratory population were run on a Roche 

LightCycler® 480 system (384-well format). Temperature cycling 

conditions in PCR were: 10 min at 95°C, 50 cycles of 95 °C for 10 s, 

60°C for 15 s and 72°C for 15 s. Fluorescence information was recorded 

in each cycle at the end of the 72°C step. The HRM procedures involved 

heating the PCR products at 95°C for 1 min and then cooled at 40 °C for 

1 min and re-heated to 70°C. Fluorescence was continuously recorded as 

PCR products were heated from 70°C to 88°C. Samples of the six known 

genotypes (confirmed by Sanger sequencing) were used as melting curve 

standards in the Gene Scanning module of the Roche LightCycler® 480 

software package. The melting curves were normalized by the parameter 

settings: Pre-Melt Slider = 74–75 °C, Post-Melt Slider = 83–84°C, 

Temperature Shift Threshold = 0% and Sensitivity = 0.40.  

 

Mite samples from the laboratory strain were also Sanger sequenced 

(Macrogen, South Korea) (Edwards et al. 2018) to validate the HRM 
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genotyping results. Because eggs carried by females may confound 

molecular diagnostics (see below), DNA was extracted from the 

gnathosoma and legs of the individual mite to prevent contamination 

from eggs (e.g., a homozygous resistant female may contain heterozygous 

eggs) in the screening bioassay of Boyup Edge population in 2015, as 

well as other field populations which were collected between 2015 and 

2016. Except for DNA extraction, PCR and HRM steps were identical to 

the abovementioned method described for the lab population. Although 

HRM analysis failed to resolve a few mite samples, their genotypes were 

inferred by examining the melt temperatures (Tm) using the Tm Calling 

software module of the Roche LightCycler® 480 software package. 

 

5.3.6 Tm Calling to monitor the heteroduplex 

Genotypes G, C and T were homoduplex which only contained a single 

melting peak while genotypes Y, S and K were heteroduplex with two 

melting peaks. A spiking procedure was used to distinguish these 

genotypes. 2 μL of the PCR product of genotype G was added into each 

of the 10 μL HRM product. The mixtures were subjected to two 

additional PCR cycles and the number of melting peaks were examined. 

Tm profiles of samples that originally possessed a G allele (i.e. the 

genotypes G) or a heteroduplex (i.e. genotypes Y, S, K) were unaffected 

by this spiking procedure whereas the number of melting peaks increased 

from one to two for samples with genotypes C and T.  

 

5.3.7 Tm Calling to monitor the heteroduplex of a DNA pool 
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The heteroduplex was used to detect resistant alleles in a pooled DNA 

sample. To test the feasibility of this strategy, nine susceptible mites 

(genotype G) were combined with a resistant homozygote (genotype C or 

T) and DNA was extracted from this pooled sample. Twelve of these 

pooled samples were tested through the Tm Calling module and all 

revealed two melting peaks, indicating that resistance could be detected 

when the R allele was 10% or higher. Therefore, the pooled DNA method 

was used to detect the resistant allele at a low frequency and using 10% 

as a cut off, with 5 mites being pooled per sample (so that RS 

heterozygotes could be detected). For a population with a low potential 

frequency of R, a large sample (up to 960 mites) was examined. Because 

the total biomass of mite DNA can vary dramatically according to life 

stages (e.g., larvae, nymphs or adults), the R allele may be overwhelmed 

by S alleles if an RS larva was combined with four SS adults in a pool. To 

ensure that DNA represented all mites in the pooled sample, 5 mites of 

similar size were extracted for each pool by the above-mentioned Chelex 

extraction protocol, followed by the HRM protocol.  

 

At least 20 mites were tested individually for each field population. If 

only SS homozygotes were recovered in such a screen, the R allele 

frequency was expected to be less than 1 in 40. To monitor potential 

resistance for each field population which was expected to be susceptible, 

Tm Calling of DNA pools (72-192 pools) was performed, equivalent to 

examining 720-1920 alleles from 360-960 mites. This mass screening 

offers an early warning system for the evolution of resistance and/or 
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detection of an introduction of an R allele into susceptible populations. 

 

5.4 Results 

5.4.1 Comparison between genotyping and sequencing 

Standards of six genotypes (G, C, T, Y, S and K) were used in HRM 

genotyping to detect 77 unknown samples from the laboratory population 

and the genotypes were compared with Sanger sequencing results (Table 

5.1). In the first step of genotyping, 48 samples were correctly genotyped, 

2 incorrectly and 17 were unclear. In the second step of Tm calling, 12 

samples unresolved by HRM were genotyped successfully and therefore 

the detection rate increased from 62.3% in the first step to 90.9% in the 

second step. The experiment revealed that the resistant allele was present 

at a frequency of 19.7% in the laboratory population. 

 

DNA in each sample used in this experiment was extracted from a whole 

adult. However, sequencing results revealed that two alleles varied 

noticeably in amount in some heteroduplex samples, and a few samples 

appeared to have 3 alleles and hence could not be accurately allocated by 

melting curves. This abnormality in a diploid species is probably due to 

DNA from eggs of gravid females. For instance, if a genotype C 

(TTC/TTC) female mated with a genotype K (TTT/TTG) male, eggs of 

genotypes Y (TTC/TTT) or S (TTC/TTG) would be produced, resulting 

in three alleles (TTC/TTT/TTG) that could be detected if DNA was 

extracted from a gravid female.  
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5.4.2 Sensitivity of genotypes to bifenthrin 

Susceptibility of the Boyup edge population was tested against a range of 

bifenthrin concentrations (Figure S5.2) and the concentration-response 

curves of RR and RS were revealed by the HRM screening bioassay. On 

average, the Boyup edge population consisted of 7% susceptible 

homozygotes (SS), 38.7% resistant heterozygotes (RS) and 54.3% 

resistant homozygotes (RR), leading to an R frequency of 73.7%. A full 

concentration-response curve for SS homozygotes could not be obtained 

from the Boyup edge population because few SS individuals were present, 

and those they were killed at concentrations > 0.1 mgL-1 (Table S5.1). 

Concentration-response curves for SS were compared with other H. 

destructor populations.  

 

The Bellarine population was previously reported as susceptible after 8 h 

exposure to bifenthrin in bioassays, with known LC50 counted by a logit 

analysis (Umina 2007) was re-counted by a probit analysis. This 

concentration-response curve of SS was compared with those of RS and 

RR from the Boyup edge population at 8 h (Figure 5.1). RS and RR from 

the Boyup edge population after 24 h exposure were compared with SS 

genotypes from the Boyup susceptible and the Capel susceptible 

populations (Figure 5.2). 

 

At 8 h, mortality of RS rose sharply to nearly 100% while that of RR 

remained close to 0% as bifenthrin concentration increased from 0.03 

mgL-1 to 100 mgL-1 (Figure 5.1). However, mortality of the RS genotypes 
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was slightly lower than SS. Although 95% confidence limits overlapped, 

the LC50 value of RS (0.081 mgL-1) was 9 times higher than that of SS 

(0.009 mgL-1). By contrast, the LC50 value of RR would be higher than 

the highest concentration tested (10,000 mgL-1), suggesting a resistance 

ratio > 1,111,111 (Figure 5.1, Table 5.2).  

 

At 24 h, LC50 values could only be calculated for SS from the Boyup 

susceptible population (0.005 mgL-1) and Capel susceptible population 

(0.009 mgL-1). Although the Capel susceptible population was 1.8 times 

less sensitive than the Boyup susceptible population, 95% confidence 

limits of these two populations overlapped. The lowest concentration 

(0.03 mgL-1) tested for the Boyup edge population resulted in 69.5% 

mortality for RS genotypes; the LC50 value is therefore expected to be 

lower than 0.03 mgL-1. In contrast, the highest concentration (10,000 

mgL-1) tested only caused 50% mortality for RR genotypes. In this 

instance, the LC50 value is expected to be >1,000 mgL-1 (Figure 5.2). 

Thus, the resistance ratios are < 6 and > 20,000 for RS and RR, 

respectively (Table 5.2).  

 

5.4.3 Monitoring of resistance in the field 

In addition to the laboratory population, the resistance allele frequency 

was examined for individual mites by HRM in multiple locations across 

Australia, including some sites where resistance is known (including the 

Boyup edge, Boyup resistant and Capel resistant populations). High 

frequencies (>60%) of resistance alleles were found in WA and SA. As 
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expected, resistance was confirmed at the 3 WA populations mentioned 

above, as well as the Tintinara population from SA (Table 3). 

Interestingly, a low resistance allele frequency (2.2%) was found in mites 

collected from Mt Compass (SA). No R alleles were found in any 

location from VIC or NSW (Table 5.3). 

 

Although many populations showed no resistance alleles in the HRM 

analysis using individuals, sample sizes were limited (20-96 mites) and 

could be missing low frequency instances. DNA pools were tested for 11 

field populations, increasing the sample size to 360-960 mites per 

location, thus increasingly the detectability. A low frequency (<1%) of 

resistance alleles was found in two WA populations (Boyup susceptible 

and South Perth) but not in the other populations tested (Table 5.3). 

 

5.5 Discussion 

In this chapter we describe a rapid procedure for genotyping the mutation 

responsible for pyrethroid resistance in H. destructor that can distinguish 

heterozygotes from homozygotes and also be used to investigate 

resistance alleles in pooled samples of mites. HRM methods have 

previously been used to monitor resistance to pyrethroids in Aedes 

mosquitoes (Wuliandari et al. 2015, Endersby-Harshman et al. 2017). It is 

important to identify L1024F alleles in the heterozygous state because 

both male and female of H. destructor are diploid (Weeks et al. 1995) and 

the resistant allele will therefore exist initially largely as heterozygotes. 

