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Threshold and non-threshold linear models that govern toxicology are challenged by an
alternative model, hormesis. It is defined as low-dose stimulation and high-dose inhibition from
a stressor. Insecticide-induced hormesis has been studied in a plethora of insect-insecticide
models at biochemical, individual and population levels. This research focuses on the effects of
sublethal concentrations of insecticides on reproductive responses of green peach aphid, Myzus
persicae (Sulzer), at individual and population level besides regulation of stress, dispersal and
developmental genes during hormesis.
In laboratory studies, irrespective of the duration and route of exposure, sublethal
concentrations of imidacloprid induced stimulations in fecundity of M. persicae but the nature of
response differed intra- and trans-generationally. Fitness tradeoffs could be rendered due to
declined fecundity in successive generations. However, continuous exposure to sublethal
concentrations does not compromise overall fitness trans-generationally, considering recovered
levels of fecundity as controls in successive generations and the total reproduction after four
generations. Greenhouse experiments affirmed uncompromised fitness where reproductive
stimulations were noted in aphids exposed to imidacloprid treated potato plants.

Up- and down- regulation of stress, dispersal and developmental genes was noted during
imidacloprid-induced hormesis in M. persicae that mirrored the reproductive responses in few
instances. Global DNA methylation results emphasized the heritability of adapted traits transgenerationally via hypermethylation. Dispersal related genes (OSD, TOL and ANT) that are
predominantly expressed in alates (about 2- to 5-fold) were affected in apterous aphids
continuously exposed to sublethal concentrations of imidacloprid.
No direct relation with the previously noted fecundity was established implying adaptive
cellular stress response pathways might be triggered rather than normal regulatory processes due
to low-dose imidacloprid exposure. At a biochemical level, a study noted that imidaclopridinduced hormesis concurrently stimulated juvenile hormone III (JH) production and fecundity in
M. persicae. Precocene, an anti-JH, at sublethal concentrations induced reproductive
stimulations in M. persicae. Gene regulation during precocene-induced hormesis mirrored
imidacloprid results for few genes including FPPS, a JH precursor gene, with a higher magnitude
of regulation.
Considering these stimulatory effects that insecticide-induced hormesis at various
biological hierarchies, causes for pest resurgence, hormesis could have ramifications from
declines in natural enemy population.

ACKNOWLEDGEMENTS
I thank Dr. Chris Cutler, co-advisor of my PhD committee, for allowing me to knock on his door
even when closed, answering my emails at 1:00 AM or sometimes even later (does he sleep?!),
challenging my assumptions and speculations, and, of course, all his stringent “red” lines in my
thesis drafts. A PhD student could not ask for more from an advisor! Chris: Thanks for all your
support in every aspect of my stay in Truro, NS. Equally important, I owe big to Dr. Cynthia
Scott-Dupree, my other co-advisor, for informing me about this opportunity and the trust she
always showered on me. Your mentorship helped me throughout this program. Your question
on insecticide resistance changed my mindset and made this project slightly less daunting.
Dr. Scott-Dupree: Thanks for valuable pieces of advice and recommendations.
I am grateful to the dedicated advisory committee, Drs. Paul Sibley and Balakrishnan
Prithiviraj for posing as many questions as suggestions, driving my thought process to critical
corners and providing utmost guidance at the right moment. I sincerely thank Dr. Michael
Smirle, external examiner, for the critical review of my thesis and serving on my examination
committee.
I thank Krilen Ramanaidu for teaching, suggesting, and providing Christical (Chris-like)
feedback for all initial/preliminary experiments. Also, I thank Krilen and Dr. Justin Renkema for
help with statistical programming. Lab manager, Jason Sproule, I thank you very much for your
help in everything lab-management related, and most importantly for listening to my chatter box
talk! I should acknowledge that without Justin and Jason, lab work was boring! I thank Ms.
Anna Fitzgerald and Ms. Anne Le Lacheur for the help with greenhouse related projects.

iv

I extend my sincere thanks to Kalyani Prithiviraj, Dr. Owen Wally, Dr. Saveetha
Kandasamy, Dr. Jatinder Singh Sangha and Dr. Jinghua Liu for teaching me the basics of real
time PCR and data interpretation, which made my life so much easier. I thank Dr. Samuel
Asiedu, Dr. Gefu Wang-Pruski, Dr. Tudor Borza and Dr. Andrew Schofield for condition-less
help. My brief stay in Guelph, ON was greatly enriched by knowing the wonderful Angela
Gradish, Andrew Frewin and Cindy Whitehead.
I thank library staff and administration, especially, Ms. Elaine MacInnis, Ms. Jolene Reid
and Ms. Jennifer MacIssac for restless effort in timely gathering of documents without which
writing and research would have been hampered. I thank Ms. Joy Roberts, Ms. Virginia Warren,
Ms. Marie Vickery, Ms. Marie Law, Ms. Gisele Mazerolle and other administration staff for all
their timely efforts that made my life easier.
I thank NSERC (granted to GCC), and Internal and external scholarship donors form the
University of Guelph for funding this project.
Lastly, I sincerely thank the green peach aphid, Myzus persicae (Sulzer) (Hemiptera:
Aphididae) for teaching me life-changing lessons via hormesis.
I dedicate this thesis to my wife (Durga Bhargavi) and kids (Rajesh and Vaishnavi). I
thank them sincerely for sparing the time stolen from their lives for my endeavors.

v

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ....................................................................................................... IV
TABLE OF CONTENTS ........................................................................................................... VI
LIST OF TABLES ................................................................................................................... VIII
LIST OF FIGURES .................................................................................................................... IX
1

LITERATURE REVIEW ..................................................................................................... 1
1.1
HORMESIS .....................................................................................................................................................1
1.2
INSECTICIDES ................................................................................................................................................8
1.3
MYZUS PERSICAE (SULZER) – GREEN PEACH APHID .....................................................................................10
1.4
OBJECTIVES AND HYPOTHESIS ....................................................................................................................12
1.4.1 Hypotheses .............................................................................................................................................13

2 TRANSGENERATIONAL SHIFTS IN REPRODUCTION HORMESIS IN GREEN
PEACH APHID EXPOSED TO LOW CONCENTRATIONS OF IMIDACLOPRID ....... 15
2.1
ABSTRACT ...............................................................................................................................................15
2.2
INTRODUCTION .....................................................................................................................................16
2.3
METHODS AND MATERIALS ...............................................................................................................18
2.3.1 Plant and insect maintenance ................................................................................................................18
2.3.2 Chemicals ..............................................................................................................................................19
2.3.3 Leaf-dip exposure ..................................................................................................................................19
2.3.4 Topical exposure ....................................................................................................................................20
2.3.5 Exposure to systemically treated plants .................................................................................................21
2.3.6 Dose-Response Modeling ......................................................................................................................22
2.4
RESULTS ..................................................................................................................................................23
2.4.1 Leaf-dip exposure ..................................................................................................................................23
2.4.2 Topical Exposure ...................................................................................................................................26
2.4.3 Exposure to Systemically Treated Plants ...............................................................................................26
2.4.4 Dose-Response Modeling ......................................................................................................................26
2.5
DISCUSSION ............................................................................................................................................32

3

GENE REGULATION DURING IMDACLOPRID-INDUCED HORMESIS ............. 40
3.1
ABSTRACT ...............................................................................................................................................40
3.2
INTRODUCTION .....................................................................................................................................41
3.3
METHODS AND MATERIALS ...............................................................................................................44
3.3.1 Plants and insects ..................................................................................................................................44
3.3.2 Chemicals ..............................................................................................................................................44
3.3.3 Leaf-dip exposure ..................................................................................................................................44
3.3.4 Sample preparation................................................................................................................................45
3.3.4.1
3.3.4.2

Gene expression analyses .............................................................................................................................. 45
Global DNA methylation analysis ................................................................................................................ 46

vi

3.4
RESULTS ..................................................................................................................................................47
3.4.1 Gene expression analyses ......................................................................................................................47
3.4.2 Global DNA methylation analysis .........................................................................................................53
3.5
DISCUSSION ................................................................................................................................................57

4 EFFECT OF SUBLETHAL CONCENTRATIONS OF PRECOCENE-I ON
FECUNDITY OF GREEN PEACH APHID AND GENE REGULATION DURING ITS
EXPOSURE ................................................................................................................................. 65
4.1
ABSTRACT ...............................................................................................................................................65
4.2
INTRODUCTION .....................................................................................................................................66
4.3
METHODS AND MATERIALS ...............................................................................................................67
4.3.1 Plant and insect maintenance ................................................................................................................67
4.3.2 Chemicals ..............................................................................................................................................67
4.3.3 Topical exposure ....................................................................................................................................68
4.3.3.1
4.3.3.2

Fecundity ...................................................................................................................................................... 68
Gene expression analyses .............................................................................................................................. 69

4.4
RESULTS ..................................................................................................................................................69
4.4.1 Fecundity ...............................................................................................................................................69
4.4.2 Gene expression analyses ......................................................................................................................70
4.5
DISCUSSION ............................................................................................................................................77

5

GENERAL DISCUSSION .................................................................................................. 85
CONCLUSION .......................................................................................................................................................91
PROSPECTS FOR FUTURE WORK .....................................................................................................................92

6

REFERENCES .................................................................................................................... 95

vii

LIST OF TABLES
Table
2.1

2.2

2.3

2.4

2.5

2.6

3.1

3.2

4.1

4.2

Page
P-values for a multigenerational (G) experiment examining effects of
imidacloprid concentration and experimental replicate (blocking factor)
on Myzus persicae fecundity under laboratory conditions. Effects
requiring further multiple means comparisons are in bold.

24

Least-squares means of multigenerational (G0, G1, G2 and G3) fecundity
following continuous exposure of Myzus persicae to sublethal
concentrations of imidacloprid.

27

Least-squares means of multigenerational (G0, G1, G2 and G3) fecundity
following two-day exposure of Myzus persicae to sublethal concentrations
of imidacloprid.

28

Least-squares means of two-generational (G0 and G1) fecundity
following topical exposure of Myzus persicae to sublethal concentrations
of imidacloprid.

29

Least-squares means of instantaneous rate of increase (ri) and total
number of aphids after 21 days following infestation of Myzus persicae on
to potato plants treated with sublethal concentrations of imidacloprid in a
greenhouse.

30

Regression parameters of model-fitting hormetic responses (G0, G1
fecundity and ri) in Myzus persicae exposed to sublethal concentrations of
imidacloprid.

33

Primer sequences for selected and internal control genes used to measure
gene expression in Myzus persicae exposed to sublethal concentrations of
imidacloprid.

48

P-values for a two generation (G) experiment examining gene regulation
and global DNA methylation during imidacloprid-induced hormesis in
second instar (N) and adult (A) Myzus persicae.

49

Least-squares means of two-generational fecundity following topical
exposure of Myzus persicae to sublethal concentrations of precocene.

71

P-values for a two generation (G) experiment examining gene regulation
during precocene-induced hormesis in second instar (N) and adult (A)
Myzus persicae.

72

viii

LIST OF FIGURES

Figure

Page

1.1

Dose-response curve depicting the quantitative feature of hormesis.

3

1.2

Dose-response models.

4

1.3

The reproduction cycles of Myzus persicae, the green peach aphid.

11

2.1

Multigenerational effects of low doses of imidacloprid on aphids.

31

2.2

Hormesis model-fitting of low doses of imidacloprid on fecundity and ri of
aphids.

34

3.1

Heat shock protein (Hsp) 60 gene regulation during imidacloprid-induced
hormesis in green peach aphid, Myzus persicae.

50

Farnesyl diphosphate synthase (FPPS) I gene regulation during imidaclopridinduced hormesis in green peach aphid, Myzus persicae.

51

Olfactory Segment-D (OSD) gene regulation during imidacloprid-induced
hormesis in green peach aphid, Myzus persicae.

52

Take-out like (TOL) gene regulation during imidacloprid-induced hormesis in
green peach aphid, Myzus persicae.

54

Adenosine nucleotide translocase (ANT) gene regulation during imidaclopridinduced hormesis in green peach aphid, Myzus persicae.

55

Global DNA methylation during imidacloprid-induced hormesis in green peach
aphid, Myzus persicae.

56

Some noted deformities in Myzus persicae resulting from one-time topical
exposure to sublethal concentrations of precocene.

73

Farnesyl diphosphate synthase (FPPS) I gene regulation during precoceneinduced hormesis in green peach aphid, Myzus persicae

74

Heat shock protein (Hsp) 60 gene regulation during precocene-induced hormesis
in green peach aphid, Myzus persicae.

75

Olfactory Segment-D (OSD) gene regulation during precocene-induced hormesis
in green peach aphid, Myzus persicae.

76

3.2

3.3

3.4

3.5

3.6

4.1

4.2

4.3

4.4

ix

4.5

4.6

Take-out like (TOL) gene regulation during precocene-induced hormesis in green
peach aphid, Myzus persicae.

78

Adenosine nucleotide translocase (ANT) gene regulation during precoceneinduced hormesis in green peach aphid, Myzus persicae.

79

x

1

LITERATURE REVIEW

1.1 Hormesis
Descriptions of dose-response in toxicology have generally been governed by the threshold
model (Figure 1.2A), which states that there is a threshold above which chemical exposure
causes an effect and below which no effect occurs (Cox 1987); and the linear non-threshold
model, which states that there is no threshold in the dose-response relationship (e.g.,
carcinogenic agents) (National-Research-Council 2006). However, these models fails to explain
reported stimulatory responses due to exposure to low doses below the estimated threshold
(Calabrese 2010). Hormesis is an alternate model defined by high-dose inhibition and low-dose
stimulation from a stressor, e.g., a poison. Hormesis was first reported in mid-1800 by Rudolf
Virchow when working on the ciliae of the tracheal mucous membrane of a deceased human
being and low doses of sodium hydroxide or potassium hydroxide (Henschler 2006). Instead of
a fading activity in cilia of a deceased human being, a dramatic increase in the power and
frequency of beating occurred when exposed to low doses of sodium or potassium hydroxide.
Later in the late 1800s, Hugo Schulz reported that yeast exposed to low doses of mercuric
chloride, iodine, bromine, chromic acid, arsenious acid, formate and salicylic acid experienced
stimulated carbon dioxide emission via fermentation and a decrease at higher doses (Henschler
2006). The term “hormesis”, meaning “to excite” was first coined by Southam and Erhlich who
observed that the extracts from heartwood of red cedar, Thuja plicata Donn ex D. Don, inhibited
metabolism of multiple fungal species when administered at high doses, but enhanced
metabolism of the fungi at low doses (Southam and Ehrlich 1943). Even during this period the
phenomenon of biological stimulation due to low amounts of stress was not unknown. For
example, the concept that “poisons stimulate” was proposed by Hatshepset in 1500 BC; in 1540,
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Paracelsus stated that the dose is everything, meaning that the dose determines something to be
or not to be poisonous. In 1888, Rudolf Arndt, a psychiatrist, author of the book “the basic
biological law” and a passionate propagator of homeopathy and Hugo Schultz together
formulated the concept of low-dose stimulation and high-dose inhibition termed as “ArndtSchultz law” (Henschler 2006). Synonymously, the hormesis concept in the field of bacteriology
was known as “Hueppe’s rule” named after Ferndende Hueppe and in the area of psychological
stress biology as “Yerkes-Dodson Law” (Calabrese et al. 2013). In 1946, Luckey found that
antibiotics stimulate growth in germ free chicken at low doses but not at high doses possibly due
to stress (Luckey 2008). The term “Hormoligosis” was coined by Luckey in 1959 while studying
the effects of antibiotics in adaptation to heat stress. Hormesis has gained widespread attention
only since the mid-1980s (Calabrese 2010).
Broadly, hormesis is thought to occur by direct stimulation hormesis (DSH) or
overcompensation stimulation hormesis (OCSH) (Calabrese and Baldwin 2002, 2003, Calabrese
2010, Calabrese et al. 2013). Initial disruption of homeostasis due to low doses of stressor,
followed by a modest overcompensation to reestablish homeostasis and the adaptive nature of
the process are key features of OCSH (Calabrese and Baldwin 2002). Otherwise similar to
OCSH, the absence of initial disruption of homeostasis is a key feature of DSH. However, the
generality of hormesis across a plethora of stressors and organisms suggests that there is no
specific overriding mechanism (Forbes 2000, Parsons 2000, Calabrese 2010). In general,
hormetic responses have certain characteristics. The most important feature of these responses is
that the magnitude of low-dose stimulation is consistently modest stimulation, reaching a
maximum of 30-60% over control group which can be confused with data variability (Figure
1.1). It takes at least 3-4 stimulatory doses below the threshold to obtain hormetic model-fit
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responses. The width of the hormetic response (stimulatory responses over control) ranges from
10- to 20-fold below the toxicological threshold and peak stimulation occurs at about an average
of 5-fold below the no observable adverse effect level (Calabrese et al. 2013).