Therefore, early detection of the RS individual(s) is important, to monitor 
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the spread and evolution of resistance. However, because the 

discriminating dose typically used by researchers in bioassays is 100 

mgL-1 (Umina et al. 2012), my experiments indicate that this dose can 

separate RR from SS but not RS and SS. When a population contains a 

low frequency of the resistant allele (e.g., 1%), the proportion of RR, RS 

and SS is expected to be 0.01%, 1.98% and 98.01% according to 

Hardy-Weinberg equilibrium. Bioassays are unlikely to detect an RR 

individual when present in a sample of 10,000 mites, but the much more 

abundant RS individuals will also go undetected. 

 

As a result, a molecular method is more practical and informative than 

traditional bioassays to detect a low frequency of the resistant allele in a 

population. When the frequency of resistance is 1%, an RS individual is 

expected to be detected from around 50 mites. If the resistant allele 

frequency of a population is extremely low (<1%), a pooled DNA method 

might be used to detect a possible threat of resistance developing. In this 

experiments, the individual genotyping method successfully detected 

resistance in populations with resistance frequencies at 2.2% or higher. 

Results showed that many susceptible populations lacked this allele based 

on a limited number of mites (20-96), with the absence of resistance 

further confirmed by testing with the pooled DNA method. Resistance 

was successfully detected in two WA populations, but not in other 

populations in SA, VIC and NSW suspected to be fully susceptible.  

 

The discriminating dose of bifenthrin (100 mgL-1) is also the field rate in 
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preventive applications of pesticides on bare earth to protect crops from 

emerging H. destructor. My study showed that only RR individuals 

consistently survive 100 mgL-1 bifenthrin. While a previous study had 

suggested that some RS individuals survived 100 mgL-1 bifenthrin 

(Edwards et al. 2018), this result may be misleading because DNA was 

extracted from a whole adult in that study and an RR female containing 

RS eggs may have been genotyped incorrectly. In order to overcome this 

issue, individual DNA in my experiment was extracted from dissected 

gnathosoma and legs of each mite. My results also corroborated previous 

findings that the resistance trait associated with kdr mutations is recessive 

(Scott and Dong 1994, Huang et al. 2004, Reimer et al. 2008, Chang et al. 

2012).  

 

Molecular assays developed in this study help understand the evolution of 

pyrethroid resistance in H. destructor. If the resistance in a susceptible 

population arose from a mutation leading to an RS individual, the field 

rate should kill this individual and prevent the evolution of resistance. 

Nevertheless, L1024F target-site resistance against pyrethroids has 

evolved and spread in WA and SA. This may reflect the fact synthetic 

pyrethroids registered to control H. destructor do not kill diapause eggs 

and perhaps the pesticide concentration reduces due to degradation before 

larvae hatch in autumn (Umina and Hoffmann 2003), allowing some RS 

individuals to survive. Previous studies have shown that the hatching date 

of post-diapause eggs in autumn in the same location is not constant 

(Ridsdill-Smith et al. 2005), and late hatching eggs may encounter low 
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levels of pesticides. Although overuse of pesticides is considered a reason 

for the evolution of resistance, low concentration of pesticides may also 

contribute (Gressel 2011). To prevent RS individuals from surviving in 

the field, an understanding of diapause mechanisms and post diapause 

emergence of H. destructor is important to allow sprays to be accurately 

timed at a location. Although diapause duration of H. destructor can be 

terminated by exposure to heat, the embryo of post-diapause eggs only 

start to develop in favourable environmental (cool and moist) conditions 

in autumn, and development can still be suspended by post-diapause 

quiescence in unfavourable (dry and hot) conditions (Wallace 1970b, 

1970a). 

 

A management strategy that could be applied to reduce resistance 

evolution in H. destructor is to use refuges untreated by pyrethroid 

chemicals to preserve susceptible individuals because L1024F is 

functionally recessive. This strategy can only delay the increase of a 

resistant allele in a population, unless there is a fitness cost which can 

decrease the frequency of resistance in the absence of pyrethroids. A 

fitness cost of kdr has been reported in other mutations/species, 

particularly for the RR homozygote. For instance, reduced fecundity, 

shortened life span, slower development and less weight were reported in 

a deltamethrin-resistant strain of the codling moth, Cydia pomonella, in 

comparison with a susceptible strain (Boivin Thomas et al. 2003). The 

deltamethrin-resistant strain, which was homozygous for a kdr mutation, 

showed reduced fitness in a photoperiodically-induced diapause stage, 
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while the diapause response of heterozygous offspring was not impacted 

(Boivin et al. 2004). An insensitive kdr mutation also reduced thermal 

preference and over-winter survival in a resistant population of M. 

domestica, with susceptible flies strongly preferring warmer temperatures 

(Foster et al. 2003, Rinkevich et al. 2007). Given the essential diapause 

responses in H. destructor are induced by multiple environmental cues 

(e.g., daylength, temperature and soil moisture) (Cheng et al. 2018a), the 

L1024F mutation may well influence sensitivity to environmental 

conditions.  

 

In conclusion, we have described an assay to detect resistance alleles and 

applied it to establish resistance frequencies in field populations and the 

nature of recessiveness for the resistance phenotype. The assay provides a 

useful basis for monitoring resistance allele frequencies and providing 

early detection of pyrethroid resistance in mite populations.  
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Table 5.1. The detection rate of HRM analysis in the first step 

(genotyping) and the second step (Tm Calling) when compared to Sanger 

sequencing. 

 Genotyping Tm Calling 

Correct (identical to sequencing) 48 70 

Incorrect (different to sequencing) 2 2 

Unknown  17 5 

Detection rate  62.3% 90.9% 

Accuracy 96% 97.2% 

 

 

Table 5.2. LC50 values (and 95% confidence intervals) of resistant 

homozygote (RR), resistant heterozygote (RS) and susceptible 

homozygote (SS) individuals after exposure to bifenthrin in laboratory 

bioassays.  

Exposure 

period 

Population LC50 

(mgL−1) 

Lower 

95% CI 

Upper 

95% CI 

Resistance 

ratio 

8 h Bellarine SS* 0.009 0.007 0.012 1 

 Boyup RS 0.081 0.003 0.303 9 

 Boyup RR >10,000 NA NA >1,111,111** 

24 h  Capel SS 0.009 0.006 0.016 1.8 

 Boyup SS 0.005 0.004 0.007 1 

 Boyup RS <0.03 NA NA < 6** 

 Boyup RR >1,000 NA NA >200,000** 

* Data from Umina (2007). 

** Resistance ratios cannot be accurately determined where an LD50 value for a 

population could not be calculated. In these instances, conservative resistance ratios 

are provided. 
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Table 5.3. Resistance allele frequencies of field populations examined individually or by pooled DNA. 

Populations State Individually 

genotyped 

number 

Resistance allele 

frequencies in 

individual tests 

Sample size of 

pooled DNA*  

The number of 

heteroduplex sample 

Resistance allele 

frequencies tested by 

pooled DNA** 

Boyup resistant WA 39 94.9% NA NA NA 

Boyup susceptible WA 96 0% 96 1 0.1%-0.9% 

Boyup edge WA 230 73.7% NA NA NA 

Capel resistant WA 30 100% NA NA NA 

Capel susceptible WA 35 0% NA NA NA 

Albany WA 20 0% 96 0 0 

South Perth WA 20 0% 96 1 0.1%-0.9% 

Mt Compass SA 23 2.2% NA NA NA 

Tintinara SA 24 81.3% NA NA 0% 

Naracoorte SA 96 0% 168 0 0% 

Drung VIC 31 0% NA NA NA 

Halls Gap VIC 20 0% 96 0 0% 

Miners Rest VIC 20 0% 192 0 0% 

Diamond Creek VIC 20 0% 192 0 0% 

Shepparton VIC 20 0% 96 0 0% 

Albury NSW NA NA 96 0 0% 

Henty NSW NA NA 72 0 0% 

Moorong NSW 96 0% 88 0 0% 
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*Each sample of pooled DNA contained five mites 

**The heteroduplex reflected that 1-9 resistant alleles could be in the pooled DNA sample which contained ten alleles, while the homoduplex of 

each pooled DNA sample showed ten alleles were all susceptible. Thus, the resistant allele was divided by total allele of a population. 
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Table S5.1. Mite numbers used to test for dominance relationships in the Boyup edge population.  

Phenotypic assessments Genotypic assessments Concentration of bifenthrin (mgL−1) 

 
0.03 0.1 0.3 1 3 10 100 1000 10000 

8 h dead wildtype homozygote 1 0 4 2 2 5 4 2 3 

8 h dead heterozygote 5 9 16 14 15 12 18 14 12 

8 h dead resistant homozygote 2 0 0 0 0 0 0 3 0 

8 h alive-24 h dead wildtype homozygote 0 0 0 0 0 0 0 0 0 

8 h alive-24 h dead heterozygote 11 6 1 0 1 1 0 0 0 

8 h alive-24 h dead resistant homozygote 0 1 1 1 3 0 0 1 5 

24 h alive wildtype homozygote 1 0 0 0 0 0 0 0 0 

24 h alive heterozygote 7 2 1 0 0 1 0 0 0 

24 h alive resistant homozygote 22 25 28 29 36 29 17 9 5 

Total SS 2 0 4 2 2 5 4 2 3 

Total SR 23 17 18 14 16 14 18 14 12 

Total RR 24 26 29 30 39 29 17 13 10 

Detected 49 43 51 46 57 48 39 29 25 

Undetected  3 6 1 1 1 2 1 1 2 

Sum 52 49 50 47 58 50 40 30 27 

 

 

 



 

Figure 5.1. Concentration

homozygotes of Bellarine population), RS (heterozygotes of Boyup edge 

population) and RR (resistant homozygotes of Boyup edge population

8h bifenthrin bioassays.
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Concentration-response curves of SS (susceptible 

homozygotes of Bellarine population), RS (heterozygotes of Boyup edge 

population) and RR (resistant homozygotes of Boyup edge population

8h bifenthrin bioassays. 

  

 

SS (susceptible 

homozygotes of Bellarine population), RS (heterozygotes of Boyup edge 

population) and RR (resistant homozygotes of Boyup edge population) at 



 

Figure 5.2. Concentration

homozygotes of Boyup susceptible population and Capel susceptible 

population), RS (heterozygotes

(resistant homozygotes of Boyu

bioassays. 
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Concentration-response curves of SS (susceptible 

homozygotes of Boyup susceptible population and Capel susceptible 

population), RS (heterozygotes of Boyup edge population) and RR 

(resistant homozygotes of Boyup edge population) at 24h bifenthrin 

 

SS (susceptible 

homozygotes of Boyup susceptible population and Capel susceptible 

of Boyup edge population) and RR 

p edge population) at 24h bifenthrin 



 

Figure S5.1. Map of Australia show

collected between 2014 and 2016 from 1 South Perth, 2 Capel, 3 Boyup 

Brook, 4 Albany, 5 Mt Compass, 6 Tintinara, 7 Naracoorte, 8 Drung,

Halls Gap, 10 Miners Rest, 11 Diamond Creek, 12 Shepparton, 13 Albury, 

14 Henty and 15 Moorong. Locations with 

(>60%) are indicated by

frequency (<5% but not zero) are 

where resistant alleles 
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Map of Australia showing the  locations of H. destructor 

between 2014 and 2016 from 1 South Perth, 2 Capel, 3 Boyup 

Brook, 4 Albany, 5 Mt Compass, 6 Tintinara, 7 Naracoorte, 8 Drung,

lls Gap, 10 Miners Rest, 11 Diamond Creek, 12 Shepparton, 13 Albury, 

14 Henty and 15 Moorong. Locations with a high resistant frequency 

by red stars. Locations with a low resistant 

frequency (<5% but not zero) are indicated by black triangles. Locations 

 were not detected are indicated by white circles.

 

H. destructor 

between 2014 and 2016 from 1 South Perth, 2 Capel, 3 Boyup 

Brook, 4 Albany, 5 Mt Compass, 6 Tintinara, 7 Naracoorte, 8 Drung, 9 

lls Gap, 10 Miners Rest, 11 Diamond Creek, 12 Shepparton, 13 Albury, 

high resistant frequency 

red stars. Locations with a low resistant 

ck triangles. Locations 

not detected are indicated by white circles. 



 

Figure S5.2. Concentration

population to bifenthrin after 
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Concentration-response curves of the Boyup edge 

to bifenthrin after 8 h and 24 h exposure.  

 

 

s of the Boyup edge 
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Chapter 6: Fitness cost of pyrethroid resistance in the 

redlegged earth mite, Halotydeus destructor 

 

6.1 Abstract 

Pyrethroid resistance in the redlegged earth mite, Halotydeus destructor, 

is largely due to a kdr mutation in the sodium channel gene. To assess 

fitness costs associated with this form of resistance in the mites, adult 

resistant and susceptible populations were collected from the field and 

mixed in different proportions in microcosms in a shadehouse in three 

experiments with two different populations. In the first experiment, the 

resistant allele varied from 0% to 95%, and microcosms with resistant 

alleles tended to have lower productivity (Ro) in the F1 generation, a 

pattern which persisted in later generations including across a summer 

diapause generation when more mites emerged from treatments with a 

lower frequency of resistant alleles. In the second experiment which did 

not incorporate a summer diapause generation, the frequency of 

resistance in microcosms only varied from 0% to 62% and fitness costs 

were not detected, which was interpreted as a consequence of resistance 

costs being evident only in recessive homozygous kdr genotypes which 

were uncommon in the second experiment. Consistent with this notion, 

resistance costs were again detected in a third experiment set up with 

mites from a different population where initial kdr resistant allele 

frequencies varied from 0% to 100%. These findings indicate substantial 

fitness costs associated with pyrethroid resistance in H. destructor which 

could be used in resistance management programs.  
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6.2 Introduction 

Since the Green Revolution, the production of food has doubled 

worldwide across a half century, partly by reducing the 35% of crops 

previously lost to pre-harvest pests (Oerke and Dehne 2004, Oerke 2006, 

Popp et al. 2013) particularly through the use of synthetic pesticides. 

However these gains are increasingly threatened by the evolution of 

pesticide resistance, involving increased metabolic defence, decreased 

sensitivity of target sites to pesticides, decreased penetration of pesticides 

and behavioural resistance (Brattsten et al. 1986, Cui et al. 2006). 

Although pesticide resistance was primarily associated with target-site 

and metabolic mechanisms, decreased penetration via arthropod 

integument could buy time to detoxify the incoming toxicants and 

behavioural avoidance could reduce the exposure of toxicants (Grieco et 

al. 2007, Chareonviriyaphap et al. 2013, Nansen et al. 2016). The arisen 

problems of pesticide resistances not only have dwindled the 

effectiveness of currently registered pesticides but also newly developed 

pesticides via potential cross-resistance (Cui et al. 2006, Aliferis and 

Jabaji 2011).  

 

Nevertheless, pesticides are likely to remain the major weapon to control 

arthropod pests in agriculture (Gao et al. 2012). Careful applications of 

pesticides are crucial to manage pesticide resistance. One hypothesis has 

long been proposed that the resistance of a population to pesticides may 

decrease in the absence of pesticides because of the competition between 

resistant (mutated) and susceptible (wild-type) alleles in natural selection 
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(Crow 1957, Brown 1958, Georghiou George P. 1990). This differential 

survival between resistant and susceptible alleles can be thought of as 

fitness costs which is the allocation of energy investment between 

pesticide-resistant mechanisms and fitness (Roush and McKenzie 1987). 

Consequently, the decline of pesticide-resistant alleles in the absence of 

pesticides could revert the state of a population from resistant to 

susceptible. While a susceptible population which has reverted from a 

resistant state may still include the resistant allele in a low frequency, the 

frequency is not high enough to cause economic damage (Gao et al. 

2012). Although in particular conditions, pesticide resistance sometimes 

does not incur fitness costs nor show a positive effect in the absence of 

pesticides (Rivero et al. 2010, Rinkevich, Leichter, et al. 2013), this 

hypothesis has been supported by many studies of empirical observations, 

bioassays and declines of resistant alleles. 

 

Management of pesticide resistance needs a comprehensive knowledge of 

the genetic and eco-physiological interaction between the pest species 

and pesticides (Gao et al. 2012). The redlegged earth mite (RLEM), 

Halotydeus destructor, provides a model species to understand fitness 

cost of acaricide resistance. H. destructor is one of the most destructive 

pests across southern agricultural area of Australian continent, attacking a 

broad range of host plant species, including legumes, oilseeds, cereals, 

forage grasses, pulses, vegetables and broad-leaf weeds (Umina and 

Hoffmann 2004, Cheng et al. 2018b). This polyphagous mite is an 

invasive species introduced into Australia from South Africa over 100 



147 
 

years ago. In Australia, H. destructor annually completes at least three 

active generations in the cool and wet months from April to November 

(Ridsdill-Smith 1997, Umina et al. 2004). In the first two generations, the 

female primarily deposits non-diapause eggs while diapause eggs with a 

thicker chorion were produced and stored in the female body in the third 

generation in the approach of summer (Wallace 1970b, Halliday 1991, 

Ridsdill-Smith 1997, Ridsdill-Smith et al. 2005). Although females are 

killed by desiccation and heat, diapause eggs in the female cadavers can 

survive over summer and hatch in the following autumn (Wallace 1970a).  

 

H. destructor cause feeding damage at all stages of plant growth but 

damage is greatest in the first generation as the emergence of 

post-diapause mites coincides the germination of many annual broad-acre 

crops and pasture and therefore attacks seedlings (Gower et al. 2008, 

Umina et al. 2017). However, all presently registered pesticides only 

target motile mites (i.e., larvae, nymphs or adults), not eggs. Moreover, 

post-diapause mites emerge on different dates in different years and 

predicting the hatching date of post-diapause eggs is currently difficult in 

the absence of thorough understanding of diapause mechanisms 

(Ridsdill-Smith et al. 2005). Hence, preventive applications of pesticides 

play an important role in managing H. destructor in Australia. For 

long-term residual, DDT was used on at a large scale in bare-earth 

treatments to protect autumn seedling from emerging mites before 1960s 

or early 1970s (James 1996). Since the banning of DDT due to 

bioaccumulation and environmental issues, bifenthrin has been used as a 
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substitution in bare-earth treatments, while fipronil and imidacloprid are 

used in seed dressings (James 1996, Ridsdill-Smith et al. 2008). In 

addition to prophylactic applications, organophosphate and pyrethroid 

chemicals with median residual time are also applied as foliar sprays to 

control mites in the plant growing period (Wright 1965, Berlandier and 

Baker 2007, Pavri 2007).  