Figure 1.1. Dose-response curve depicting the quantitative feature of hormesis
(Calabrese et al. 2013).
There are certain principles generalizing the phenomenon as listed by Calabrese et al.
(2013). Depending on the stressor and the endpoint assessed, the hormetic dose-response curve
will typically come in two forms. Where stimulation in normal function (e.g., endpoints like
survivorship or fecundity) is seen at low doses, but increased dysfunction (e.g., decreased
survivorship or fecundity) is seen at high doses, the curve will take on an inverted U-shaped
(Figure 1.2B) (Calabrese and Baldwin 2002, 2003). Alternatively, there may be responses where
low doses of stressor will reduce dysfunction, but high doses increase dysfunction (Figure 1.2C).
The dose response in this second situation will typically take on a J-shaped curve and is
frequently observed with agents that induce mutations or cause disease at high doses (Calabrese
and Baldwin 2002, 2003). Increased study of hormesis has resulted in development of
3

mathematical/statistical models to describe the hormetic dose response. Two empirical models
that have gained prominence are those developed by Brain and Cousens (1989), and another by
Cedergreen et al. (2005). However, it has
A

been shown that these models do not
adequately fit all hormetic dose-responses and
that more sophisticated models may be
needed in some cases (Belz and Piepho 2012).
Many studies have documented
hormesis with chemical and non-chemical

B

agents/stressors in many organisms from
bacteria to humans using various endpoints
(Calabrese 2010). Hormesis has been
reported widely in insects, particularly of late
(Cutler 2013). For instance, in insecticide
C

toxicology studies: egg production in
Sitophilus granarius (L.) was stimulated
when treated with low doses of DDT (Kuenen
1958); house crickets, Acheta domesticus (L.)
gained weight when exposed to a number of
insecticides at sublethal concentrations
(Luckey 1968); increased survival, larval
weight and rate of development of Podisus
distinctus (Stäl) was observed when subjected

Figure 1.2. Dose-response models: (A)
threshold; (B) inverted U-shaped hormetic; (C)
J-shaped hormetic (Davis and Svendsgaard
1990).
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to sublethal concentrations of permethrin (Magalhaes et al. 2002); and increased F2 production
in Myzus persicae (Sulzer) following exposure to sublethal doses of imidacloprid (Cutler et al.
2009).
The energetic resources being limited in an organism, tradeoffs occur for the expended
investments towards attributes such as increased reproduction, longevity, weight etc (Costantini
et al. 2010). Depending on the number of traits involved, these tradeoffs could be of two kinds
(Agrawal et al. 2010). They are one-trait tradeoff which occurs when there is an opposing
selection on a single trait and a multiple-trait tradeoff which occurs when multiple traits share a
limiting resource. According to the principle of resource allocation, tradeoffs should exist in
hormesis but examples of this are unknown in insecticide models. Also unclear is whether
fitness increases, decreases or is neutral due to hormesis. Hormesis studies supporting increased
fitness (Calabrese and Baldwin 2003, Cutler et al. 2009, Costantini et al. 2010, Costantini et al.
2012) and neutral fitness (Forbes 2000) exist.
Pesticides can provide fast and effective control of pests in integrated pest management
but temporal and spatial drift in insecticide applications could lead to unevenness in their
distribution. This uneven distribution could lead to the exposure of pests and other non-target
insects to sublethal concentrations. Hormesis is significant for pest management since it may be
a mechanism for pest resurgence (Chelliah and Heinrichs 1980, Morse and Zareh 1991, Wang et
al. 2008, Cutler et al. 2009, Cutler 2013), and thus might result in increased crop damage and
additional pesticide treatments, potentially exacerbating non-target impacts, insecticide
resistance development and environmental contamination (Cutler et al. 2009).
There have been only a few detailed examinations into the mechanisms of pesticideinduced hormesis in insects. Surviving populations of insecticide treated areas
5

(organophosphorus and carbamate) possessed greater energy reserves and vigor than untreated, a
hormetic response, in the form of increased total Ca++ and proteins in spruce budworm,
Choristoneura fumiferana (Clemens) (Smirnoff 1983). Using an azadirachtin – Tribolium
castaneum (Herbst) model, it was shown that there was new synthesis and/or suppression of
isoesterases due to increased activity of enzymes or the induction of multiple forms adapted to
stressor that might contribute to hormesis (Mukherjee et al. 1993). A recent study found that
stimulated fecundity in M. persicae in response to sublethal doses of imidacloprid was correlated
with increased Juvenile hormone (JH) III production (Yu et al. 2010), which is essential for
Vitellogenin (Vg) synthesis (Hartfelder 2000). No other work has examined mechanism of
hormesis in insects, despite the fact that these insect-insecticide models offer an excellent
opportunity to “dig deeper” into questions of hormesis mechanisms, both in terms of the
phenomenon in general, but also for more specific applications in pest management (Cutler
2013).
Heat stress-insects have been used to study gene regulation during hormetic phenotypic
response. For example, oxidative stress adaptations (hormesis) in the fruit fly Drosophila
melanogaster Meigen, is achieved by up-regulating protective systems such as the proteasomal
proteolytic pathway to eliminate oxidized proteins (Pickering et al. 2013). Increased longevity
resulted due to heat- and starvation-stress in Oomyzus sokolowskii (Kurdjumov) females (Zhang
et al. 2012), due to heat-stress in Caenorhabditis elegans Maupas (Rodriguez et al. 2012) and in
D. melanogaster (Hercus et al. 2003) is now coupled with gene regulatory mechanisms such as
nuclear factor – κB (NF-κB) (Le Bourg et al. 2012). It is now known that regulation of gene
expression is implicit in hormetic adaptive responses which in turn is the activation of adaptive
cellular stress response pathways assisted by transcription factors such as antioxidant response
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element (ARE), forkhead box O (FOXO), heat-shock factor (HSF) and NF-κB (Son et al. 2010).
The activation of these pathways probably is dictated by specific stimuli induced by stressors.
Insects use the HSF pathway for maintenance of homeostasis. For example, heat treated codling
moth, Cydia pomonella (L.) (Yin et al. 2006) and T. castaneum (Mahroof et al. 2005)
accumulated heat inducible heat shock protein (Hsp)70 resulting in thermotolerance. Other
Hsps in M. persicae are essential for survival and other vital processes such as serving as
chaperones that assist protein folding and stabilization, removal of degraded proteins, and
serving as signaling proteins during immune responses (Ramsey et al. 2007). Generally Hsps
have been shown to be up-regulated after septic injury and microbial infections (Pockley 2003).
Besides heat-induced stress, insects are subjected to other forms of abiotic and biotic
stress. Biotic stress could be due to overcrowding or natural enemies, and abiotic stress could
result from radiation, artificial chemicals, toxicants, or metals. Insects have adapted various
mechanisms to evade, tolerate or resist these conditions. Stress evasion is successfully managed
by migration and especially in insects such as aphids, possible via wing development for flight.
In aphids such as Myzus persicae (Sulzer), of the 31 genes overexpressed in alates (winged
forms) over apterous (non-winged forms), three are predominant: take-out-like (TOL)/JH binding
proteins, olfactory segment D (OSD), and mitochondrial adenine nucleotide translocase (ANT)
(Ghanim et al. 2006). Similar genes are deployed in other insects for similar purposes (Zhang et
al. 1999, Sarov-Blat et al. 2000, So et al. 2000, Rikhy et al. 2003, Wanner et al. 2004).
Hormesis has been attributed to the adaptive-response genes due to long-lasting
epigenetic memory (Scott et al. 2009). Epigenetic inheritance, defined as inherited changes in
gene expression caused by mechanisms other than changes in DNA sequence, plays a vital role
in mediating gene regulation and phenotypic plasticity (Bonasio et al. 2010) that has been
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observed via mechanisms such as transcriptional regulation, posttranslational modification, and
DNA methylation (Zhang and Meaney 2010, Weiner and Toth 2012). DNA methylation
involves the addition of a methyl group onto cytosines in DNA, and is associated with silencing
of gene expression (Bird 2007). In vertebrates, “programming” effects (adaptation) could be
derived from gene-environment interactions that lead to structural alteration of the DNA (Zhang
and Meaney 2010). In insects, insecticide-resistance is associated with amplification and
methylation of esterase genes (Ono et al. 1999, Field 2000, Field et al. 2004). It is suggested that
insects serve as an excellent model system for studying evolution of DNA methylation (Glastad
et al. 2011, Vaiserman 2012).

1.2 Insecticides
Pests may destroy one-third of the world’s food crops (Ware and Whitacre 2004). Insecticides
are powerful tools for control of pest populations as they can be deployed quickly, are often
broad spectrum, and are economical (Frisbie 2006). They are one of the most important tactics
used in insect pest management, with every dollar spent on pesticides providing $4 in returns
(Cooper and Dobson 2007). It is predicted that globally there would be a 50% reduction in crop
production if pesticides were eliminated from current agricultural conditions (National-ResearchCouncil 2000).
Organophosphorus, carbamate, synthetic pyrethroid, and neonicotinoid insecticides
account for approximately three-fourths of global insecticidal sales (Nauen 2006).
Neonicotinoids are now the most important insecticide class in terms of overall sales and use,
having a global market value of 1.6 billion USD per year accounting for 17% global insecticide
market in 2006 (Jeschke and Nauen 2008). Imidacloprid is the leading active ingredient with
widespread use against sucking insects in most countries (Elbert et al. 1998, Nauen et al. 2001,
8

Jeschke and Nauen 2008), mainly aphids, leafhoppers and whiteflies (Elbert et al. 1991, Jeschke
and Nauen 2008), but also defoliating insects such as the Colorado potato beetle (Sladan et al.
2012).
Biochemically, neonicotinoids mimic acetylcholine (Liu and Casida 1993) and bind
irreversibly to postsynaptic nicotinic acetylcholine receptors (nAChRs) in the central nervous
system of insects (Bai et al. 1991, Liu and Casida 1993, Nauen et al. 2001, Jeschke and Nauen
2008). This affinity for nicotinic receptors, which occur in much higher levels in arthropods
compared to vertebrates, accounts for the selectivity of neonicotinoids in favor of mammals
(Mullins 1993, Nauen 1995) and other non-target organisms (Tomizawa and Casida 2003,
Casida and Quistad 2004). Resistance to neonicotinoids does occur and can arise either through
expression of nAChR subtypes, detoxification mechanisms and/or structural alterations of targetsite proteins (Thany 2010). Metabolically, enhanced oxidative detoxification of imidacloprid by
over-expressed P450 monooxygenases can occur (Karunker et al. 2008). Recently it was shown
that amplification of the cytochrome P450 gene is associated with resistance to imidacloprid in
the green peach aphid (Puinean et al. 2010).
Besides neurotoxins, insecticidal compounds that affect developmental processes in
insects have been discovered, mainly the juvenile hormone mimics, ecdysone agonists, and
chitin synthesis inhibitors (Ishaaya and Horowitz 1998). Juvenile hormone (JH) is a very wellstudied insect hormone (Riddiford 1994). It is a sesquiterpenoid manufactured and secreted by
the corpora allata, and neuropeptides synthesized by neurosecretory cells control the secretion of
JH. JH synthesis is inhibited and stimulated by allatostatins and allatotropins, respectively. JH
is present during peak ecdysone titers in preparation for molting but disappears shortly after the
last molt. JH also regulates various reproductive processes (Wyatt and Davey 1996). In aphids

9

it controls sex determination process (Mittler et al. 1979) and high concentration of JH aids in
development of apterous (winged) rather than alate (wingless) females (Mittler 1991). JH III is
the most common form of JH and is derived from a C15 precursor, farnesyl diphosphate (FPP),
an important intermediate of the mevalonate pathway (Schooley et al. 1973) where the
biosynthesis of FPP is catalyzed by FPPS (Zhang and Li 2008). In general, cholesterol is the
end product of this pathway. However, in insects, which do not produce cholesterol, FPP is used
in the production of other end products like JH. In most insects JH levels are controlled by JH
esterase which degrades JH.
Natural and synthetic JH analogues (juvenoids), including fenoxycarb, pyriproxyfen and
methoprene have been designed to cause hyperjuvenism (Williams 1967), although the
molecular mechanism is unclear. In addition, blockers or disrupters of JH biosynthesis through
enzyme inhibition have been identified from natural sources such as precocenes and brevioxime,
and synthetic sources such as fluoromevalonate (Dhadialla et al. 2005). Due to poor efficacy
and/or high toxicity they are not commercially available for pest management. Precocenes I and
II, extracted from Ageratum houstonianum Mill. are powerful antiallatotropins that prevent the
corpora allata from producing JH (Bowers 1976, Bowers et al. 1976).

1.3 Myzus persicae (Sulzer) – Green peach aphid
Myzus persicae is a polyphagous pest that is frequently found in several agroecosystems
especially in areas with a moderate climate (Blackman 1974, Blackman and Eastop 1995, 2000).
Its life cycle involves alternation of parthenogenetic generations in secondary hosts with
migration to the primary host for sexual reproduction (holocyclic). However, various patterns
exist such as obligate parthenogenetic morphs that lack sexual reproduction (anholocyclic),
obligate parthenogenetic morphs that produce only males (androcyclic) and an intermediate kind,
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where parthenogenetic forms produce females that migrate, invade the primary host and then
produce sexual forms (Blackman 1974). Factors affecting the morph production mainly include
availability of the primary host and the adversity of prevailing environmental conditions
(Blackman and Eastop 2000). In general, it has a heteroecious (requires at least two hosts)
holocyclic life cycle (Figure 1.3) in temperate regions where Prunus persica (L.), P. nigra, P.
tanella and peach-almond hybrids act as the primary host. Economically important crops
belonging to about 40 additional families act as secondary hosts (Blackman 1974). Apterous
adults are small-medium sized, whitish green, pale yellow green, mid-green, pink or red
(Blackman and Eastop 1995). Alates of M. persicae have a black central dorsal patch on the
abdomen. Both forms measure 1.2-2.3 mm in length. This aphid probably originated from Asia
like Prunus spp. but currently is worldwide in its distribution.

Figure 1.3. The reproduction cycles of Myzus persicae, the green peach aphid
(www.ucdavis.edu).
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Myzus persicae is a pest of global significance, causing direct feeding damage and
indirect damage through transmission of more than 100 plant viruses (Kennedy et al. 1962,
Blackman and Eastop 2000). This insect is thus subject to numerous insecticides and has in turn
developed resistance to multiple insecticides classes (Blackman and Eastop 2000).

1.4 Objectives and Hypothesis
A large number of basic questions concerning hormesis remain to be answered at the molecular,
individual and population levels. Insects are an excellent model to address such questions: they
are easily reared at high numbers; there is extensive background work in insect ecology,
toxicology, biochemistry and molecular biology; and there few ethical issues when using them in
experiments. Moreover, hormesis has practical relevance within in the context of crop protection
and insect pest management (Cutler 2013).
Hormesis is a general phenomenon that occurs in an organism exposed to any stressor
(Calabrese 2010). However, not all chemicals that are toxic induce stimulation at low doses
(Belz et al. 2008). Further, it is not clear whether hormesis manifests in insects the same way
(i.e., endpoint expression) when exposed to chemical stressors with very different modes of
action. The principle of resource allocation predicts tradeoffs during changes in physiological
responses to stress. When in stressful conditions an organism will allocate most resources to
critical functions, and the remaining energy to relatively less important processes (Sibly and
Calow 1986).
Chemical hormesis was studied using the M. persicae – potato model and two chemical
stressors, imidacloprid and precocene I, compounds that are lethally toxic to M. persicae but
with very different modes of action. As discussed, M. persicae reproduces rapidly and has
asexual, parthenogenetic reproduction, which limits heterogeneity. It is easy to rear, and
12

economically important to a large number of crops, including potato. Green peach aphid is well
studied with many investigations of insecticide toxicology and molecular biology, and related
genes have been identified for this insect.
Useful targets to examine, as they relate to the various doses of chemical stressors in and
around the stimulation peak of the hormetic curve, are the mevalonate pathway and its related
enzymes like FPPS (Farnesyl diphosphate synthase). These are important regulators in JH
production, which has strong implications for insect development and reproduction. JH and JHrelated genes (JH precursor gene FPPS1; TOL /JH binding proteins (Brisson 2010)), M. persicae
genes involved in wing dimorphisms (OS-D) (imidacloprid induced stimulation has been
associated with wing dimorphism in M. persicae (Wang et al. 2008)), and gene involved in
respiration (ANT (Ghanim et al. 2006)) could be considered as a indicators for the occurrence of
this phenomenon. Analyzing genes in M. persicae such as those related to stress response
(Hsp60), dispersal (OSD, TOL, and ANT) and or development (FPPS 1) following exposure to
sublethal concentrations of different insecticide stressors could provide a clearer understanding
of molecular foundations of chemical hormesis.
1.4.1 Hypotheses
The overriding hypothesis tested in this thesis research is that insecticide-induced
hormesis can manifest in insects at multiple levels. I predicted that, based on previous
experiments, hormetic responses would be seen in individual insects, but might vary with life
stage and generation. I also predicted that hormetic effects could be seen at the population level,
under exposure scenarios one might expect to encounter in an agricultural situation. Finally, I
expected that phenotypic hormetic responses seen in insects could be explained by changes in
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expression of genes linked to stress responses and corresponding life history traits such as
fecundity, longevity etc.
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2

TRANSGENERATIONAL SHIFTS IN REPRODUCTION HORMESIS
IN GREEN PEACH APHID EXPOSED TO LOW CONCENTRATIONS
OF IMIDACLOPRID

2.1

ABSTRACT

Hormesis is a biphasic phenomenon that in toxicology is characterized by low-dose stimulation
and high-dose inhibition. It has been observed in a wide range of organisms in response to many
chemical stressors, including insects exposed to pesticides, with potential repercussions for
agriculture and pest management. To address questions related to the nature of the doseresponse and potential consequences on biological fitness, I examined trans-generational
hormesis in the green peach aphid, Myzus persicae, when exposed to sublethal concentrations of
the insecticide imidacloprid. A hormetic response in the form of increased reproduction was
consistently observed and a model previously developed to test for hormesis adequately fit my
data. However, the nature of the dose-response differed within and across generations depending
upon the duration and mode of exposure. Decreased reproduction in intermediate generations
confirmed that fitness tradeoffs can be a consequence of the hormetic response. However,
recovery to levels of reproduction equal to that of controls in subsequent generations and
significantly greater total reproduction after four generations indicated that biological fitness was
increased by exposure to low concentrations of the insecticide, even when insects were
continuously exposed to the stressor. This was especially evident in a greenhouse experiment
where the instantaneous rate of population increase almost doubled and total aphid production
more than quadrupled when aphids were exposed to potato plants systemically treated with low
amounts of imidacloprid. My results show that although fitness tradeoffs do occur with the
hormetic responses, this does not necessarily compromise overall biological fitness.
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2.2

INTRODUCTION

Hormesis is a biological phenomenon whereby a stressor can have inhibitory effects at high
exposure levels, but at low levels can stimulate biological processes (Calabrese 2008, Mattson
2008). It has been observed in a plethora of organisms responding to a wide range of chemical,
physical, and biological stressors. Oddly, although the consideration of a time component is
thought to be critical in understanding hormesis (Calabrese and Baldwin 2002, Carelli and
Iavicoli 2002), the vast majority of hormesis studies incorporate only a single time point into
their experimental designs (Calabrese 2005, 2008).
From an evolutionary perspective, only through inclusion of multiple time points in
experimental designs can hypotheses related to biological fitness be fully examined. The
principle of allocation states there are fitness tradeoffs in the allocation of resources among
different physiological processes. Increased energy allocation to certain processes (possibly
observed as hormesis) is predicted to result in decreased allocation of energy to other processes
or traits, and shifts over time in tradeoff expression are expected. Differences in the expression
of tradeoffs due to hormesis might vary within and across generations depending on the exposure
scenario or duration. However, there is debate as to whether the hormetic response can translate
into increased overall fitness, or if there are inherent tradeoffs that render the response to be
effectively neutral over the long term (Forbes 2000, Parsons 2000, 2001, Costantini et al. 2010,
Jager et al. 2012). It has been suggested that in certain situations and for certain species
hormesis might be less energetically demanding than expected, and may come at no fitness cost,
even if a stressor is not encountered again or encountered at low levels (Costantini et al. 2010).
The consequences of hormetic responses on biological fitness have been observed in
invertebrates over multiple generations, with variable results. When exposed to food and
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temperature stress, Hydra magnipapillata Ito asexual reproduction was positively affected
without clear tradeoffs, suggesting stresses can have a beneficial impact on the fitness-related
phenotypical traits in this species (Schaible et al. 2011). Humic substances that act as mild
chemical stressors modified life-history traits of the cladoceran Moina macrocopa (Straus),
favoring its persistence in fluctuating environments through increased lifespan and promotion of
transgenerational resistance to salt stress (Suhett et al. 2011). When Daphnia magna Straus was
exposed to low but field-relevant concentrations of fluoxetine, fluvoxamine, and 4-nonylphenol,
there was increased offspring production and/or juvenile developmental rates, with different
responses depending on life stages and food availability (Campos et al. 2012). On the other
hand, 21-day exposures of Daphnia carinata King to sublethal concentrations of chlorpyrifos
resulted in reproductive hormetic effects in the second generation, but reduced reproduction in
the first generation and increased pesticide sensitivity in the third generation (Zalizniak and
Nugegoda 2006). Similarly, when the rotifer Brachionus calyciflorus Pallas was exposed to low
concentrations of dimethoate, increased population growth of the F0 generation was followed by
reduced population growth of the F1 and F2 generations, suggesting long-term fitness was
compromised by the initial hormetic response (Guo et al. 2012).
Degradation of pesticides over time and uneven pesticide distribution within the plant
canopy make it a virtual certainty that insects will be exposed to low pesticide concentrations in
most agricultural fields. Hormesis has been shown to accelerate pest population growth, and
pesticide-induced arthropod pest resurgences have been well documented (Dittrich et al. 1974,
Chelliah et al. 1980, Morse and Zareh 1991, Morse 1998, Cutler 2013). Hormesis may also have
ramifications for insecticide resistance development (Guedes et al. 2010), and applications for
management of beneficial insects (Zanuncio et al. 2003, Guedes 2009, Ramanaidu and Cutler
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2013). In the present study I examined the hormetic and transgenerational effects of exposure to
sublethal concentrations of imidacloprid on green peach aphid, Myzus persicae (Sulzer). Myzus
persicae is a major worldwide insect pest that is useful in the study of pesticide-induced
hormesis in insects (Cutler et al. 2009, Yu et al. 2010). Ecologically it is considered an rselected species that occupies unstable environments (e.g., agro-ecosystems), has high fecundity,
and reproduces quickly. I hypothesized that duration and route of exposures to sublethal
concentrations of the pesticide would differentially affect the hormetic response in this insect. I
expected that continuous exposure to the stressor would result in prolonged hormesis (multiple
generations) at lower concentrations, whereas temporary exposure to the stressor would result in
short-term hormesis (single generation) at higher concentrations. Through laboratory and
greenhouse experiments, effects were studied for up to four generations. I also predicted that
although a transgenerational shift in the hormetic response and biological tradeoffs would occur,
and might vary with the exposure scenario, there would be no effects on the overall fitness of this
r-selected species.
2.3

METHODS AND MATERIALS

2.3.1 Plant and insect maintenance
Potato, Solanum tuberosum L. (cv. Kennebec), was grown in 12.5 cm diameter pots containing
Pro-Mix® (Halifax Seed, Halifax, Nova Scotia, Canada) potting soil. Plants were watered as
needed. Foliage from these plants was used for insect rearing and experiments. Myzus persicae
was obtained from a wild population infesting broccoli plants (Brassica oleracea L.) in a
greenhouse at the Faculty of Agriculture, Dalhousie University. Aphid cohorts were maintained
on excised leaves in clear plastic boxes (37 L x 24 W x 14 H cm) lined with deionized watermoistened paper towels. Boxes were held in a growth chamber (22 ± 2o C, 16:8 L:D, 65 ± 5 %
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RH ) and every second day a layer of freshly excised leaves was placed on one end of the box.
The infested foliage on the opposite end was discarded when ca. 80% aphids moved to fresh
foliage. Paper towels were replaced every 10 days.
2.3.2 Chemicals
Imidacloprid (Admire® 240 SC, 240 g a.i. L-1; Bayer CropScience Canada, Calgary, Alberta,
Canada) was suspended in deionized water to obtain a 1000 µg a.i. L-1 stock solution. Only the
working solutions contained 0.15% Triton X 100 (BDH Chemicals, Toronto, Ontario, Canada) as
an emulsifier. Sublethal insecticide concentrations (as determined in preliminary bioassays) of
0.025, 0.1, 0.25, 1.0, 2.5, 10, and 25 µg a.i. L-1 were used in leaf-dip exposure experiments, and
concentrations of 0.2, 0.6, 2.0, 6.0, 20, 60 and 200 µg a.i. L-1 were used in topical exposure
experiments. Controls in these experiments consisted of water and 0.15% Triton only. For
greenhouse experiments, insecticide solutions of 0 (control), 0.025, 0.1, 0.25, 1.0, 2.5, 10, and 25
µg a.i. L-1 were prepared in distilled water. Fresh solutions were prepared for every bioassay
replicate.
2.3.3 Leaf-dip exposure
Potato leaf discs (1.8 cm diameter) were excised using a stainless steel cork borer. Using
forceps, the leaf discs were dipped in control or insecticide solutions for 5 seconds, air-dried for
1 h, and then placed individually in 5.5 cm Petri plates lined with a dry Whatman No. 1 filter
paper. In order to avoid cross-contamination, controls were treated first followed by sequential
treatment of lowest to highest concentrations of insecticide. Five first instar M. persicae (ca. 24
h old) were transferred to each treated leaf disc. Dishes were covered with a Petri plate lid, and
placed in sealable plastic containers and held in growth chamber at 22 ± 2o C, 16:8 L:D, and 65 ±
5 % RH.
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Depending on the experiment, leaf discs were replaced every second day according to
one of two scenarios: a continuous exposure to treated leaf discs where founding first instars
were exposed to and reared on treated leaf discs for four generations (G0-G3); or a one-time
treatment where founding first instars were exposed to treated leaf discs for two days and
thereafter reared on untreated leaves for four generations. In all experiments nymph production
was recorded every second day. In the continuous exposure experiment, adult aphid length and
longevity were also recorded in the first experimental block. The length of 72 h old adults from
each generation was measured from the anterior end of the head to the tip of the distal abdominal
segment using a microscope and ocular micrometer.
For each exposure scenario, the experiment was a randomized complete block design, with
imidacloprid concentration being the main factor of interest. Each bioassay had five
imidacloprid concentrations, and for each there were five Petri dishes with five aphids per dish.
Each bioassay was considered an experimental block, and was conducted three times. Repeated
measures analyses were conducted using Proc Mixed in SAS (SAS 2008), with the error terms
assumed to be normal with constant variance but not to be independent. Autoregression (AR (1))
represented the appropriate type of dependence for covariance structure. Residuals were used to
verify the assumptions of normal error distribution and constant variance. Data were logtransformed as needed to meet the assumptions. If means were significantly different, they were
separated using a LSD test (α = 0.05). Backtransformed means are reported as required.
2.3.4 Topical exposure
Five first instars M. persicae were placed in a clean glass Petri plates (9 cm diameter) and
sprayed in a Potter tower (Burkard Scientific, Uxbridge, United Kingdom) at 78 kPa with 2 ml of
control or insecticide solution. After each treatment, aphids were transferred to plastic Petri
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plates (5.5 cm diameter) lined with Whatman No. 1 filter paper containing two untreated potato
leaf discs (1.8 cm diameter). Leaf discs were replaced every second day with freshly excised
leaf discs. Holding conditions were as described above, except aphids were maintained for two
generations only. The experimental design and statistical analysis was as in the leaf-dip
exposure experiment.
2.3.5 Exposure to systemically treated plants
Potatoes were sown in 7.5 cm diameter pots containing Pro-Mix. Approximately two weeks
after germination (plant height about 5-7 cm), 50 ml of distilled water or insecticide solution was
poured on to the soil surface. Three days later, five first instar M. persicae were randomly
collected from the stock colony and transferred on to a single randomly selected leaf in the
middle of the potato plant. Immediately after transfer of aphids, plants were individually
covered with perforated plastic bread bags containing ca. 4-5 holes per cm-2 (Prism Pak Inc.,
Pennsylvania, USA) and secured with an elastic band around the top of the pot. There were
three replicates per treatment. Pots were arranged in a completely randomized design in a
greenhouse and watered as needed for 21 days. After 21 days in the greenhouse, the total
number of aphids per plant was counted.
The greenhouse experiment was repeated three times, and each repetition was considered
an experimental block in time. For each potted plant, the instantaneous rate of population
increase (ri) was determined as:

N 
ln  t 
N
ri   0 
t
where Nt was the final number of aphids per plant, N0 was the initial number of aphids
introduced and t was the number of elapsed days during the experiment (Walthall and Stark
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1997, Stark and Banks 2003). Calculated ri values for each test plant were subjected to mixed
model analysis of variance using Proc Mixed followed by a LSD mean separation test (α = 0.05)
(SAS 2008). Treatment was a fixed factor, and plant and experimental block were considered
random factors in the model.
2.3.6 Dose-Response Modeling
In addition to analysis of variance methods, I used a four-parameter logistic model developed by
Cedergreen et al. (2005) to test for hormesis and to assess the dose at which maximal hormetic
response occurs. This was done for G0 and G1 fecundity data of the continuous leaf-dip
exposure experiment, and the whole plant greenhouse experiment. The following equation was
used:

y c





d  c  f exp  1 / x
1  exp bln x   ln e

where d represents the untreated control; α governs the rate at which the hormetic effect
manifests; c is the lower limit (0) of the dose-response curve; b represents the steepness of the
curve after the maximal hormetic effect; e provides a lower bound on the ED50 level; and f
measures the rate of stimulation. Parameter f cannot be considered a direct representation of the
extent of hormesis, but f > 0 suggests presence of hormesis. The statistical test for the presence
of hormesis is represented by analyzing if f > 0 (P < 0.1) (Cedergreen et al. 2005).
Normal distribution and constant variance assumptions on the error terms were verified by
examining the residuals of reproductive responses. Data that did not meet these assumptions
were square-root transformed (

) before fitting to the nonlinear model. The dose-

response curve with hormetic term f was used and all analyses were done using R statistical
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software with an add-on package drc (http://www.bioassay.dk) (Cedergreen et al. 2005). All
data were described with models using a lower limit of zero.
2.4

RESULTS

2.4.1 Leaf-dip exposure
Exposure to sublethal concentrations of imidacloprid on leaf discs had a significant effect on M.
persicae fecundity (Table 2.1). When exposed to treated leaves, the treatment effect was
significant in the first three generations but not the fourth, irrespective of whether the treatment
exposure was continuous or only for the first two days of the experiment. Except in the
foundress generation (G0) of the continuous exposure scenario, there was no significant effect of
bioassay replicate in any experiment.
Continuous Exposure. When first instars were continuously exposed to treated leaf discs,
significant stimulations in fecundity were noted in G0 and G1 at different concentrations (Table
2.2). However, these stimulations were absent in G2 and G3. In this exposure scenario, peak G0
reproductive stimulation occurred at 0.025 µg L-1 and resulted in a doubling of the number of G0
nymphs compared to the controls. In G1 the peak hormetic response shifted to a higher
concentration of 0.1 µg L-1. Continuous exposure to 10 µg L-1 of imidacloprid resulted in G0
fecundity similar to that seen in the control, reduced fecundity in G1 and G2, and fecundity
similar again to that of the control in G3. By the end of the experiment, the total number of
progeny produced was significantly greatest in the 0.025 and 0.1 µg L-1 treatments, with progeny
output in other treatments being equal to or less than that of the control (Table 2.2).
With continuous exposure, treatment had no effect on aphid longevity except in G1 (G0:
F7,32 = 1.32; P = 0.27; G1: F7,32 = 2.5; P = 0.036; G2: F7,32 = 1.77; P = 0.13; G3: F7,32 = 0.51; P
= 0.82). However, there were strong differences in adult aphid longevity across generations
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Table 2.1. P-values for a multigenerational (G) experiment examining effects of imidacloprid
concentration and experimental replicate (blocking factor) on Myzus persicae fecundity under
laboratory conditions. Effects requiring further multiple means comparisons are in bold.
Source of Variation

Generation

Total

G0

G1

G2

G3

Concentration

0.0001

0.0001

0.0001

0.5343

0.0001

Bioassay replicate

0.0001

0.0547

0.0710

0.3712

0.7853

Concentration

0.0001

0.0001

0.0001

0.4129

0.0001

Bioassay replicate

0.2950

0.4101

0.4993

0.1082

0.8371

Concentration

0.0001

0.0003

-

-

0.0001

Bioassay replicate

0.4758

0.5065

-

-

0.6562

Continuous leaf-dip exposure

One-time leaf-dip exposure

One-time topical exposure
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(F3,128 = 17.58; P < 0.0001) (Figure 2.1A). There was no significant treatment-generation
interaction on adult longevity (F21,128 = 1.51; P = 0.083), but a trend was evident; whereas
exposure to concentrations of 0.025 and 0.1 µg L-1 tended to increase the longevity of adults
above control levels in G0 and G1, longevity seemed to be reduced at these concentrations in G2
and G3 (Figure 2.1A).
With continuous exposure, there were significant treatment effects on the body length of
G0 – G2 adults (G0: F7,42 = 4.47; P = 0.0009; G1: F7,57 = 2.97; P = 0.010; G2: F7,42 = 3.75; P
= 0.0031) but not G3 adults (F7,42 = 0.91; P = 0.51). Adults exposed to 25 µg L-1 imidacloprid
were shorter than controls, but no significant hormetic/stimulatory effect on adult M. persicae
length was seen at any concentration or generation. There were also significant differences in
body length across generations (F3,162 = 2.91; P = 0.036) (Figure 2.1B), but no significant
treatment-generation interaction effect on adult body length (F21,162 = 0.98; P = 0.49).
Two-Day Exposure. In the experiment where only G0 foundress aphids were exposed to
treated leaf discs for two days, aphid fecundity was stimulated at imidacloprid concentrations of
0.25, 1.0 and 10 µg L-1 in G0, with 2-3 times more progeny being produced compared to controls
(Table 2.3). In G1, only the 0.1 and 1.0 µg L-1 treatments had stimulated aphid reproduction,
approximately 1.5-fold above that seen in the control. By G2, no imidacloprid treatments were
stimulatory, and the 0.25 and 10 µg L-1 treatments, which were stimulatory in G0, gave fewer
progeny than the control. Unlike the continuous exposure scenario, the lowest concentration
used (0.025 µg L-1) resulted in 3-fold lower nymph production than controls in the first
generation, and gave the lowest overall fecundity (Table 2.3). By the end of the experiment,
only the 1.0 µg L-1 treatment produced more aphids than the control (Table 2.3). G0 nymphs
exposed to leaf discs treated with 25 µg L-1 imidacloprid did not survive to adulthood.
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2.4.2 Topical Exposure
Topical exposure to imidacloprid had a significant effect on M. persicae reproduction, but there
was no difference among bioassay replicates (Table 2.1). A significant increase in reproduction
over the control was found at 0.6 µg L-1 in G0, but fecundity for all other treatments and time
points was equal to or below that of the control (Table 2.4).
2.4.3 Exposure to Systemically Treated Plants
The concentrations of imidacloprid applied to soil had a significant effect on ri (F7,62 = 6.59; P <
0.0001) and total number of M. persicae per plant (F7,62 = 17.28; P < 0.0001). The difference
among experimental blocks was significant for ri (F2,62 = 3.27; P = 0.045), but there was no
block effect for total number of aphids per plant (F2,62 = 1.95; P = 0.15). Only the 0.25 µg L-1
treatment resulted in a ri significantly greater than the control, although both the 0.25 and 2.5 µg
L-1 treatments resulted in significantly more total aphids per plant after 21 days. The 1.0 µg L-1
treatment had a significantly lower ri and fewer total aphids per plant than the control (Table
2.5).
In all experiments, depending on the exposure scenario, we found that fecundity outputs
at concentrations just below or above the hormetic peak concentration, were significantly below
those in the control, but increased again at higher concentrations to levels equal to or exceeding
the control (Tables 2.2-2.5). I found these effects to be highly reproducible in my experiments.
2.4.4 Dose-Response Modeling
When c was set to zero and α set at 0.25, f was significantly different from zero for fecundity of
G0 (P < 0.001) and G1 (P = 0.0637) M. persicae adults exposed continuously to sublethal
concentrations of imidacloprid, and for ri (P = 0.0003) with exposure to potato plants treated
with sublethal concentrations of imidacloprid (Table 2.6). The model found that maximum
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Table 2.2. Least-squares means of multigenerational (G0, G1, G2 and G3)a fecundity following
continuous exposure of Myzus persicae to sublethal concentrations of imidacloprid.
Concentration (µg L-1)

Generationb

Total

G0

G1

G2

G3

0

4.32 bc

4.03 cd

4.01 a

4.43 a

94.52 b

0.025

8.55 a

6.54 ab

1.22 bc

2.27 ab

117.45 a

0.1

5.64 b

8.33 a

1.54 b

2.83 ab

122.14 a

0.25

3.32 cd

2.63 de

1.27 bc

2.53 ab

77.72 bc

1.0

4.10 bc

2.55 e

3.86 a

2.23 ab

90.39 b

2.5

2.82 d

5.30 bc

0.76 cd

3.19 ab

90.90 b

10

3.86 cd

1.82 ef

0.50 d

2.31 ab

63.03 c

25

0.63 e

1.10 f

0.63 d

1.99 b

32.45 d

SEM

0.09

0.12

0.11

0.21

6.68

a

24 h old nymphs were placed on treated potato leaf discs and fecundity of each resulting adult
was recorded every 2 days until it died. In succeeding generation, 5 randomly selected 24 h old
nymphs were tracked and fecundity of the resulting adult was recorded every 2 days until it died.
G0 is initial generation, G1 is progeny of G0, G2 is progeny of G1, and G3 is progeny of G2.
Leaf discs were replaced every two days over all generations.
b

Progeny per adult were log transformed before analysis. Backtransformed means are presented.
Values followed by different letters are significantly different (LSD, α = 0.05). SEM values are
not backtransformed.
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Table 2.3. Least-squares means of multigenerational (G0, G1, G2 and G3)a fecundity following
two-day exposure of Myzus persicae to sublethal concentrations of imidacloprid.
Concentration (µg L-1)

Generationb

Total

G0

G1

G2

G3

0

3.68 de

3.05 b

2.99 a

2.60 a

61.15 b

0.025

1.13 f

1.10 c

1.57 b

1.90 a

38.13 c

0.1

4.54 cd

5.07 a

3.09 a

1.83 a

68.17 b

0.25

6.22 bc

3.52 ab

1.17 b

1.78 a

59.98 b

1.0

8.61 ab

5.30 a

2.78 a

2.44 a

86.88 a

2.5

2.55 e

1.20 c

1.16 b

2.31 a

41.56 c

10c

10.52 a

2.56 b

1.43 b

1.61 a

72.89 ab

SEM

0.11

0.13

0.13

0.12

5.33

a

24 h old nymphs were placed on treated potato leaf discs and fecundity of each resulting adult
was recorded every 2 days until it died. In succeeding generation, 5 randomly selected 24 h old
nymphs were tracked and fecundity of the resulting adult was recorded every 2 days until it died.
G0 is initial generation, G1 is progeny of G0, G2 is progeny of G1, and G3 is progeny of G2.
G0 nymphs were exposed to treated discs for two days and all aphids were thereafter exposed to
untreated leaf discs.
b

Progeny per adult were log transformed before analysis. Backtransformed means are presented.
Values followed by different letters are significantly different (LSD, α = 0.05). SEM values are
not backtransformed.
c

G0 nymphs did not survive to adulthood when treated with 25 µg L-1. This concentration was
not included in the analysis.
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Table 2.4. Least-squares means of two-generational (G0 and G1)a fecundity following topical
exposure of Myzus persicae to sublethal concentrations of imidacloprid.
Concentration (µg L-1)

Generationb

Total

G0

G1

0

3.65 b

3.37 a

35.02 ab

0.2

1.14 e

1.01 c

12.72 d

0.6

7.69 a

1.09 cd

41.86 a

2

2.01 cde

2.39 ab

23.64 c

6

1.85 de

1.51 bcd

19.71 cd

20

1.41 de

2.36 ab

23.72 c

60

2.40 bcd

2.77 a

27.96 bc

200

3.21 bc

2.04 abc

29.08 bc

SEM

0.13

0.14

3.49

a

24 h old nymphs were topically treated and thereafter reared on untreated potato leaf discs.
Fecundity of each resulting adult was recorded every 2 days until it died. In the succeeding
generation, 5 randomly selected 24 h old nymphs were tracked and fecundity of the resulting
adult was recorded every 2 days until it died. G0 is initial generation, G1 is progeny of G0.
b

Progeny per adult were log transformed before analysis. Backtransformed means are presented.
Values followed by different letters are significantly different (LSD, α = 0.05). SEM values are
not backtransformed.
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Table 2.5. Least-squares means of instantaneous rate of increase (ri) and total number of aphids
after 21 days following infestation of Myzus persicae on to potato plants treated with sublethal
concentrations of imidacloprid in a greenhouse.
Concentration (µg L-1)

Totala

ri

0

0.094 bcd

38.53 cd

0.025

0.101 bcd

42.27 bcd

0.1

0.062 de

21.96 de

0.25

0.167 a

173.34 a

1.0

0.034 e

8.93 e

2.5

0.121 ab

72.28 b

10

0.112 bc

54.81 bc

25

0.077 cde

43.30 bcd

SEM

0.016

0.72

a

Data were square root transformed before analysis. Backtransformed means are presented.
SEM values are not backtransformed.
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A
G0
G1
G2
G3

Mean adult longevity (days)

20
18
16
14
12
10
8
6

B
2.2
2.1

Mean length (mm)

2.0
1.9
1.8
1.7
1.6
1.5
0

0.025

0.1

0.25

1

2.5

10

25

Concentration of imidacloprid (g L-1)