 

Resistance against pyrethroid and organophosphate chemicals has also 

evolved in H. destructor after continuous selection (Umina 2007, Umina 

et al. 2012, 2017). The first resistant mite populations were found in 

restricted areas of Western Australia in 2006 but after a decade were 

found eastward in South Australia (Maino et al. 2018a). Although the 

mechanism of organophosphate resistance still requires further research, a 

kdr (knockdown resistance) mutation, L1024F, has been found on the 

target site of DDT and pyrethroid chemicals in H. destructor, the 

voltage-gated sodium channel (Edwards et al. 2018). At position 1024, 

two separate alleles (TTT and TTC) contribute to the substitution, 

phenylalanine (F) of the target-site alteration, while only an allele (TTG) 

was found in the wild-type, leucine (L). Two separate resistant mutations 

indicate at least two independent evolution events of pyrethroid resistance, 

although more appear likely (Yang, personal communication). Pesticide 

resistance have been found in different populations of H. destructor 

against either only pyrethroids, only organophosphates, or both (Umina et 

al. 2017). While these studies reveal multiple independent resistance 

evolution events against pyrethroids and organophosphates, resistance 
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may also spread across Australia as geneflow exists between populations 

(Hill et al. 2016).  

 

In most cases, kdr mutations were completely or incompletely recessive 

as the R/S heterozygote was functionally susceptible in the bioassays 

(Scott and Dong 1994, Ranson et al. 2000, Huang et al. 2004, Reimer et 

al. 2008, 2008, Lynd et al. 2010, Chang et al. 2012, Brito et al. 2013). 

However, in most cases recessive kdr traits were only supported by 

bioassays at the level of individual. At the level of neural function the 

proportion of R/S in expressed sodium channels is unclear. Interestingly, 

the heterozygote of two different kdr mutations (L1014H and L1014F) in 

houseflies expressed fully pyrethroid-resistance in the bioassay 

(Rinkevich et al. 2006). The resistance of H/F heterozygotes revealed an 

intermediate level between H/H and F/F homozygotes, indicating both 

kdr alleles were probably equally expressed to form sodium channels. If 

this is a general phenomenon, the functional recessiveness of kdr 

mutations revealed by mortalities of RS heterozygotes in bioassay are 

probably because half susceptible sodium channels are affected by 

chemicals, even though the other half of resistant channels are insensitive.  

 

Fitness cost of kdr mutation(s) is unclear in H. destructor but has been 

reported in other species. For instance, resistant Aedes aegypti show 

fitness costs in the form of reduced female fecundity and a slower larval 

development, and therefore the resistant allele declined in frequency in 

the absence of pesticides (Brito et al. 2013). In Myzus persicae, resistant 
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aphids show reduced overwintering survival (Foster et al. 1996) and an 

insensitive response to alarm pheromone, reflecting increased 

vulnerability to natural enemies (Foster et al. 1999, 2005). In the house 

fly (Musca domestica), the resistant allele frequency of a field population 

from a cold habitat (New York) decreased over winter, while that of warm 

habitat (Florida) did not (Rinkevich et al. 2007). Interestingly, susceptible 

houseflies preferred warmer positions in a gradient of temperature while 

the resistant counterpart did not demonstrate a thermal preference, 

revealing negative pleiotropic effects on behaviour (Foster et al. 2003). 

Resistant heterozygous house flies in the field were found in higher 

abundance than expected (Huang et al. 2004), indicating a heterozygote 

advantage which has been also reported in the diamondback moth 

(Plutella xylostella) (Endersby et al. 2011) and the southern cattle tick 

(Rhipicephalus microplus) (Stone et al. 2014). Furthermore, kdr 

mutations did not necessarily confer fitness costs. The study in houseflies 

revealed the advantage of kdr1 (L1014F) haplotype over a susceptible 

haplotype (v3) and other resistant haplotypes (kdr2 and super-kdr) 

(Rinkevich, Leichter, et al. 2013). Fitness may vary between different kdr 

alleles and/or haplotypes as well as different susceptible haplotypes.  

 

The dominance and fitness costs of kdr may diversify according to 

different mutations of various species in previous studies (Kliot and 

Ghanim 2012, Rinkevich, Leichter, et al. 2013). Currently only L1024F 

has been found linked to pyrethroid-resistance in H. destructor which is 

incompletely recessive (Chapter 5). Although pyrethroid resistance fitness 
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costs have been suggested in Acari, including Rhipicephalus microplus 

(Davey et al. 2006) and Varroa destructor (Martin 2004), the information 

for the taxon is very limited in comparison with Insecta (Kliot and 

Ghanim 2012). In this paper, we aim to investigate the fitness cost of 

L1024F resistant mutation against pyrethroids in H. destructor across 

non-diapause and diapause generations. We undertake three experiments 

with two separate populations and monitor resistance in microcosms 

initiated with different frequencies of resistance.  

 

6.3 Materials and method 

6.3.1 Microcosms for mite rearing 

To evaluate the fitness cost of bifenthrin resistance, resistant and 

susceptible mites were reared on host plants planted in microcosms, an 

approach used to investigate other traits including host preferences 

(Umina and Hoffmann 2004, Cheng et al. 2018b), species competition 

(Umina and Hoffmann 2005) and diapause mechanism (Umina and 

Hoffmann 2003, Cheng et al. 2018a). Microcosms were constructed with 

approximately 10 litres of sandy loam soil (containing one part sand to 

four parts loam) added to a clear plastic tub (45 cm in length, 35 cm in 

width and 25 cm in depth) and sown with pasture seeds and covered by a 

clear plastic lid with a gauze window (20 cm in length and width) for 

ventilation.  

 

In the first experiment, pasture seeds were sown in March 2014 into 50 

microcosm tubs. Approximately 10g seeds of purple vetch (Vicia 
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benghalensis) and 2g seeds of each following plants; subterranean 

clover (Trifolium subterraneum cv. Gosse), white clover (T. repens cv. 

Winter), phalaris (Phalaris aquatica cv. Holdfast) and rye grass (Lolium 

perenne cv. Avalon) were sown into each tub. These plant species are 

known to successfully rear mites (Umina and Hoffmann 2004, Cheng et 

al. 2018b), except that purple vetch which was an alternative to common 

vetch (V. sativa) which was preferred by H. destructor (Ridsdill-Smith 

and Gaull 1995), was not available. Microcosms were positioned 

randomly in a shade-house. Plants in microcosms were watered at least 

once (up to twice) weekly until all active mites were dead by early 

November 2014. Then, watering ceased as microcosms were expected to 

contain diapause eggs that survive dry conditions. Moistened diapause 

eggs typically have high mortality in summer (Wallace 1970b, James and 

O’Malley 1991b). Diapause eggs in microcosm tubs were kept dry over 

summer. Each tub was sown with the same seeds and re-watered in 

mid-April 2015, followed by emergence of post-diapause mites towards 

the end of April.  

 

In the second and third experiments, the same seeds were sown into 60 

identical microcosms in May 2015, except that purple vetch was again 

replaced by common vetch (V. sativa cv Rasina). Microcosms were again 

positioned randomly in a shade-house. Plants in microcosms were 

watered at least once (up to twice) weekly until all active mites died by 

October 2015. Then watering ceased and microcosms with diapause eggs 

were kept dry over summer. Unfortunately, this experiment was 
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terminated at that stage due to rodent damage of the containers. 

 

6.3.2 Mite collections 

Two populations of H. destructor were collected from Boyup Brook, 

(Western Australia, WA) using a vacuum method (Gower et al. 2008). 

The collection consisted of resistant (Boyup R) and susceptible (Boyup S) 

populations in the first experiment (May 2014) and the second 

experiment (July 2015). Boyup R population has been found with 

significant resistance against pyrethroids, but not organophosphates 

(Umina et al. 2012, Edwards et al. 2018). Mite collections in the first and 

second experiment were expected to represent the first and second annual 

generations in the field respectively, according to predicted egg hatch 

timing (McDonald et al. 2015). In the third experiment, resistant and 

susceptible populations were also collected from Capel (WA) in July 

2015 and are hereafter referred to as Capel R and Capel S respectively. 

Capel R has been subsequently found with duel-resistance against 

pyrethroid and organophosphate chemicals (Umina et al. 2017). In these 

experiments, mites from each population were stored separately in plastic 

containers with leaves of their host plants, mixed with capeweed, clover 

and grasses and sent to our lab in Melbourne. The second and third 

experiments aimed to improve on the poor mite reproduction in the first 

experiment which was likely caused by the delayed transportation. 

 

6.3.3 Mixed resistant and susceptible mites in different proportions to 

introduce into microcosms 
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In the first experiment (2014), transportation of mites took 5 days due to 

an unexpected delay. About 30% of these mites died during transportation, 

the surviving mites were sorted into adults (~1 mm) and juveniles (<0.65 

mm), which included nymphs and larvae (Baker 1995). Then, 500 live 

adult mites were sieved and aspirated into each small can (10 cm high 

and 6 cm diameter) with leaves of clovers, including five treatments: 

1-R1 (500 Boyup R mites), 1-R0.75 (375 Boyup R mites and 125 Boyup 

S mites), 1-R0.5 (250 Boyup R mites and 250 Boyup S mites), 1-R0.25 

(125 Boyup R mites and 375 Boyup S mites) and 1-S (500 Boyup S 

mites). The procedure was repeated for two days until enough mites (5-20 

microcosms per treatments) were ready to be introduced into microcosms. 