Figure 2.1. Multigenerational effects of low doses of imidacloprid on aphids
Multigenerational effects of continuous exposure to sublethal concentration of imidacloprid on
the (A) longevity and (B) length of adult M. persicae.
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stimulation (9.42 nymphs per adult) was obtained at 0.08 µg imidacloprid L-1 in G0, and at 0.18
µg imidacloprid L-1 (8.05 nymphs per adult) in G1 of aphids. The maximum ri of 0.123 was
obtained at 1.44 µg imidacloprid L-1 for M. persicae exposed on whole potato plants (Figure
2.2).
2.5

DISCUSSION

One of the key questions for scientists that study hormesis within the context of environmental
toxicology is, what is the consequence of the hormetic response on biological fitness (Forbes
2000, Parsons 2000, 2001, Costantini et al. 2010, Jager et al. 2012)? Using the aphid M.
persicae and insecticide imidacloprid as a model, I implemented various exposure scenarios over
multiple generations as a unique approach to examine the temporal nature and biological
consequences of the hormetic dose-response. When first instar M. persicae were continuously
exposed to sublethal concentrations of imidacloprid on leaf discs for four generations, fecundity
doubled in the first two generations at certain concentrations, with a shift to a higher peak
hormetic concentration from the first to second generation. This was countered by significant
reductions in fecundity at the same concentrations in third generation adults, and recovery to
fecundity outputs equal to that of controls in the fourth generation. This demonstrates that
tradeoffs in resource allocation occurred (Forbes 2000, Zalizniak and Nugegoda 2006, Guo et al.
2012, Jager et al. 2012).
In an attempt to identify potential intra-generational tradeoffs, aphid length and longevity
were recorded for one experimental block in the continuous exposure scenario. No inhibition of
longevity or length was found at the hormetic concentrations in the first two generations, and
there was a trend (not significant) towards stimulation of longevity. Tradeoffs might have
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Table 2.6. Regression parameters of model-fitting hormetic responses (G0, G1 fecundity and ri)
in Myzus persicae exposed to sublethal concentrations of imidacloprid.
Generation

Parametera

Estimate

SE

t-value

P

G0b

B

0.483

0.031

15.754

0.0000

D

7.721

0.784

9.850

0.0000

E

0.003

0.001

3.852

0.0001

F

327.710

63.221

5.184

0.0000

RSE

6.064

Df

476

B

0.424

0.037

11.451

0.0000

D

2.692

0.194

13.902

0.0000

E

0.421

0.514

0.818

0.4140

F

10.553

5.677

1.859

0.0637

RSE

1.643

Df

476

B

0.238

0.033

7.286

0.0000

D

0.782

0.017

45.954

0.0000

E

672.740

572.848

1.174

0.2466

F

0.475

0.121

3.934

0.0003

RSE

0.043

Df
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G1bc

ricd

a

b, steepness of the curve after the maximal hormetic effect; d, untreated control; e, lower bound
on the ED50 level; f, rate of stimulation; RSE, residual standard error; df, degrees of freedom
(Cedergreen et al. 2005).
b

denotes fecundity of M. persicae adults continuously exposed to sublethal concentrations of
imidacloprid.
c

data were square-root transformed before analysis.

d

ri is the instantaneous rate of increase of a M. persicae population exposed to low-dose
imidacloprid treated potato plants.
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Figure 2.2. Hormesis model-fitting of low doses of imidacloprid on fecundity and ri of aphids
Four-parameter biphasic model (Cedergreen et al. 2005) for reproductive hormetic responses of
M. persicae in an initial (A) and second (B) generation when continuously exposed to sublethal
concentrations of imidacloprid on potato leaf discs, and (C) the instantaneous rate of increase (ri)
of M. persicae populations developing on whole potato plants treated with sublethal
concentrations of imidacloprid. * indicates data were square-root transformed before analysis.
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occurred in these initial generations through other phenotypic or physiological traits not
measured. Concurrent hormetic responses of multiple traits without obvious biological tradeoffs
has similarly been reported in eucalyptus plants exposed to low dose glyphosate (Velini et al.
2008), and M. persicae exposed to low concentrations of imidacloprid (Cutler et al. 2009).
However, I did observe differences among generations with these endpoints, particularly with a
tendency towards reduced longevity in generations three and four. This likely reflects a fitness
tradeoff experienced due to increased reproductive outputs (hormesis) and energy expenditures
in early generations (Forbes 2000, Jager et al. 2012).
Despite significantly reduced reproductive outputs and tradeoffs at hormetic
concentrations, the total number of aphids at the end of the continuous exposure experiment was
significantly greater than that of controls. Total reproductive outputs equal to or exceeding
control levels were found at hormetic concentrations in my other experiments as well. This was
especially the case in the greenhouse experiment where treatment of plants with 0.25 µg
imidacloprid L-1 resulted in a significant increase in ri and 4.5-fold more total aphids than in
controls. Previous greenhouse experiments involving sublethal concentrations of imidacloprid
and M. persicae that did not detect hormesis (Janmaat et al. 2011) probably used inappropriate
concentrations to detect the effect.
These results suggest there was no long-term fitness cost for the stimulatory response in
early generations, supporting one of my hypotheses and results of other multigenerational studies
with invertebrates exposed to sublethal amounts of stress (Schaible et al. 2011, Suhett et al.
2011, Campos et al. 2012). Although there may be negative energetic consequences (tradeoffs)
associated with a hormetic response, energy intake could be slightly increased when an organism
is exposed to low levels of a stressor (i.e. in the ‘hormetic zone’) to optimize tradeoffs between
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self-maintenance and other activities, such as reproduction (Costantini et al. 2010). The
hormetic response might confer a new/adapted normal state that in essence primes or conditions
the organism to better cope with higher levels of the stressor when encountered on subsequent
occasions (Costantini et al. 2010, Schaible et al. 2011, Suhett et al. 2011). I speculate that with
continued exposure to low levels of the stressor, late generation aphids could better survive
imidacloprid exposure than unexposed individuals. This could manifest through induced upregulation at hormetic concentrations of detoxification enzymes such as esterases (Mukherjee et
al. 1993) or developmental enzymes and proteins (Smirnoff 1983). Ultimately, hormetic
responses to stress in insects could be a precursor for insecticide resistance development as stress
is a general enhancer of mutation rates, which might include mutations leading to pesticide
resistance (Gressel 2011).
Dose and temporal patterns of hormesis were somewhat different when founding nymphs
were exposed to imidacloprid on leaf discs for only 2 days. At the lowest concentration of 0.025
µg L-1, intra-generational and overall reproduction was well below that of the control. Low
reproduction at the lowest concentration was also seen in the topical exposure and greenhouse
experiments, and I had previously observed this in continuous exposure leaf-dip experiments (MM.A. unpublished data). High first generation fecundity at 0.025 µg L-1 under continuous
exposure resulted in a doubling in reproductive output when insects reached adulthood. In
contrast, with the shorter 2-day or topical exposure, by the time 0.025 µg L-1 treated nymphs
reached adulthood there was no longer any exposure to the insecticide and the hormetic response
to the stressor was complete. Thereafter, the insects entered the tradeoff phase of the response,
represented by lower reproductive output. This supports my prediction that short-term exposure

36

to the stressor would result in short-term hormesis expressed at higher concentrations relative to
that seen with continuous exposure to the stressor.
Hormetic responses occurred at several concentrations in aphids of the first two
generations following the 2-day exposure, at concentrations higher than in the continuous
exposure, again reflecting what I believe is the insect’s ability to better tolerate higher
concentrations when exposed for shorter periods. The occurrence of pre-hormetic toxicity
(reduced fecundity) that I observed with short-term exposure has previously been observed in
insects (Luckey 1968) and in plants (Belz and Piepho 2012). In my experiments, at the lowest
imidacloprid concentration, nymphs might have been able to allocate an adequate amount of
resource towards coping with the stress before reaching adulthood. If this were the case, by the
time these nymphs reached adulthood, they would have been in the tradeoff phase of the
response, observed as lowered reproduction in adults. This was not seen in the continuous
exposure scenario because aphids were coping with the stressor right up to adulthood, and the
tradeoff was not observed until subsequent generations following hormesis. With short-term
exposure at higher concentrations, nymphs required more resources and time to cope with the
stress, resulting in hormesis and higher reproduction in first generation adults. Low-dose
stimulatory effects seen as hormesis are likely not the only toxicological phenomenon occurring
in the low dose range (Sinkkonen et al. 2011, Belz and Piepho 2012, Cutler 2013).
The four-parameter logistic model developed by Cedergreen et al. (2005) detected
reproductive hormesis in first and second generation aphids exposed continuously to
imidacloprid on leaf discs, and in ri from my greenhouse experiment, corroborating my analysis
of variance and population growth analyses. The predicted hormetic peak was slightly lower
than that found in my experiments. This is probably partially because the model requires 4-5
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hormetic doses to adequately describe the hormetic response (Cedergreen et al. 2005), whereas
my data allowed for only 1-2 hormetic doses. Although the model provides a significant fit for
hormesis, I feel it masks certain results in some of the data. Most importantly, the current model
does not adequately address the pre-hormetic toxicity that I characterized as “dips” in the doseresponse, a limitation that has previously been noted in statistical models that describe hormesis
(Belz and Piepho 2012). I consistently found pre-hormetic toxicity in several of my experiments.
The occurrence and mechanisms of this phenomenon should be explored further, along with
refinement of models that better take into account such pre-hormetic toxicity.
In conclusion, the hormetic response in M. persicae exposed to low doses of imidacloprid
was robust and highly reproducible. However, intra- and transgenerational reproductive
responses differed depending on the exposure scenario. Despite tradeoffs in transgenerational
reproduction, this did not adversely affect total reproductive output after four generations,
suggesting that overall fitness was not adversely affected. In some situations fitness tradeoffs
due to hormesis may render the phenomenon evolutionary neutral (Forbes 2000, Jager et al.
2012), and my results show that hormetic response need not come at the expense of biological
fitness. Indeed, hormesis is likely a critical adaptation for organisms that allows them to adjust
to fluctuations in their environment, possibly acting as a ‘conditioning’ mechanism that enables
the organism to better cope with subsequent exposure to higher levels of the stressor (Calabrese
et al. 2007). Costantini et al. (2010) suggested that in certain situations such conditioning could
increase biological fitness, even if the stressor was not encountered again, or encountered at low
levels. As I predicted, this would seem particularly important for r-selected species that are
specialized for high and rapid reproduction in unstable and unpredictable environments. Insect
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pests that are targets of frequent pesticide applications in agroecosystems clearly represent such a
scenario.
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3

GENE REGULATION DURING IMDACLOPRID-INDUCED
HORMESIS

3.1 ABSTRACT
Imidacloprid-induced hormetic stimulation in Myzus persicae fecundity was noted in the first
two generations of a continuous exposure scenario. However, the molecular foundation of this
phenotypic response, gene expression, was seldom addressed in insects. Here, stress response
(Hsp60), dispersal (OSD, TOL and ANT) and developmental (FPPS 1) genes were examined
over four time points (G0 nymph, G0 adult, G1 nymph and G1 adult stages) in order to correlate
with the previously noted phenotypic response, fecundity. Also, using global DNA methylation
the hypothesis that gene regulation during imidacloprid-induced hormesis is inherited to
succeeding generations was tested. My results showed that the gene regulation mirrored the
fecundity data in several instances that was found to be inherited to succeeding generations
probably via hypermethylation, silencing of genes. Interestingly, dispersal related genes that are
predominantly expressed in alates (about 2- to 5-fold) were up- or down-regulated when apterous
aphids (about 2- to 10-fold) were exposed to sublethal concentrations of imidacloprid.
Alternation of up- and down-gene regulation in successive life stages suggest trade-offs
occurring during chemical hormesis which was not evident at individual level. Although no
direct relation with the previously noted fecundity was established, gene regulation for several
genes had tight hormetic dose-response. This suggests that adaptive cellular stress response
pathways might be triggered rather than normal regulatory processes due to low-dose
imidacloprid exposure.
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3.2 INTRODUCTION
Hormesis is low-dose stimulation coupled with high dose inhibition of a stressor-induced
response, and is an alternative to the threshold model in toxicology. Insecticide-induced
hormesis is widespread across many biological groups and has been studied in medical,
evolutionary and ecological contexts (Calabrese and Baldwin 2003). The biochemical and
molecular underpinnings of hormetic responses have been studied using several biological
models (Calabrese and Baldwin 2003) but only seldom using insect-insecticide models. A
hormetic response in the form of stimulated total calcium and proteins was seen in
Choristoneura fumiferana (Clemens) exposed to sublethal doses of organophosphorous and
carbamate insecticides (Smirnoff 1983). It was suggested that basic metabolites such as sugars,
lipids and total proteins can be measured in addition to organismal and population endpoints to
give clues into how metabolism in the animal changes during hormesis (Smirnoff 1983). Larval
weight gain and changes in isoesterases profiles were seen in Tribolium castaneum L., exposed
to low concentrations of azadirachtin that induced hormesis (Mukherjee et al. 1993). Juvenile
hormone III (JH III) titers were correlated with stimulated fecundity in green peach aphid, Myzus
persicae (Sulzer), when exposed to low doses of imidacloprid (Yu et al. 2010). Transcriptional
responses of gossypol-induced hormesis were suggested to be a specific transcriptional
adaptation rather than general stress response (Celorio-Mancera et al. 2011).
Regulation of gene expression is implicit in the hormetic adaptive responses (Son et al.
2010), activating the adaptive cellular stress response pathways assisted by transcriptional factors
such as antioxidant response element (ARE), forkhead box O (FoxO), heat-shock factor (HSF)
and nuclear factor – κB (NF-κB). The HSF pathway can be triggered by elevated temperatures,
heavy metals, infection, and chemical toxicants (Son et al. 2010). In agriculture, insecticides are
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used to kill insect pests, but these insecticides can initiate the HSF pathway in survivors for
maintenance in response to the toxicant (Yoshimi et al. 2002). Other abiotic stressors that
disrupt homeostasis can also initiate the HSF pathway. For example, Chironomus tentans
Fabricius (Karouna-Renier and Zehr 1999), Tribolium castaneum L. (Mahroof et al. 2005),
Cydia pomonella (L.) (Yin et al. 2006) and Liriomyza huidobrensis Blanchard (Huang et al.
2007) accumulated heat shock proteins (Hsp) following heat stress, resulting in thermotolerance.
Nutrition and heat stress induced higher transcription of Hsp70 than heat stress alone (Salvucci et
al. 2000). Hsp in M. persicae are essential for survival and other biological processes, such as
detoxification of xenobiotics (Figueroa et al. 2007, Ramsey et al. 2007).
M. persicae exhibit dimorphism as alate (winged) and apterous (wingless) forms (Dixon
1998, Braendle et al. 2006). The switch to the alate form in M. persicae seems to be triggered by
several mechanisms in response to sub-optimal environmental conditions such as high density
and poor nutrition (Braendle et al. 2006). Alate production is accompanied by up-regulation of
olfactory segment D (OSD), take-out like / juvenile hormone (JH) binding protein, and
mitochondrial adenine nucleotide translocase (ANT) (Ghanim et al. 2006). The role of JH in
aphid wing dimorphism is still uncertain (Braendle et al. 2006, Schwartzberg et al. 2008), but is
probably governed by environmental and genetic stimuli (Brisson 2010). Imidacloprid-induced
reproductive stimulation has been associated with wing dimorphisms in M. persicae (Wang et al.
2008). JH biosynthesis (mevalonate pathway) includes a precursor farnesyl diphosphate
synthase I (FPPS I) gene (Zhang and Li 2008) and its expression may regulate reproduction in
insects (Cusson et al. 2006).
When first instar M. persicae were continuously exposed to sublethal concentrations of
imidacloprid, stimulated fecundity of first and second generation adults was observed (Chapter
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2). To understand the molecular underpinnings of this phenotypic response, gene expression in
M. persicae exposed to hormetic concentrations of imidacloprid for two generations was
examined in the present study. Stress response (Hsp60) (Stanley and Fenton 2000), dispersal
(OSD, TOL, and ANT) and developmental (FPPS 1) genes were examined. Based on the
principle to resource allocation, invested energy into homeostatic maintenance combating lowdose stress could be expended as increased fecundity, I hypothesized that OSD, TOL, and ANT
gene expression would correspond to fecundity responses noted in Chapter 2, up-regulated at an
initial time point (G0 second instars), but was uncertain of the changes in gene expression during
the insect development and over remaining time points (G0 adults and G1 nymphs and adults). I
hypothesized that Hsp60 gene expression would be up-regulated in G0 second instars and
alternate between life traits, if the insect adapts to the stressor. I further hypothesized that FPPS
I gene regulation would be down-regulated during adult exposure corresponding to fecundity
responses (Chapter 2) but was uncertain of changes in gene expression during nymphal stages.
In addition, insecticide-induced hormesis in insects, probably an epigenetic process,
resulting in heritable changes in gene expression has received meager attention. As DNA
methylation is an important epigenetic mechanism in insects that may provide critical
contributions to insect developmental and phenotypic variation (Glastad et al. 2011), besides
testing its low-dose insecticide adaptive heritability, global DNA methylation was measured in
test aphids. I hypothesized hypermethylation at time points where the Hsp60, FPPS I, OSD,
TOL and ANT gene regulations were up-regulating.
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3.3

METHODS AND MATERIALS

3.3.1 Plants and insects
Potato, Solanum tuberosum L. (cultivar Kennebec), was grown in 12.5 cm diameter pots
containing Pro-Mix® (Halifax Seed, Halifax, Nova Scotia) potting soil. Plants were watered as
needed. Foliage from these plants was used for rearing and experimental purposes. M. persicae
was obtained from a wild population infesting broccoli plants (Brassica oleracea L) in a
greenhouse at the Faculty of Agriculture, Dalhousie University. Aphid cohorts were maintained
on excised leaves in clear plastic boxes (37 x 24 x 14 cm high) lined with moistened paper
towels. Boxes were held in a growth chamber (22 ± 2o C, 16:8 L:D, 65 ± 5 % RH) and every
second day a layer of freshly excised leaves was placed on one end of the box. The infested
foliage on the opposite end was discarded when about 80% aphids moved to fresh foliage. Paper
towels were replaced every 10 days.
3.3.2 Chemicals
Imidacloprid (Admire® 240 SC, 240 g a.i. L-1; Bayer Crop Science Canada, AB, Canada) was
suspended in deionized water to obtain a 1000 µg a.i. L-1 stock solution. The working solutions
contained 0.15% Triton™ X 100 (BDH Chemicals, ON, Canada) as emulsifier. Insecticide
concentrations of 0.025, 0.1, 0.25, 2.5 and 10 µg a.i. L-1 were used in the experiments. Controls
in these experiments consisted of 0.15% Triton in water.
3.3.3 Leaf-dip exposure
Potato leaf discs (1.8 cm diameter) were excised using a stainless steel cork borer. Using
forceps, leaf discs were dipped in control or insecticide solutions for 5 sec, air-dried for 1 h, and
then placed individually in 5.5 cm Petri plates lined with a Whatman No. 1 filter paper. In order
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to avoid cross contamination, controls were treated first followed by sequential treatment of
lowest to highest concentrations of insecticide. Ten first instar M. persicae (ca. 24 h old) were
transferred to each treated leaf disc. Dishes were covered with a Petri plate cover, placed in
sealable plastic containers and held in growth chamber as described above.
The aphids were exposed to and reared continuously on treated leaf discs for two
generations (G0, G1). The experiment was a completely randomized design, with imidacloprid
concentration being the main factor of interest. Each container represented a biological replicate
of a concentration and had five Petri dishes with ten aphids each. For gene expression analyses,
five aphids from each Petri plate were randomly collected at day 4, 9, 13 and 17 (representing
G0 second instar, G0 adult, G1 second instar and G1 adult stages, respectively). A total of three
biological replicates were set up in the experiments. For DNA methylation experiments, the
same experimental procedures and design were used.
3.3.4 Sample preparation
3.3.4.1 Gene expression analyses
Collected aphids were flash frozen in liquid nitrogen. Total RNA was isolated using
RNeasy® mini kit (Qiagen, ON, Canada). Quality (A260/280 > 2.0) and quantity of total RNA was
assessed with a Nanodrop ND-1000 (NanoDrop Technologies, DE, USA) and gel electrophoresis
(rRNA band intensity: 28s = 2X 18s). Later, cDNA was synthesized from 1 µg of total RNA
using a QuantiTect® Reverse Transcription kit (Qiagen, ON, Canada) and stored at -20o C until
further analyses. The primers (Sigma-Aldrich, ON, Canada) used for quantitative Real-Time
(qRT) PCR are listed in Table 3.1. Internal controls with cycle of threshold (ct) values closer to
ct of selected genes were chosen to calculate expression fold-change using ΔΔct method (Pfaffl
2001). For quantification of OSD and TOL genes, the β-actin gene was used as an internal
45

control. Ace was used as an internal control for ANT, Hsp60 and FPPS I genes. qRT PCR was
performed on StepOne™ RT PCR System (Applied Biosystems, ON, Canada) in a 10 µL
reaction following the manufacturer’s instructions using SYBR green reagent (Applied
Biosystems, ON, Canada). The reaction mixture contained 2X SYBR green reagent master mix,
2 µL cDNA, 2.5 µL ultrapure water (Agriculture Campus, Dalhousie University, Truro, Canada)
and 0.25 µL each of forward and reverse primers (final concentration of 2.5 mM). Data were
analyzed from three independent runs using MIXED model analysis of variance (SAS 2008) and
if means were significantly different, they were separated using a LSD test (α = 0.05). Relative
quantification (RQ) of gene regulation above or below that of controls is reported.
3.3.4.2 Global DNA methylation analysis
Samples were collected as described above, and genomic DNA was isolated using a DNeasy®
Blood and Tissue Kit (Qiagen, Toronto, Canada). From aphids of each concentration and time
point, 500 ng of digested, using Nuclease P (Sigma-Aldrich, ON, Canada), and phosphorylated,
using Alkaline Phosphatase (Sigma-Aldrich, ON, Canada), gDNA was used to examine global
DNA methylation changes using DNA Methylation EIA™ kit (Cayman Chemical, MI, USA). A
standard curve with r2> 0.9 was obtained using kit standard and the data analysis was performed
as per the manufacturer instructions after calculating the amount of methylated DNA based on
the obtained equation from the standard curve. Later, relative methylation of DNA to controls
was analyzed using MIXED model analysis of variance (SAS 2008) and if means were
significantly different, they were separated using a LSD test (α = 0.05).
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3.4

RESULTS

3.4.1 Gene expression analyses
Continuous exposure to sublethal concentrations of imidacloprid resulted in up- and downregulation of the genes analyzed, with intra- and inter-generational differences observed (Table
3.2). Gene expression in treatments is reported as relative quantity (RQ) to that in control aphids
and a 2-fold up- or down- regulation was considered as biologically significant.
Hsp60 gene. In the first generation (G0), there was a 2.5-fold down-regulation of Hsp60
in second instars exposed to 0.25 µg a.i. L-1. In G0 adults, 2.0-fold down-regulation was found
in the 0.025 µg a.i. L-1 treatment, and minor down-regulation at higher concentrations (Figure
3.1). In G1, there was 3.2-, 2.5- and 5.3-fold up-regulation of the Hsp60 gene in second instars
at 0.25, 2.5 and 10 µg a.i. L-1, respectively. Two- to 3.3-fold down-regulation of the gene was
observed at all concentrations in G1 adults.
FPPS I gene. About 2.0-fold down regulation of the FPPS I gene was observed in G0
second instars exposed to 0.25 and 2.5 µg a.i. L-1 imidacloprid (Figure 3.2), and in G0 adults
from the 0.025 µg a.i. L-1 treatment. At other imidacloprid concentrations changes in FPPS I
gene expression was relatively minor in G0. G1 second instars from the 0.025, 2.5 and 10 µg a.i.
L-1 treatments had 2.2-, 2.7 and 5.0-fold up-regulation, respectively, of the FPPS I gene. In G1
adults, ca. 2.0- to 5.0-fold down-regulation was observed across the range of imidacloprid
treatments.
OSD gene. When G0 first instar M. persicae were exposed to 0.1 µg imidacloprid L-1, 2.3
fold up-regulation of the OSD gene was observed in G0 second instars, and at 0.25 µg a.i. L-1 ca.
2.0-fold down-regulation was observed (Figure 3.3). Exposure of G0 nymphs to other
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Table 3.1 Primer sequences (5`3`) for selected and internal control genes used to measure gene expression in Myzus persicae
exposed to sublethal concentrations of imidacloprid.
Symbol

Forward sequence

Reverse sequence

Accession# / reference

size (bp)

ANT

GCCGGTAATTTAGCATCAGG

CCTTGGACAAACAGTCTCCA

DQ407505

151

OSD

TCCCGAAGGAGCTGAACTTA

GCTTAGGGTCCCATTTGTCA

AJ634652

164

TOL

AGCGCTTTCTGACGGAAATA

AGCATTCGAAGAAGCGATTG

EB714328

177

FPPS I

CGAACAGGCCATTTACCAGT

GACCCATCGCAGTTTTCATT

EU334430

107

Hsp60

AGCATTGACCATGCCATGTA

AAACATCGGTCATTGCATCA

AJ250348

122

β-actin

GGTGTCTCACACACAGTGCC

CGGCGGTGGTGGTGAAGCTG

(Puinean et al. 2010)

90-120

Ace

TAACGTAGTAGTGCCAAAGC

CACTGTAGAGCCATTAGCTG

(Puinean et al. 2010)

90-120
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Table 3.2. P-values for a two generation (G) experiment examining gene regulation and global
DNA methylation during imidacloprid-induced hormesis in second instar (N) and adult (A)
Myzus persicae.
Source of Variation

Generation-time point
G0-N

G0-A

G1-N

G1-A

Hsp60

0.0001

0.0001

0.0001

0.0001

FPPS I

0.0004

0.0001

0.0023

0.0001

OSD

0.0035

0.0001

0.0001

0.0001

TOL

0.0001

0.0001

0.0001

0.0001

ANT

0.0469

0.0002

0.0001

0.0001

Global DNA methylation

0.0002

0.0001

0.0040

0.0131
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Figure 3.1. Heat shock protein (Hsp) 60 gene regulation during imidacloprid-induced hormesis
in green peach aphid, Myzus persicae. Test aphids representing second instars and adults from
initial (G0) and succeeding (G1) generations were used for down-stream analyses. Error bars
represent standard error of mean. For a given time point, bars with different letters above them
are significantly different (P ≤ 0.05, LSD test).

50

second instars
adults
2

G0

1

6
a

a

5
4

0

Relative Quantification of FPPS I gene expression

G1

b
3

-1

bc
bc

bc

-2

2

b

c
d

d

c

c

1

-3

0

2 G0
1

2

a

1

G1

a

0

0

-1
-1
b
-2

c

a

a

d

-3

-2
b

-3
-4

d

0.025
0.1
0.25
2.5
10
Concentration of imidacloprid (µg L-1)

d
d

-5
0

c

0

0.025
0.1
0.25
2.5
10
Concentration of imidacloprid (µg L-1)

Figure 3.2. Farnesyl diphosphate synthase (FPPS) I gene regulation during imidaclopridinduced hormesis in green peach aphid, Myzus persicae. Test aphids representing second instars
and adults from initial (G0) and succeeding (G1) generations were used for down-stream
analyses. Error bars represent standard error of mean. For a given time point, bars with different
letters above them are significantly different (P ≤ 0.05, LSD test).
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Figure 3.3. Olfactory Segment-D (OSD) gene regulation during imidacloprid-induced hormesis
in green peach aphid, Myzus persicae. Test aphids representing second instars and adults from
initial (G0) and succeeding (G1) generations were used for down-stream analyses. Error bars
represent standard error of mean. For a given time point, bars with different letters above them
are significantly different (P ≤ 0.05, LSD test).
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concentrations did not change the expression of the OSD gene. In G0 adults, only at 2.5 µg a.i.
L-1 was a change in gene expression observed, with ca. 2.0-fold down-regulation. G1 second
instars exposed to 0.1 and 0.25 µg a.i. L-1, had 3.3- and 2.5-fold down-regulation, respectively.
Other concentrations did not alter OSD gene expression at that time point. All concentrations
except 0.25 µg a.i. L-1 up-regulated OSD gene expression in G1 adults; 3.5-, 4.0-, 3.3- and 2.8fold up-regulation of the gene was observed at 0.025, 0.1, 2.5 and 10 µg a.i. L-1, respectively.
TOL gene. There was a 2.0-fold up-regulation of the TOL gene in G0 second instars
exposed to 0.1 µg a.i. L-1 imidacloprid (Figure 3.4), and 3.3- and 10.0-fold down-regulation at
0.25 and 10 µg a.i. L-1, respectively. In G0 adults, a change in TOL gene expression (2.0-fold
down regulation) was only observed at 10 µg a.i. L-1. In G1 second instars, there was 4.0-, 4.0and 6.0 fold up-regulation at 0.025, 0.25 and 2.5 µg a.i. L-1, respectively, and 2.0-fold downregulation at 10 µg a.i. L-1. In G1 adults, 2.6- and 3.0-fold up-regulation of the TOL gene was
observed at 0.025 and 10 µg a.i. L-1 of imidacloprid.
ANT gene. There was no change in expression of the ANT gene in G0 nymphs or adults
(Figure 3.5). In G1 second instars, there was 4.5-, 2.0-, 6.4-, 4.2- and 4.2-fold up-regulation at
0.025, 0.1, 0.25, 2.5 and 10 µg a.i. L-1. In G1 adults, 2.5- to 5.0-fold down-regulation was
observed at all imidacloprid exposure concentrations.
3.4.2 Global DNA methylation analysis
When first instar M. persicae were exposed to sublethal concentrations of imidacloprid
and G0 second instars were analyzed for global DNA methylation, ca. 25, 10 and 20%
hypermethylation above the control was observed at 0.025, 0.1 and 0.25 µg a.i. L-1, respectively,
and about 10% hypomethylation was observed at 2.5 µg a.i. L-1 (Figure 3.6).
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Figure 3.4. Take-out like (TOL) gene regulation during imidacloprid-induced hormesis in green
peach aphid, Myzus persicae. Test aphids representing second instars and adults from initial
(G0) and succeeding (G1) generations were used for down-stream analyses. Error bars represent
standard error of mean. For a given time point, bars with different letters above them are
significantly different (P ≤ 0.05, LSD test).
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Figure 3.5. Adenosine nucleotide translocase (ANT) gene regulation during imidaclopridinduced hormesis in green peach aphid, Myzus persicae. Test aphids representing second instars
and adults from initial (G0) and succeeding (G1) generations were used for down-stream
analyses. Error bars represent standard error of mean. For a given time point, bars with different
letters above them are significantly different (P ≤ 0.05, LSD test).
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Figure 3.6. Global DNA methylation during imidacloprid-induced hormesis in green peach
aphid, Myzus persicae. Test aphids representing second instars and adults from initial (G0) and
succeeding (G1) generations were used for down-stream analyses. Error bars represent standard
error of mean. For a given time point, bars with different letters above them are significantly
different (P ≤ 0.05, LSD test).
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No change in methylation was detected at 10 µg a.i. L-1. In G0 adults, 10-60% hypermethylation
was seen at various imidacloprid concentrations. In G1 second instars, significant
hypermethylation in the order of 50-60% above the control was found only at 2.5 and 10 µg a.i.
L-1. In G1 adults, hypomethylation of 25% and 10% occurred at 0.25 and 10 µg a.i. L-1,
respectively, while 10% hypermethylation was observed at 2.5 µg a.i. L-1. Other concentrations
did not show any change in global DNA methylation relative to control (Figure 3.6).
3.5