Mites were stored at 4°C during this procedure because previous studies 

indicate cold storage prolongs mites survival over two weeks and does 

not impact their response to pesticides (Hoffmann et al. 1997). Therefore, 

7 days lapsed between field collection and introducing mites of each can 

to each microcosm. 

 

Mite reproduction in the first experiment was unexpectedly poor in 

comparison with previous studies where mites were collected locally in 

Victoria with no delays in transportation (Umina and Hoffmann 2004, 

Cheng et al. 2018b). Therefore, the second and third experiments were 

repeated in 2015 with mites were express transported to the lab within 2 

days. The second experiment included three treatments: 2-R1(500 Boyup 

R mites), 2-R0.5 (250 Boyup R mites and 250 Boyup S mites) and 2-S 
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(500 Boyup S mites). The third experiment also included three treatments: 

3-R1 (500 Capel R mites), 3-R0.5 (250 Capel R mites and 250 Capel S 

mites) and 3-S (500 Capel S mites). Mites were temperately stored at 4°C 

while the procedure was repeated until enough mites were isolated for 

introduction (7-13 microcosms per treatment). The other procedures were 

similar to the first experiment. 

 

6.3.4 Mite assessments to identify generations and samplings 

In the first experiment, the number of mites were recorded on a weekly 

basis after initial introduction. The fluctuating curves revealed that 2-3 

filial generations were produced before summer (see Figure 6.1a). The 

resistant allele frequency was analysed on the parental, F1 mites and in 

the mites that emerged from the diapause eggs in order to understand the 

change of resistant allele frequency during summer diapause. Genotyping 

was conducted through HRM analysis, with L1024F used as the genetic 

marker. The parental generation was represented by the mites collected 

from the field in May 2014. For the F1 mites, samples were collected 

after F1 numbers were determined to have peaked (see Figure 6.1a), with 

33% of mites from each microcosms collected for genotyping. The F1 

mites emerged between mid-June and mid-August, followed by F2 

between mid-August and late-September. Diapause eggs, were expected 

to be produced by the third annual generation which was the F2 

generation in this study. These eggs are stored in the bodies of females 

after they die (Umina and Hoffmann 2003, Ridsdill-Smith et al. 2005). 

However, a few mites emerged after September as F3 (the fourth annual 
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generation in spring), especially noticeable in the susceptible treatment, 

so watering was conducted until early-November 2014. Then, 

microcosms were left dry over summer. These microcosms were added 

with seeds and re-watered in May 2015 in order to hatch the diapause 

eggs. The mites that emerged from these diapause eggs were then 

collected for genotyping. 

 

In the second and third experiments, mites were collected in July 2015. 

These were expected to be the second annual generation in the field to 

produce non-diapause eggs. Therefore, these mites were introduced into 

microcosms as the parental generation. Mite numbers in each tub were 

recorded approximately twice weekly after initial introduction. 

Fluctuating mite number curves revealed that at least two filial 

generations were produced (see Figure 6.1b and c). The F1 generation 

emerged from early-August and lasted until early-September, 

representing the third annual generation in the field. 20% of the F1 mites 

were collected from each microcosm on 28 August 2015 for genotyping 

after the average mite numbers peaked and declined. Although the F1 

generation in our second and third experiments were expected to 

represent the third field generation which produced and stored diapause 

eggs over summer, a few F2 mites re-emerged and formed a second peak 

after early-September, representing the fourth annual generation. The 

rebounding number of mites in F2 was particularly noticeable in the 

susceptible populations. Live F2 mites were all collected for genotyping 

on 8 October 2015 although most mites had died by this stage. These 
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microcosms were stored in the shadehouse over summer to obtain 

post-diapause mites, but unfortunately were damaged by rodents in this 

period.  

 

6.3.5 Bioassays 

Resistant and susceptible mites from the parental generation in each 

experiment were separately examined in pesticide bioassays using a 

modified glass vial technique (Hoffmann et al. 1997, Umina and 

Hoffmann 1999). 30 mL of pesticide solutions at varying concentrations, 

with water as negative control was poured into a 40 mL glass vial. The 

solutions were swirled to completely coat the vial surface and the excess 

poured off. The vials were placed upside-down to air-dry overnight. Then, 

up to five mites with a leaf of purple vetch or common vetch were put 

into each vial. The vial was sealed with Parafilm and placed at room 

temperature. 

 

In the first experiment, two concentrations (100 and 3000 mgL-1) of 

bifenthrin (Talstar 250 EC; FMC Australia) and a negative control were 

tested for Boyup R and Boyup S mites which represented the starting 

points of 1-R1 and 1-S treatments. 100 mgL-1 was used as the 

discriminating dose at which only resistant mites can survive (Umina et al. 

2012). Further concentrations of bifenthrin were tested for populations in 

the second and third experiments to obtain LC50. In the second 

experiment, 10 higher concentrations of bifenthrin (0.03-10000 mgL-1) 

with a negative control were tested for Boyup R, while 10 lower 
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concentrations (0.00125-1 mgL-1) were tested for Boyup S. Boyup R and 

Boyup S in the second experiment represented the parental generations of 

2-R1 and 2-S treatments, respectively. In the third experiment, Capel R 

and Capel S populations represented parental generations of 3-R1 and 3-S, 

treatments were tested by the same higher and lower concentrations of 

bifenthrin. Further, 9 concentrations (0.029-290 mgL-1) and 6 

concentrations (0.029-8.7 mgL-1) of omethoate were tested for Capel R 

and Capel S mites, respectively with a negative control for each. Around 

30-40 mites were tested against each concentration. Mortality was 

recorded at 24h for both bioassays, while 8h mortality was also recorded 

for omethoate bioassays. Mites were identified as dead (no movement 

over 5s period), incapacitated (inhibited movement), or alive (free 

movement). Mortality scores included dead and incapacitated mites 

which invariably died (Umina 2007). 

 

6.3.6 DNA extraction and genotyping 

DNA was isolated from the gnathosoma (the feeding part) of each mite, 

using a described Chelex extraction protocol (Chapter 5.3.4). A 58 bp 

fragment including L1024F was amplified from each individual mite 

sample by PCR and the genotyped by a previously described 

high-resolution melt (HRM) assay (Chapter 5.3.5).  

 

6.3.7 Data analysis 

Linear regression was used to examine the effect of resistant allele 

frequencies of the parental generation on the maximum number (log 
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transformed) of either F1, F2 or F3 generation in each microcosm 

(replicate) regardless of date. Mortalities at the discriminating dose (100 

mgL-1) and a high dose (3000 mgL-1) was used examine resistance of 

Boyup R and Boyup S populations in the first experiments because of 

limited number of mites. Probit analysis (Bliss 1934, Finney 1971) was 

used to generate LC50 values in the second and third experiments to 

examine resistance of Boyup R, Boyup S, Capel R and Capel S 

populations. Furthermore, resistant allele frequencies in the same 

treatment was compared in different generations by 95% confidence 

intervals. 

 

6.4 Result 

6.4.1 The first experiments (April 2014-May 2015) 

Mite offspring number 

We tested the hypothesis that the fitness cost of the L1024F resistant 

mutation reduced the maximal number of mites in each filial generation 

from F1 to F3 (Figure. 6.1a). The log transformed maximal mite number 

in each tub per generation is illustrated in Figure 6.2 and analysed by 

linear regression. The effect of L1024F frequency of the parental (P) 

generation on the maximal number of mites in generations F1 to F3 was 

analysed by linear regression (Table 6.1). The effect of resistant 

frequencies was significant at all generations (P<0.001 at F1, P=0.039 at 

F2 and P=0.043 at F3). Some larvae emerged in October from F3 mites.  

Diapause eggs may therefore have been produced by the 2nd and 3rd filial 

generation of mites. 
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Bioassays 

In the first experiment, the resistant and susceptible populations were 

collected from Boyup Brook in late April, 2014. Although pyrethroid 

resistance was found in Boyup R population, resistance to other pesticides 

has not been found to date (Umina et al. 2012, 2017). Bioassay results 

revealed that the discriminating dose (100 mgL-1) and a high dose (3000 

mgL-1) of bifenthrin only killed 20.5% and 37.9% mites of the resistant 

population respectively, while both doses killed all mites of the 

susceptible populations (Table 6.2). G values indicated that the mortalities 

of both populations did not differ significantly in the control but the 

mortality of Boyup R was significantly lower than that of Boyup S at 

both discriminating and high doses.  

 

Resistant allele frequencies changes through generations 

Resistant allele frequencies of 1-R1, 1-R0.75, 1-R0.5, 1-R0.25 and 1-S 

treatments in the parental (P) generation are shown in Table 6.3. Although 

1-R1and 1-S were not tested in F1, frequencies of 1-R0.75, 1-R0.5 and 

1-R0.25 treatments decreased to 39.4%, 32.4% and 19.7% in F1 

respectively. In the post diapause generation, which represented a mixture 

between F3 and F4, resistant allele frequencies of 1-R1, 1-R0.75, 1-R0.5 

and 1-R0.25 and 1-S treatments were 70%, 33.3%, 36.8%, 14.5% and 2% 

respectively. Changes in allele frequencies was only significant in the 

1-R0.75 treatment whose 95% confidence intervals (CI) of P 

(67.2%-74.02%) did not overlap with neither pre-diapause F1 
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(28.08%-52.19%) nor post-diapause generation (21.55%-47.47%). While 

changes in other treatments were not significant due to overlapping 

confidence intervals.  