Discussion

I used M. persicae and imidacloprid on potato to study gene regulation during insecticideinduced hormesis. When first instars were continuously exposed for two generations to sublethal
concentrations of imidacloprid previously shown to induce stimulated reproduction (Chapter 2),
intra- and inter-generational differences in up- or down-regulation of genes were found. Several
stress, dispersal, and developmental genes were affected and, in multiple instances, there was
evidence of up-regulation of genes in one life stage or generation that was countered by downregulation of the same genes in subsequent life stages or generations.
Mild heat stress induced hormetic responses, such as increased longevity and thermo-tolerance,
have been positively associated with levels of Hsp70 expression in bacterial cell lines (Mosser et
al. 2000), the insects C. tentans (Yin et al. 2006), Drosophila melanogaster (Hercus et al. 2003),
Bemisia tabaci (Gennadius) (Cui et al. 2008), and in the nematode Caenorhabditis elegans
(Maupas) (Olsen et al. 2006). On the other hand, Hsp70 expression has been associated with
reduced fecundity/reproduction in L. huidobrensis (Huang et al. 2007), D. melanogaster (Hercus
et al. 2003), T. vaporariorum (Westwood), and B. tabaci (Gennadius) (Cui et al. 2008). This is
possibly attributable to accumulation of Hsp and associated traits (thermotolerance) at a cost of
impaired fecundity.
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When Hsp60 was analyzed in this study, continuous exposure of M. persicae to sublethal
concentrations of imidacloprid previously shown to stimulate reproduction had no effect or
resulted in down-regulation of the gene in second instars and adults of the initial generation,
followed by up-regulation in second instars of the succeeding generation. This is not surprising,
as Hsp responses to mild stress have been shown to vary as a function of life stage and
generation depending on the organism and type of stressor. For example, heat shock induces
Hsp expression more rapidly than concentrations of copper, in fathead minnow, Pimephales
promelas Rafinesuqe, (Sanders et al. 1995). Chronic exposure to cadmium did not induce Hsp
expression in gill tissue of sea mussels, Mytilus edulis (L.), but the gene was expressed when
coupled with a heat shock (Veldhuizentsoerkan et al. 1991). Down-regulation of Hsp4 was
found in C. elegans only after a second treatment of sublethal concentrations of mercury
(Helmcke and Aschner 2010).
Down-regulation of Hsp expression in insects not well understood (Mahroof et al. 2005).
Alternation of up- and down-regulation occurred across generations and between nymphs and
adults within a generation in the present study. For example, up-regulation of Hsp expression in
G1 second instars was followed by down-regulation in adults. Similar alternations were found in
Hsp70 expression in egg, larva, pupa and adult of T. castaneum exposed to mild heat stress
(Mahroof et al. 2005). Stimulated fecundity in M. persicae exposed to hormetic concentrations
of imidacloprid could be due to down-regulation of Hsp gene in G0 and G1 (Chapter 2).
Down-regulation of Hsp90 and Hsp70 was reported in rat brains exposed to various
concentrations of DDT (Shutoh et al. 2009) and bronchial cancer in smokers with chronic
obstructive pulmonary disease (Cappello et al. 2006). In these studies, down-regulation of Hsp
expression was suggested to be a recovery response to regain homeostasis (Cappello et al. 2006,
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Shutoh et al. 2009). Similarly, down-regulation of Hsp60 expression of G0 M. persicae nymphs
and adults and G1 adults in the present study could have been due to the insect undergoing a
recovery process following the mild pesticide exposure. Down-regulation of heat shock protein
is often seen during chronic exposure to mild levels of stress (Cappello et al. 2006, Shutoh et al.
2009). When C. tentanus was exposed to a 35o C heat shock, recovery was characterized by
reduced Hsp70 expression (Karouna-Renier and Zehr 1999).
Up-regulation of Hsp60 follows an accumulation of unfolded (damaged) proteins
resulting from stress or injury in an organism (Parsell and Lindquist 1993). Hsp60 up-regulation
was observed in M. persicae G1 nymphs to higher sublethal concentrations of imidacloprid (0.25
- 10 µg a.i. L-1). Due to overcompensation following insecticide exposure in G0, the insect
probably conditioned to higher insecticide concentrations in G1 by elevating expression of
Hsp60. Alternatively, accumulation of damaged proteins triggered the up-regulation of the gene.
As noted above, accumulation of Hsp often results in decreased fecundity (Huang et al.
2007) but, in fact, fecundity and reproduction is controlled by JH (Verma 1981, Dawson et al.
1987, Riddiford 2003, Goodman and Granger 2005). Also, JH regulates metamorphosis
(Hartfelder 2000, Riddiford 2003, Goodman and Granger 2005) and is important in assessing
nutritional information (Noriega 2004, Nouzova et al. 2011) in insects. In aphids, the FPPS I
gene is an important enzyme regulator and its down-regulation increases JH titer in females
(Keeling et al. 2004). It catalyzes formation of farnesyl diphosphate (FPP), a precursor needed
in biosynthesis of JH, alarm pheromones and sex pheromones (Dawson et al. 1987, Vandermoten
et al. 2009). JH is known to stimulate reproduction in M. persicae and elevated JH titers in
maternal aphids inhibit wing development and promote development of apterous forms (Tamaki
1973, Verma 1981). In pea aphid, Acrythosiphon pisum, the mother that perceives stress cues
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such as crowding transmits the information to unborn progeny (Brisson 2010). It is possible,
therefore, that G0 M. persicae adults perceived the stress of sublethal imidacloprid exposure and
passed the signal to G1 nymphs, as indicated by the strong up-regulation of the FPPS I gene.
This was countered (compensated) in G1 adults, as observed by down-regulation of the FPPS I
gene, again coinciding with the hormetic (stress) response.
It was previously shown that stimulated fecundity in M. persicae exposed to hormetic
concentrations of imidacloprid resulted in increased JH III titers (Yu et al. 2010). This suggests
that increased M. persicae fecundity and JH titers should be correlated with down-regulation of
FPPS I gene, since down-regulation of this gene results in increased JH titers. In the present
study, down-regulation of FPPS I observed in G0 adults exposed to 0.025 µg a.i. L-1 and in G1
adults exposed to 0.025 and 0.1 µg a.i. L-1 was associated with higher aphid fecundity (Chapter
2). However, significant down-regulation of FPPS was also seen at imidacloprid concentrations
that did not result in stimulated reproduction, suggesting that other genes, also needed for JH
production, were not affected by the insecticide treatment. G1 nymphs might have
overcompensated for the FPPS I down-regulation in G0 nymphs and adults, as observed by the
up-regulation of FPPS I, but again down-regulated this gene in G1 adults, associated with
stimulated fecundity (Chapter 2). A detailed study on regulation of more genes in the JH
biosynthesis pathway in the context of mild stress and other transcriptional factors involved in
adaptive cellular stress response pathways could affirm the genetic underpinnings of hormetic
reproductive responses in M. persicae.
Aphids sense stress such as overcrowding and onset of winter using chemoreceptors and
other cues (Dixon 1998, Braendle et al. 2006). They attempt to evade the situation by producing
reproductive alates or parthenogenetic alates, likely reflecting adaptations to colonize new plant
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hosts during such conditions. Dispersal-related genes such as OSD, TOL and ANT are more
highly expressed (2-5 fold) in alates than apterous aphids (Ghanim et al. 2006). In the present
experiment OSD, TOL and ANT gene expression varied in apterous individuals exposed
continuously to sublethal hormetic concentrations of imidacloprid. Complete wing development
was not observed, but at higher concentrations small wing pads appeared in some insects (data
not shown, Chapter 2).
Up-regulation of the OSD gene in G0 second instar M. persicae exposed to certain
imidacloprid concentrations was followed by down-regulation of the gene in G0 adults and
greater down-regulation in G1 second instars. OSD gene regulation is inversely related to aphid
fecundity (Bos et al. 2010). Immature G0 aphids stressed at certain imidacloprid concentrations
(up-regulation of OSD gene) may have conditioned future adults for increased reproduction. In
G0 adults, OSD gene down-regulation occurred at all concentrations, possibly indicating
compensation to the stress, coinciding with increased reproduction at those same concentrations
(Chapter 2). Likewise, OSD gene down-regulation in G1 second instars occurred at
concentrations of imidacloprid identical to those previously shown to elicit a hormetic
reproductive response in M. persicae. Down-regulation of this gene in second generation
nymphs is probably due to overcompensation hormesis where initial disruption is followed by
overcompensation during continuous exposure to sublethal concentrations of the insecticide
stressor. The up-regulation of OSD in G1 adults exposed could be attributed to the energy stress
or depletion of resources, and probably not susceptibility of the insect to those low
concentrations.
Trends similar to OSD gene regulation were observed with TOL. This gene is associated
with chemoreception (Jacobs et al. 2005, Weil et al. 2009, Fan et al. 2011) and circadian control
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of feeding behavior. TOL can be induced by starvation (Fujikawa et al. 2006, Weil et al. 2009),
juvenile hormone binding proteins in response to fluctuating JH titers (Bohbot and Vogt 2005),
during courtship and mating, or when regulating antennal responses to food, hosts, or
pheromones (Dauwalder et al. 2002). The complexity of this gene and its involvement in
multiple functions does not readily permit direct correlation with the hormetic responses
previously observed (Chapter 2). In G0 second instars, the 10-fold down-regulation at 10 µg
imidacloprid L-1 may be explained by the intensity of stress at this dose, which was the highest
used in the experiments. In G0 adults, less down regulation of TOL occurred at 10 µg
imidacloprid L-1, and at other concentrations of the degree of up- or down-regulation of the gene
was insignificant. However, up-regulation of TOL occurred at all concentrations in G1 second
instars.
The ANT gene regulates mitochondrial proteins that function as carriers of important
metabolites involved in a number of mitochondrial processes, mainly catalyzing exchange of
ADP for ATP across inner mitochondrial membranes (Zhang et al. 1999). The unresponsiveness
of the ANT gene in G0 suggests that exposure to hormetic concentrations of imidacloprid results
in no additional energy expenditures for the aphids. However, as with the TOL, Hsp60 and
FPPS genes, significant up-regulation of ANT occurred in G1 nymphs, indicating extra energy
was expended. This suggests that even though no extra energy was expended in G0 adults, the
insect was probably still stressed, had a hormetic response in form of stimulated reproduction
and overcompensation, as ANT gene up-regulation, in G1 nymph resulted. Down-regulation of
the ANT gene in G1 adults probably reflects the cessation of energy requirements and or other
regulatory process (up-regulation in second instar) during the development phase in G0 nymphs.
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Overall, I interpret the up- or down-regulation of Hsp60, FPPS I, OSD, TOL and ANT
genes in G0 to be a priming response (Costantini et al. 2010) in preparation for further adverse
conditions, vis a vis insecticide exposure. It is unclear, however, if insecticide-induced hormesis
in insects is an epigenetic process, resulting in heritable changes in gene expression (Glastad et
al. 2011, Gressel 2011). DNA methylation is an important epigenetic mechanism for regulation
of gene expression. In insects DNA methylation is thought to play a role in developmental
responsiveness to environmental factors and may provide critical contributions to insect
developmental and phenotypic variation (Bass and Field 2011, Glastad et al. 2011, Gressel
2011). Increases in methylation, termed hypermethylation, typically reduce DNA transcription
and usually result in inactivation of genes, although this is not always the case (Suzuki and Bird
2008). Concurrent amplification and methylation of an esterase gene in greenbug, Shizaphis
graminum (Rondani), suggested heritability rendering increased resistance to organophosphorus
insecticides (Ono et al. 1999). Similarly, in M. persicae, the E4 gene is important in
expression/amplification of insecticide-detoxifying esterases, and reduced DNA methylation in
this insect coincides with a loss of E4 gene expression (Hick et al. 1996, Field et al. 2004). In
the present study, methylation occurred initially in G0 exposed to low doses of imidacloprid but
not in G1, possibly indicating a heritable adaptation to those concentrations of imidacloprid. In
second instars of the succeeding generation, only exposure to higher concentrations of
imidacloprid increased methylation, possibly indicating adaptation to lower concentrations. This
suggests that trans-generationally the insect would be able to cope with higher levels of stress
(higher concentrations). G1 adults were probably adapted to lower concentrations, with the
exception of the response to 0.25 µg L-1, which resulted in hypomethylation. This could possibly
be due to DNA instability or new synthesis of certain genes at that particular concentration.
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Imidacloprid resistance in insects via mutations has been reported in the past (Elbert and
Nauen 1996, Wen et al. 2009, Bass and Field 2011) and insecticide-resistance is associated with
amplification and methylation of esterase genes (Ono et al. 1999, Field 2000, Field et al. 2004).
I speculate that insecticide-induced hormesis might serve as a precursor to insecticide tolerance
and ultimately resistance (Gressel 2011). Further investigation is needed in this area to fully
comprehend how insect response to low levels of stress in the form of hormesis relates to
methylation changes across generations.
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4

EFFECT OF SUBLETHAL CONCENTRATIONS OF PRECOCENE-I
ON FECUNDITY OF GREEN PEACH APHID AND GENE
REGULATION DURING ITS EXPOSURE