 

6.4.2 The second experiments (July-October 2015) 

Mite offspring number 

The maximal number of F1 mites in each treatment is illustrated in Figure 

6.1b as the census number and in Figure 6.3 as log transformed values. 

Linear regression revealed that the effect of resistant frequencies of 

parental generations on mite offspring number was not statistically 

significant (P=0.823 at F1 and P=0.435 at F2) (Table 6.1 and Fig. 6.3). 

Because the collection of P generation in early July in the second 

experiment were expected to be the second annual generation, F1 

represented the third annual generation to produce diapause eggs. 

Although the number of F1 mites decreased in early September, larvae 

re-emerged and mite numbers consequently rebounded by mid-September 

revealing F2 mites, representing the fourth annual generation.  

 

Bioassays 

Boyup R and Boyup S populations were used as the starting points of 

2-R1 and 2-S microcosm treatments in the second experiment. Both 

populations were examined by bifenthrin. At the 24h observation point, 

Boyup R (2.561 mg L-1) showed 512.2 times greater resistant ratio to 

bifenthrin than the Boyup S population (0.005 mg L-1), as revealed by 

LC50 values. However, the difference between both Boyup populations 
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were not significant because their 95% confidence intervals overlapped 

(Table 6.4).  

 

Resistant allele frequencies changes through generations 

The resistant allele frequencies did not change significantly in the second 

experiment. The resistant allele frequency of 2-R1 changed from 61.9% in 

the 2015 P generation to 63.24% in F1, followed by 36.84% in F2, but 

these changes were not statistically significant because of overlapping CI 

(Table 6.3). Similarly, changes in the resistant allele were also observed 

in the 2-R0.5 Boyup treatment and 2-S treatment, but were not found to 

be significant because of overlapped CI (Table 6.3).  

 

6.4.3 The third experiments (July-October 2015) 

Mite offspring number 

The P generation in the third experiment was also expected to be the 

second annual generation. The maximal number of F1 mites in each 

Capel treatment was illustrated in Figures 6.1c and 6.4 by original and log 

transformed numbers, respectively. Linear regression revealed that the 

effect of the frequencies of the resistant alleles in the parental generation 

significantly impacted reproduction (P=0.022 at F1 and P<0.001 at F2) 

(Table 6.1 and Figure 6.4). Similar to the second experiment, few F2 

larvae emerged after mid-September, so the curves for mite numbers 

slightly rebounded (Figure 6.4). However, F1 and F2 generations 

overlapped. 
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Bioassays 

LC50 values obtained from the bifenthrin bioassays after 24 hours found 

the Capel R population had 136597.4 times greater resistance than the 

Capel S population (1229.377 mg L-1 compared to 0.009 mg L-1). 95% 

confidence intervals of them did not overlap (Table 6.4). For the Capel 

populations, bioassays were also run for omethoate (an organophosphate 

chemical) as duel resistance for pyrethroids and organophosphates was 

found (Umina et al. 2017). For the omethoate bioassay, LC50 values 

obtained after 8h found Capel R had a 71.0 times greater resistant ratio 

than Capel S (40.824 mg L-1 compared to 0.575 mg L-1). After 24 hours 

this ratio decreased to 7.6 times (0.433 mg L-1 compared to 0.057 mg L-1 

for Capel R and Capel S respectively) as mortality in both populations 

increased. However, resistant ratios at 8h and 24h were both significant as 

neither of their 95% confidence intervals overlapped. 

 

Resistant allele frequencies changes through generations 

Although all genotyped mites in P generation of Capel R population 

(3-R1 treatment) were resistant homozygotes, the 95% confidence range 

was 94.04%-100%, indicating susceptible alleles may exist but couldn't 

be identified with limited sample numbers (Table 6.3). Also, limited 

genotyped samples of Capel susceptible population were all susceptible, 

while 95% confidence range was 0%-5.13%, indicating resistant alleles 

may exist at low frequency. The observed resistant allele frequencies of 

3-R1 treatment declined significantly from 100% at P generation to 

67.9% at F2 generation with separated 95% confidence ranges. Although 
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the resistant allele of 3-R0.5 treatment declined significantly from 50% in 

P generation to 25% in F1 with separated 95% confidence ranges, allele 

frequencies between F1 and F2 showed overlapping 95% confidence 

ranges and a lack of statistical significance. A lack of statistical 

significance was also observed in the 3-S treatment over generations 

whose P, F1 and F2 contained 0%, 1.3% and 0% respectively. 

 

6.5 Discussion  

In general, mite reproduction was better in our second and third 

experiments than the first ones which had spent longer in transportation. 

Previous studies showed that mortality of adults rose sharply (>50%) a 

week after being introduced into microcosms (Umina and Hoffmann 

2004, Cheng et al. 2018b). Mites in the first experiment had spent 7 days 

in transit prior to being introduced into microcosms and therefore had 

reduced longevity and egg production. Instead of comparing fitness cost 

of resistance between the three experiments, we compared different 

treatments of the same experiment to minimize the impact of shipping 

and focus on the effect of kdr allele. Bifenthrin is a pyrethroid chemical 

used as an acaricide in many countries, including Australia (Umina 2007, 

Kwon et al. 2010). Many point mutations on the voltage-gated para 

sodium channel which contribute to pyrethroid resistance have been 

found in a variety of arthropod species. At the position 1024, two 

mutations have been found in mites. For the two-spotted spider mite, 

valine has been substituted for leucine (L1024V), while for the redlegged 

earth mite, phenylalanine has been substituted for leucine (L1024F) 
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(Rinkevich, Du, et al. 2013, Edwards et al. 2018). The L1024F 

substitution was used as a genetic marker in our experiments. When 

resistant allele frequencies increased for the parent generation in our 

treatments , significantly reduced numbers of filial mites in the 1st 

experiment (resistant allele frequencies ranged around 0% to-94.9%) and 

the 3rd experiment (resistant allele frequencies ranged around 0% 

to-100%) revealed the fitness disadvantage of pyrethroid resistance 

(Table 6.3 and Figures 6.2 and 6.4) . However, this reduction was 

non-statistically significant in the 2nd experiment of Boyup Brook 

treatments (resistant ranged around 0%-61.9%), whose maximal resistant 

allele frequency was relatively lower (Table 6.3 and Figure 6.4).  

 

The dominance of L1024F in the fitness cost remains unclear, while 

bioassays revealed that L1024F in H. destructor is incompletely recessive 

(Chapter 5) which is similar to kdr mutations found in other species, the 

resistant homozygote (RR) is far more resistant than the resistant 

heterozygote (RS) which is slightly less susceptible than the susceptible 

homozygote (SS) (Liu et al. 1981, Sayyed et al. 2005, Chang et al. 2012). 

If the fitness cost of L1024F is largely contributed by the RR over RS and 

SS, reproductive reduction in the 2-R1 treatment would be diluted by RS 

and SS. Twenty one parental mites sampled from the second year Boyup 

R population (61.9% resistant allele frequency) contained eight RR mites 

(38.1%), ten RS (47.6%) and three SS mites (14.3%). Furthermore, a 

limited proportion of RR in the 2nd-year Boyup R population probably 

accounted for a lack of statistical significance in bioassay between Boyup 
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S and Boyup R, even though the resistant ratio was 512.2 times between 

their LC50 values (Table 6.4). The discriminating dose (100 mg L-1) in the 

second year bioassays caused 100% and 58.6 % mortalities for Boyup S 

and Boyup R populations in 24 hours respectively, indicating RS and SS 

mites were unlikely to survive this dose. 

 

Furthermore, fitness costs could be seen in the decline of resistant allele 

frequencies through generations. The decline of resistant allele 

frequencies between the parental and final filial generations was only 

significant in the 1-R0.75 and the 3-R1 treatments. Resistant allele 

frequencies of parental generations were relative higher (>70%) than 

other treatments, leading to more RR individuals (Table 6.3). The only 

exception was the 1-R1 treatment whose resistant allele frequencies (and 

95% confidence intervals) declined from 94.9% (89.6%-98.6) in the 

parental generation to 70% (41.5%-93.3%) in the post-diapause F3. Only 

five post-diapause mites emerged post-summer. The limited F3 sample 

size led to a large confidence interval that overlapped with the confidene 

interval of the parental generation. Despite the lack of significance caused 

by overlapping confidence intervals, the resistant allele frequency 

generally decreased in all treatments. In the absence of pesticides, the 

susceptible allele outcompeted the resistant allele, revealing the fitness 

disadvantage of L1024F pyrethroid resistance.  

 

The field rate (100 mgL-1) of bifenthrin should kill both susceptible 

homozygote and heterozygote mites. Only resistant homozygote mites 
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should survive (Chapter5). The functional recessiveness of pyrethroid 

resistance in the redlegged earth mite is similar to Bt-resistance found in 

the cotton bollworm (Helicoverpa armigera). For the cotton bollworm a 

refuge strategy has been successfully used to delay Bt resistance. Using 

this strategy refuges are set-up in a field with host plants without Bt 

toxins. Refuges maintain Bt-susceptible homozygous individuals to breed 

with the Bt-resistant homozygous field individuals, thus diluting the 

frequency of Bt resistant homozygote in the next generation (Jin et al. 

2015). This strategy could be used for the redlegged earth mite, where a 

part of the paddock was excluded from applications of bifenthrin (and 

other pyrethroids). This strategy could be effective as pyrethroid resistant 

homozygotes are outcompeted by susceptible homozygotes in fitness. 

Overwhelmed pyrethroid homozygotes are forced to give birth to 

heterozygotes which are vulnerable to pyrethroid chemicals. 

 

Kdr mutations have been known to reduce the sensitivity to alarm 

pheromone and temperature in M. persicae and M. domestica respectively 

(Foster et al. 2003). Furthermore, the evolution of photoperiodic diapause 

in the codling moth, Cydia pomonella, was influenced by pesticide 

resistance. In either a diflubenzuron-resistant strain or a 

deltamethrin-resistant strain which contained a kdr mutation, diapause 

responses were impacted only in RR individuals, but not in RS 

individuals (Boivin et al. 2004). While a recessive fitness cost in the 

deltamethrin-resistant codling moth was probably related to kdr, 

enhanced cytochrome P450-dependent monooxygenases (MFO) and 
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glutathione S-transferases (GST) loci were also involved in both resistant 

strains. Diapause induction in H. destructor is triggered by maturity of 

host plant (Wallace 1970a) and multiple environmental stimuli, including 

daylength, temperature and soil moisture (Cheng et al. 2018a), therefore 

the L1024F mutation may confer a pleiotropic effect on sensitivity to 

diapause stimuli. Whether pleiotropic effects or decreased reproduction 

caused less resistant mites emerging in the fourth annual generation in 

our experiment (Figures 6.1) need further study. The resistant mites 

finished their active stage earlier than susceptible mites, indicating the 

onset of the diapause generation may be changed by the resistant allele. 

 

Crop rotation also confers a fitness cost in polyphagous arthropods as 

adaptation to host specific defensive chemicals can lead to lower 

performance when feeding on other plants (Fry 1990, Agrawal 2000, 

Skoracka et al. 2009). Previous experiments with susceptible populations 

of H. destructor subjected to a shift in their host plant led to a decreased Ro 

(Cheng et al. 2018b). The stress of a host shift may also suppress resistant 

mites. While further studies are needed to understand whether the resistant 

or susceptible allele is more competitive during rotations of host plants, the 

combined strategy of pesticide free refuges and crop rotations, may ensure 

a high frequency of susceptible alleles can be maintained within the local 

populations. 
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Table 6.1. Linear regressions test the effects of resistant allele frequencies 

of the parental generation on the maximal number of mites (log 

transformed) in each filial generation. 

Experiment-

generation 

 Sum of 

Squares 

df Mean 

Square 

F Sig. 

Exp.1-F1 Regression 3.109 1 3.109 16.891 <0.001 

 Residual 8.834 48 0.184   

 Total 11.943 49    

Exp.1-F2 Regression 2.197 1 2.197 4.485 0.039 

 Residual 23.516 48 0.490   

 Total 25.713 49    

Exp.1-F3 Regression 1.087 1 1.087 4.311 0.043 

 Residual 12.100 48 0.252   

 Total 13.187 49    

Exp.2-F1 Regression 0.001 1 0.001 0.051 0.823 

 Residual 0.589 24 0.025   

 Total 0.591 25    

Exp.2-F2 Regression 0.027 1 0.027 0.631 0.435 

 Residual 1.012 24 0.042   

 Total 1.038 25    

Exp.3-F1 Regression 0.176 1 0.176 5.900 0.022 

 Residual 0.836 28 0.030   

 Total 1.012 29    

Exp.3-F2 Regression 1.299 1 1.299 27.089 <0.001 

 Residual 1.342 28 0.048   

 Total 2.641 29    
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Table 6.2. Bioassay result of Boyup S and Boyup R populations collected 

from Boyup Brook in 2014 which were used as the starting points of 

1-R1 and 1-S microcosm treatments respectively in the first experiment. 

Bifenthrin 0.1 gL-1 which killed all susceptible individuals has been used 

as the discriminating dose (Umina 2007, Umina et al. 2012). Boyup R 

and Boyup S populations were used as the starting point of the first 

experiment as 1-R1 and 1-S treatments. 

Bifenthrin 

(mgL-1) 

Population Number of 

mite dead 

Total 

mites 

Mortality G 

value 

df Sig. 

0 Boyup S 0 30 0%    

0 Boypu R 1 27 3.7% 1.514 1 0.474 

100 Boyup S 50 50 100%    

100 Boypu R 9 44 20.5% 79.531 1 <0.001 

3000 Boyup S 30 30 100%    

3000 Boypu R 11 29 37.9% 34.087 1 <0.001 
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Table 6.3. Resistant allele frequencies between generations in each 

treatment of the three experiments. 

1st experiment 
 

1-R1 1-R0.75 1-R0.5 1-R0.25 1-S 

P Resistant allele 94.88% 71.16% 47.44% 23.72% 0% 

 
95% CI 89.6%-98.6% NA NA NA 0%-1.9% 

 
Tested alleles 78 NA NA NA 192 

F1  Resistant allele NA 39.39% 32.4% 22.73% NA 

 
95% CI 

 
28.08%-52.19% 24.98%-40.75% 13.54%-34.7% 

 

 
Tested alleles 

 
66 142 66 

 
Post-diapause Resistant allele 70% 33.33% 36.84% 14.47% 2% 

 
95% CI 41.53%-93.33% 21.55%-47.47% 26.46%-48.69% 7.56%-24.42% 0.05%-10.65% 

 
Tested alleles 10 54 76 76 50 

2nd experiment 
 

2-R1 2-R0.5 2-S 
  

P Resistant allele 61.9%  30.95% 0% 
  

 
95% CI 47.14%-76.43% NA 0%-7.11% 

  

 
Tested alleles 42 NA 50 

  
F1 Resistant allele 63.24% 40.79% 0% 

  

 
95% CI 51.65%-74.61% 30.1%-52.67% 0%-5.28% 

  

 
Tested alleles 68 76 68 

  
F2 Resistant allele 36.84% 17.5% 0% 

  

 
95% CI 22.52%-54% 7.54%-32.78% 0%-11.57% 

  

 
Tested alleles 38 40 30 

  
3rd experiment 

 
3-R1 3-R0.5 3-S 

  
P Resistant allele 100% 50% 0% 

  

 
95% CI 94.04%-100% NA 0%-5.13% 

  

 
Tested alleles 60 NA 70 

  
F1 Resistant allele 93.10% 25% 1.32% 

  

 
95% CI 86.16%-98.09% 11.88%-43.4% 0.03%-7.11% 

  

 
Tested alleles 58 32 76 

  
F2 Resistant allele 67.86% 31.58% 0% 

  

 
95% CI 50.28%-84.12% 18.05%-48.65% 0%-15.44% 

  

 
Tested alleles 28 38 22 
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Table 6.4. Bioassay result of mites collected in 2015 from Boyup Brook resistant (Boyup R) and susceptible (Boyup S) 

populations as well as Capel resistant (Capel R) and susceptible (Capel S) populations. Boyup R and Boyup S were used as 

the starting points of 2-R1 and 2-S microcosm treatments respectively in the second experiment. Capel R and Capel S were 

used as the starting points of 3-R1 and 3-S microcosm treatments respectively in the third experiment. 

Pesticide Population Observation 

(hour) 

LC50 value  

(mg L-1) 

Lower 95% CI Upper 95% CI Resistant 

ratio 

Bifenthrin Boyup R 8 73.285 8.976 643.224 NA 

 Boyup R 24 2.561 0.001 52.898 512.2 

 Boyup S 24 0.005 0.004 0.007  

 Capel R 24 1229.377 430.365 5195.626 136597.4 

 Capel S 24 0.009 0.006 0.016  

Omethoate Capel R 8 40.824 10.457 497.929 71.0 

 Capel S 8 0.575 0.210 1.590  

 Capel R 24 0.433 0.222 0.756 7.6 

 Capel S 24 0.057 0.035 0.082  
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Figure 6.1. The average number (±SE) of mites in different observation 

dates in (a) the first experiment, (b) the second experiment, and (c) the 

third experiment. The parental (P) generation and the first filial (F1) 

generation in each experiment can be easily identified because almost all 

mites of the parental generation died before F1 mites emerged and 

matured. However, mites of F2 (and the following generation) somewhat 

overlapped with mites of the previous generation, while F2 (and F3) 

could be seen by new emerging larvae and the fluctuating curves. Note 

that the scales differ between graphs. 

 

  



 

Figure 6.2. The effect of resistant allele frequencies in the parental 

treatments on the maximal number (log

and F3 generations in the first experiment. 
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The effect of resistant allele frequencies in the parental 

treatments on the maximal number (log-transformed) of mites in F1, F2 

and F3 generations in the first experiment.  

  

 

The effect of resistant allele frequencies in the parental 

d) of mites in F1, F2 



 

Figure 6.3. The effect of resistant allele frequencies in the parental 

treatments on the maximal number (log

F2 generations in the second experiment.
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The effect of resistant allele frequencies in the parental 

treatments on the maximal number (log-transformed) of mites in F1 and 

F2 generations in the second experiment. 

 

The effect of resistant allele frequencies in the parental 

transformed) of mites in F1 and 



 

Figure 6.4. The effect of resistant allele frequencies in the parental 

treatments on the maximal number (log

F2 generations in the third experiment.
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The effect of resistant allele frequencies in the parental 

treatments on the maximal number (log-transformed) of mites in F1 and 

F2 generations in the third experiment. 

  

 

The effect of resistant allele frequencies in the parental 

transformed) of mites in F1 and 
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Chapter 7 General discussion 

7.1 Overview and further studies in H. destructor 

My studies reveal trade-offs in fitness are conferred in earth mites within 

the context of host adaptation, diapause intensity, and pyrethroid 

resistance. Phenotypic plasticity (e.g. different metabolic enzymes and 

egg types) are likely involved with trade-offs in fitness during crop 

rotations (Chapter 2) and early production of diapause eggs in cool and 

moist condition (Chapter 3 and 4), while genetic variation (L1024F) is 

related to fitness cost of pyrethroid resistance (Chapter 6). Although this 

thesis has provided information to improve pest management of H. 

destructor, some questions which arose from my research are still 

unanswered. In particular, limited information has been collected around 

the mechanistic basis of the effects described in the chapter, and this 

could be pursued by additional work. For instance, it would be worth 

studying transcriptomes to understand whether different metabolic 

enzymes are activated or increased to adapt to different host plants. A 

mechanism to detoxify plant chemicals may also be associated with 

pesticide resistance (Dermauw et al. 2013) and particularly with 

organophosphate resistance.  

 

Although fitness costs of host adaptation in H. destructor have been 

revealed in terms of reduced net reproduction output (Chapter 2), this 

study was only performed on pesticide-susceptible mites. It is unclear 

whether the pesticide-resistant individuals suffer this fitness cost more 

than susceptible individuals, which could be particularly important during 
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crop rotations. To examine this question, a population with median level 

of resistance (e.g. 50% resistant allele frequency) could be reared within a 

crop rotation context and compared with the same population reared 

without a crop rotation. If a decline of resistant allele frequency is faster 

in the crop rotation than in its absence, crop rotations might be applied to 

resistant populations to increase fitness costs and accelerate a decline of 

resistance.  

 

Although my study highlighted that the production of three types of eggs, 

non-diapause (ND), cryptic diapause (CD) and typical diapause (TD), are 

plastic responses of H. destructor induced facultative by the 

environmental factors (daylength, temperature and soil moisture) 

(Chapter 3), temperature in my study was constant, while fluctuating in 

the field. Although diapause responses in my study are induced when 

temperatures are at 15°C and higher, previous studies indicated that the 

multiple-generations of non-diapause eggs could be produced by 

H. destructor reared under condition of short day length and fluctuating 

daily temperatures (11-18°C) (Ridsdill-Smith and Gaull 1995, 

Ridsdill-Smith and Annells 1997). Therefore, the cooler night 

temperature may play a critical role to inhibit diapause responses when 

daytime temperature is high enough for diapause induction of H. 

destructor. Night temperature is more important than day temperature to 

induce the production of diapause eggs in Panonychus ulmi, a 

winter-diapause mite (Lees 1953) It is unclear whether temperature in the 

day or night plays a critical role in H. destructor for the onset of summer 
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diapause in the field, and this needs to be further investigated.  

 

When mites have fed and grown up on mature and young plants, adult 

females are induced to produce diapause or non-diapause eggs 

respectively (Wallace 1970a). However, if the adults which have grown 

up on mature plants are subsequently transferred to young plants, females 

only produce diapause eggs. This result indicates that the development of 

the reproductive system to produce diapause eggs is an irreversible 

process and females likely have to prepare and develop the reproductive 

system in juvenile stages for production of either diapause or 

non-diapause eggs. However, it is unclear which life stages (egg, larva, 

protonymph, deutonymph and tritonymph) are decisive in diapause 

induction. Also, multiple types of diapause eggs (typical and cryptic 

diapause) were not investigated in a previous study in this area (Wallace 

1970a). It is unclear whether females producing cryptic diapause eggs can 

plastically respond to change to production of non-diapause eggs or 

typical diapause eggs when environments become less or more stressful 

respectively.  

 

Crop rotations may disturb the diapause responses of H. destructor 

because different host plants likely have different developmental rates, 

leading to diverse levels of maturity. For instance, diapause intensity in 

the maggot (R. pomonella) diversifies between populations which adapt 

to different host plants (e.g. apple and hawthorn) (Dambroski and Feder 

2007). Diapause responses of H. destructor are influenced by the maturity 
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of annual plants but possibly inhibited by perennial plants (Wallace 

1970a). The eastern distribution of H. destructor is restricted within areas 

where summer rainfall is less than 225 mm isohyets and flora is 

dominated by annual plants because perennial species dominate the areas 

with substantial rainfall (>225 mm isohyets) in summer (Wallace and 

Mahon 1971). It is unclear whether the lack of cues from perennial plants 

limits H. destructor to enter diapause to survive hot summer, or diapause 

eggs in these areas are killed by substantial summer rainfall, because 

moistened diapause eggs have less thermal resistance than dry ones 

(Wallace 1970b, James and O’Malley 1991b). Although my studies 

reveal that diapause responses could be induced by environmental factors 

(e.g. daylength, temperature and soil moisture), the majority of host 

plants to rear mites in the microcosm are annual species which may have 

an indirect influence on this plastic response (Chapter 3). It is worth 

examining whether diapause is induced by environmental factors when 

mites are reared on perennial plants (e.g. white clover). If diapause 

induction is inhibited, crop rotations to perennial plants are a possible 

strategy to control pesticide-resistant populations. 

 

Currently, organophosphorus compounds (omethoate and dimethoate) are 

the only group of pesticides used in Timerite® to target pre-diapause stage 

of H. destructor (Ridsdill-Smith and Pavri 2015), while organophosphate 

resistance has been found in some populations (Umina et al. 2017, Maino 

et al. 2018a). It is essential to understand the mechanism and fitness cost 

of the organophosphate resistance. The interaction between diapause 
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responses and pesticide resistance has been found in 

organophosphate-resistant two-spotted spider mite (T. urticae) (Helle 

1962) and pyrethroid-resistant codling moth (C. pomonella) (Boivin et al. 

2004). Whether pesticides (e.g. pyrethroid and organophosphate) 

resistance impact the diapause responses H. destructor needs further 

studies. It is worth examining the interaction between host adaptation, 

diapause responses and pesticide resistance in H. destructor. 

 

7.2 Future directions to study other species 

Penthaleus spp. (including P. major, P. falcatus and P. tectus) are also 

earth mite pests in Australia which belong to an identical family 

(Penthaleidae) as H. destructor (Umina et al. 2004). Although Penthaleus 

spp. enter summer diapause at the egg stage in the southern regions of 

Australia, production of diapause eggs in the approach of summer is 

earlier in Penthaleus spp. than in H. destructor (Umina and Hoffmann 

2003). The fact that Penthaleus spp. gradually accumulate diapause eggs 

throughout the cool season indicate that synchronization between 

diapause responses and environmental changes is less accurate in 

Penthaleus spp. than H. destructor, so a bet-hedging strategy to produce 

diapause and non-diapause at the same time is likely to exist in 

Penthaleus spp. Whether a bet-hedging strategy in Penthaleus 

spp.influences fitness is unclear and needs further study. The fitness 

penalty revealed by a reduced diapause intensity when diapause eggs are 

produced in the cooler and moister conditions (Chapter 4) needs to be 

investigated in these earth mite species as well.  
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The more variable diapause responses of Penthaleus spp. may link to 

asexual reproduction (thelytokous parthenogenesis) in these species. 

Sexual reproduction of H. destructor provides genetic recombination 

which is advantageous to adapt to environmental changes and pesticide 

pressure (Glesener and Tilman 1978, Guillemaud et al. 2003). However, a 

far wider global distribution between torrid and frigid zones has been 

overcome by P. major (Hallas, 2004; Pereira, Salvadori, Navia, Lampert, 

& Savaris, 2017; Weeks & Hoffmann, 1999). While Australian 

populations of P. major are obligate parthenogens (Weeks et al., 1995), 

winter-diapause conditions may induce sexual reproduction of 

populations of P. major in the cold habitats and this needs to be 

investigated. It is well-known that asexual parthenogenetic aphids (e.g. 

Acyrthosiphon pisum) in warm conditions can be induced to sexually 

produce diapause eggs by winter-diapause conditions (Shingleton et al. 

2003). Whether the biotic factor (maturity of host plant) and 

environmental factors (e.g. daylength, temperature and soil moisture) 

influence metagenesis and diapause responses in Penthaleus spp. also 

requires future studies.  

 

Although the distribution of H. destructor is currently restricted to 

temperate areas, including Australia, New Zealand and South Africa (Hill 

et al. 2016), major evolutionary events and environmental adaptations 

have occurred in the Halotydeus genus which contains terrestrial and 

marine species between torrid and frigid zones (Pugh and King 1985, 
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Baker 1995, Procheş and Marshall 2001). Because the majority of the 

Penthaelidae family are terrestrial species, adaptation to marine 

conditions are assumed a secondary evolutionary change from the 

original terrestrial habitat of their common ancestors. Although the 

distribution of the marine relatives are well separated from the terrestrial 

forms, whether the marine species derive from a single or multiple 

evolutionary event(s) is unclear and worthy of investigation. It is also 

unclear whether the marine species confer diapause responses to adapt to 

dry conditions and whether the terrestrial species have potential to 

survive aquatic and salty conditions. Compared with the terrestrial 

invasive species, aquatic mites and mite invasions are generally 

overlooked (Goldschmidt 2016, Sherman et al. 2016).  
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