4.1 ABSTRACT
Low dose imidacloprid exposed Myzus persicae produced more progeny than controls in several
instances. Studies in the past also have noted concurrent JH III titers increase, suggesting
overcompensation due to low dose imidacloprid exposure lead to allocation of resources toward
reproduction. Precocene, an anti-JH agent, could negate the JH III titer production. Here, the
hypothesis that blocking JH production, eventually leading to no stimulation in fecundity, of M.
persicae exposed one-time topically to sublethal concentrations of precocene was tested. Also,
stress response (Hsp60), dispersal (OSD, TOL and ANT) and developmental (FPPS I) genes
regulation were studied over three time points (G0 adult, G1 nymph and G1 adult stages) during
precocene-induced hormesis with emphasis on FPPS I, JH precursor gene. Hormetic stimulation
(1.5 to 2 times over controls) was noted in fecundity of M. persicae exposed to sublethal
concentrations of precocene. However, no direct relation between FPPS (or other selected
genes) gene regulation and fecundity was established. This reiterates that trigger in adaptive
cellular response pathways leads to a hormetic response. Key feature of this study was the
magnitude of regulation that ranged from 2- to 300-fold compared to 2- to 10-fold noted in
imidacloprid (a xenobiotic) study and this was probably due to the regulatory nature of
precocene.
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4.2

INTRODUCTION

Stressor-induced high-dose inhibition coupled with low-dose stimulation is termed hormesis
(Calabrese 2008, Mattson 2008). It has been observed in a plethora of organisms responding to a
wide range of chemical, physical, and biological stressors. Insecticide-induced hormesis has
been studied in detail (Cohen 2006, Cutler 2013), as has hormesis due to pathogens that affect
insects (Wojda et al. 2009, Leroy et al. 2012, Ramanaidu and Cutler 2013). It is generally
manifest in insects as increased reproductive output in response to low doses of insecticide or
stress. Little work has been done on insect hormesis with compounds that interfere with
development and reproduction such as juvenile hormone (JH). This is of interest because JH is
known to directly affect both of these processes in aphids (Hamnett and Pratt 1983, Staal 1986,
Mittler 1991, Peric-Mataruga et al. 2006), and insects in general (Hartfelder 2000, Riddiford
2003).
Yu et al. (2010) showed that during imidacloprid-induced hormetic responses, JH titers
increased similarly to fecundity. This poses the question: does a compound that inhibits JH still
induces hormetic responses in insects in the form of stimulated reproduction? Compactin,
fluoromevalonate, imidazoles, and precocene are insect growth regulators (IGR) that are antijuvenile hormone agents that affect either the mevalonate pathway in JH biosynthesis, or the
corpora allata (CA) directly, the organ that produces JH (Staal 1986). Precocenes (precocene I
and precocene II) have anti-allatal properties and induce precocious metamorphosis in insects,
including green peach aphid, Myzus persicae (Sulzer) (Bowers et al. 1976, Hales 1976).
However, due to their JH agonist activity at high doses, vertebrate toxicity, higher degradation
rates and ineffectiveness on all life stages of different insect orders, precocenes are seldom used
as insecticides (Staal 1986). Recent studies that suggested the use of precocene as a positive
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control for testing IGRs on soil microorganisms also reported higher chronic toxicity than
fenoxycarb, methoprene, and tebufenozide (Campiche et al. 2006). There have been few studies
into hormetic, sublethal and chronic effects of these types of growth and development regulating
compounds on insects.
In this study, I tested the hypothesis that topical exposure to low concentrations of
precocene-I (precocene), an anti-JH agent, can induce a hormetic response in M. persicae, in the
form of stimulated reproduction. Probably due to the occurrence of completely developed CA in
later instars, this anti-JH agent typically is most effective against insect in mid- to late-instars
(Staal 1986). I therefore used third instar M. persicae to initiate the experiments. To gain insight
into potential molecular changes during precocene-induced hormesis, gene regulatory responses
of certain dispersal-related (OSD, TOL and ANT), stress-related (Hsp60) and a JH precursor
(FPPS I) genes at these concentrations were analyzed (Chapter 3).
4.3

METHODS AND MATERIALS

4.3.1 Plant and insect maintenance
M. persicae cultures and potato plants were maintained as described in Chapter 2.
4.3.2 Chemicals
Precocene (7-methoxy-2,2-dimethyl-3-chromene, Sigma-Aldrich, ON, Canada) was suspended
in acetone (Fisher Chemical, ON, Canada) to obtain a 1000 mg L-1 stock solution. Only the
dilutions contained olive oil (1:19). Preliminary experiments were conducted using serial
dilutions and fecundity responses to obtain a no observable adverse effect concentration that was
3 mg precocene L-1. Precocene concentrations of 0.01, 0.03, 0.1, 0.30, 1.0, 3.0, and 10 mg L-1
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were used in topical exposure experiments. Controls in these experiments consisted of acetone
and olive oil only. Fresh stock solutions of test concentrations were prepared for each bioassay.
4.3.3 Topical exposure
4.3.3.1 Fecundity
Five third instars each were placed in clean glass Petri plates (9 cm) and sprayed in a Potter
tower (Burkard Scientific, Uxbridge, United Kingdom) at 78 kPa with 5 ml of control or
insecticide solution. After each treatment, aphids were transferred to plastic Petri plates (5.5 cm
diameter) lined with Whatman No. 1 filter paper containing two untreated potato leaf discs (1.8
cm diameter). Leaf discs were replaced every second day with freshly excised leaf discs.
Fecundity was recorded every second day. For each exposure scenario, the experiment was a
randomized complete block design, with precocene concentration being the main factor of
interest. Each bioassay had seven precocene concentrations, and for each there were five Petri
dishes, each containing five aphids. Each bioassay was considered an experimental block, and
each bioassay was conducted three times. Repeated measures analyses were conducted using
Proc Mixed in SAS (SAS 2008), with the error terms assumed to be normal with constant
variance but not to be independent. Autoregression (AR (1)) represented the appropriate type of
dependence for covariance structure. Residuals were used to verify the assumptions of normal
error distribution and constant variance. Data were log-transformed as needed to meet the
assumptions. If means were significantly different, they were separated using a LSD test (α =
0.05). Backtransformed means are reported as required.
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4.3.3.2 Gene expression analyses
The experimental design for treating aphids was the same as described in Chapter 3, but was
initiated with 10 third instars. On day 4, 9, and 13 (representing G0 adult, G1 second instar and
adult stages, respectively) five aphids per Petri plates were collected totaling 25 aphids per
concentration for genetic analyses. Myzus persicae genes selected for gene expression analysis
were identical to those described in Chapter 3: Hsp60, FPPS I, ANT, OSD and TOL. Methods of
analyzing expression of these genes and statistical analysis are described in Chapter 3. A linear
scale was used in figures where positive values represent up-regulation and negative values
represent down-regulation of the gene.
4.4

RESULTS

4.4.1 Fecundity
Topical exposure to precocene had a significant effect on M. persicae reproduction (G0, F7, 334 =
13.15, P = 0.0001; G1, F7, 334 = 5.84, P = 0.0001; total, F7, 110 = 4.48, P = 0.0002), but response
varied among bioassay replicates (blocks) (G0, F2, 334 = 4.02, P = 0.0188; G1, F2, 334 = 5.34, P =
0.0052; total, F2, 110 = 10.68, P = 0.0001). Aphid fecundity was stimulated at precocene
concentrations of 0.03 and 10 mg L-1 in G0, with 1.5-2 times more progeny being produced
compared to controls, but fecundity for all other treatments and time points was similar to or less
than the controls (Table 4.1). Reduced aphid fecundity of 50% or more at 0.01 and 0.03 mg L-1
of precocene over controls was found in G1 (P < 0.05), whereas other concentrations that
experienced reduced fecundity in G0 recovered to control levels in G1. At 0.3, 1 and 3 mg L-1 of
precocene, there was an increase (14-32%) in fecundity over controls in G1 that was statistically
insignificant, probably reflecting the variance in bioassay replicates. Overall, the total number of
aphids produced in two generations was not significantly different from that in controls except at
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0.01 mg L-1 of precocene where about 33% fewer aphids were found (Table 4.1). Certain
deformities were also noted in G0 adults (adultoids) resulting from precocene exposure (Figure
4.1).
4.4.2 Gene expression analyses
Topical exposure to sublethal concentrations of precocene resulted in up- and down-regulation of
the genes analyzed (Table 4.2).
FPPS I gene. Down-regulation of the FPPS I gene was seen in G0 adults at all precocene
concentrations except 0.03 and 3 mg L-1. This ranged from a 4-fold decrease at 1.0 mg L-1 of
precocene, to a 31-fold decrease in FPPS expression at 0.1 mg L-1 precocene (Figure 4.2). In G1
second instars, expression of the gene did not change at any concentration of precocene. There
was a 4.3-fold up-regulation of FPPS I gene expression in G1 adults at 0.1 mg L-1 of precocene,
but other concentrations did not result in changes in gene expression.
Hsp60 gene. Following topical treatment of third instars with precocene, there was a 3- to 36fold up-regulation of Hsp60 gene expression in G0 M. persicae adults, and 2- to 4-fold downregulation in G1 second instars (Figure 4.3). Two-fold up-regulation was observed at 0.1 mg L-1
of precocene and 5- and 11-fold down-regulation at 3 and 10 mg L-1 precocene in G1 adults.
Hsp60 gene expression did not change in G1 adults exposed to 0.01, 0.03, 0.3 and 1 mg L-1 of
precocene.
OSD gene. Three- to 42-fold up-regulation of the OSD gene was observed in G0 adults when
exposed to various concentrations of precocene, but exposure to 1 mg L-1 did not change the
expression of this gene (Figure 4.4). In G1 second instars, 3- to 23-fold down-regulation was
observed across all concentrations of precocene. In G1 adults, 2- to 38-fold up-regulation was
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Table 4.1. Least-squares means of two-generationala fecundity following topical exposure of
Myzus persicae to sublethal concentrations of precocene.
Conc. (mg L-1)

Generationa,b

Total

G0

G1

0

4.47b

3.99a

44.39ab

0.01

3.02c

1.49c

29.78c

0.03

6.89a

2.14bc

50.78a

0.1

2.75c

3.31ab

37.51bc

0.3

3.64bc

5.25a

51.32a

1

1.78d

4.55a

38.22bc

3*

3.77bc

4.78a

50.50a

10

7.93a

3.49ab

55.30a

30c

0

0

0

SEM

0.11

0.13

4.52

a

Third instars were topically treated and thereafter reared on untreated potato leaf discs.
Fecundity of each resulting adult was recorded every 2 days until it died. In the succeeding
generation, 5 randomly selected 24 h old nymphs were tracked and fecundity of the resulting
adults was recorded every 2 days until they died. G0 is initial generation, G1 is progeny of G0.
b

Progeny per adult data were log transformed before analysis. Backtransformed means are
presented. Values followed by different letters are significantly different (LSD, α = 0.05). SEM
values are not backtransformed
c

G0 nymphs did not survive to adulthood when treated with 30 mg L-1. This concentration was
not included in the analysis (Figure 4.1).
*

denotes NOAEC as determined in preliminary experiments by one way ANOVA.
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Table 4.2. P-values for a two generation (G) experiment examining gene regulation during
precocene-induced hormesis in second instar (N) and adult (A) Myzus persicae.
Source of Variation

Generation-time point
G0-A

G1-N

G1-A

Hsp60

0.0001

0.0001

0.0001

FPPS I

0.0001

0.0001

0.0001

OSD

0.0001

0.0001

0.0001

TOL

0.0001

0.0001

0.0001

ANT

0.0001

0.4259

0.0001
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A

B

C

D

Figure 4.1. Some noted deformities in Myzus persicae resulting from one-time topical exposure to sublethal concentrations of precocene.
A: Control; B: Miniature adultoid, resulting from 0.03 mg L-1 precocene exposed third instar, with thickened rims (lateral thickenings),
long legs and green streak (reserved resources). C: Bulged adultoid, resulting from 10 mg L-1 precocene exposed third instar and D: Dead
adultoid, resulting from 30 mg L-1 precocene exposed third instar.
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Figure 4.2. Farnesyl diphosphate synthase (FPPS) I gene regulation during precocene-induced hormesis in green peach aphid, Myzus
persicae. Test aphids representing adults from initial (G0) and; second instars and adults from succeeding (G1) generations were used
for down-stream analyses. Error bars represent standard error of mean. For a given time point, bars with different letters above them
are significantly different (P ≤ 0.05, LSD test).
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Figure 4.3. Heat shock protein (Hsp) 60 gene regulation during precocene-induced hormesis in green peach aphid, Myzus persicae.
Test aphids representing adults from initial (G0) and; second instars and adults from succeeding (G1) generations were used for downstream analyses. Error bars represent standard error of mean. For a given time point, bars with different letters above them are
significantly different (P ≤ 0.05, LSD test).

75

Relative Quantification of
OSD gene expression

50

G0

0

a

-5

40

second instars
adults

G1
50
a
b

b

20

g

f

g

e

0

f

-25

e

g

0.01 0.03 0.1 0.3
1
3
10
Concentration of precocene (mg L-1)

20
10

h

d

-30
0

30

d

-20

c

d

10

c

-15

a

40

-10

30

G1

cd

cd

b

bc

d

b

0
0

0.01 0.03 0.1 0.3
1
3
10
Concentration of precocene (mg L-1)

0

0.01 0.03 0.1 0.3
1
3
10
Concentration of precocene (mg L-1)

Figure 4.4. Olfactory Segment-D (OSD) gene regulation during precocene-induced hormesis in green peach aphid, Myzus persicae.
Test aphids representing adults from initial (G0) and; second instars and adults from succeeding (G1) generations were used for downstream analyses. Error bars represent standard error of mean. For a given time point, bars with different letters above them are
significantly different (P ≤ 0.05, LSD test).
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observed at 0.1, 0.3, 3 and 10 mg L-1 of precocene while other concentrations did not change the
expression of the gene.
TOL gene. Up-regulation of the TOL gene was seen in G0 adults at all precocene concentrations
except 1 and 10 mg L-1. This ranged from a 12-fold increase at 0.03 mg L-1 of precocene, to a
204-fold increase in TOL expression at 0.3 mg L-1precocene (Figure 4.5). In G1 second instars,
there was down-regulation of 4- to 45-fold at 0.01, 0.03, 0.1 and 0.3 mg L-1 of precocene, and 2fold up-regulation at 1, 3 and 10 mg L-1 of precocene. In G1 adults, 2-, 3- and 69-fold upregulation was observed at 0.01, 0.3 and 3 mg L-1 of precocene, respectively, down-regulation
was observed at 0.1 and 10 mg L-1, and no change at 0.03 mg L-1 of precocene.
ANT gene. In G0 adults, ANT gene was up-regulated by precocene by 3- to 294-fold (Figure 4.6)
but 1 mg L-1 of precocene did not change the expression of this gene. In G1 second instars, no
significant change in expression was observed at any concentration. In G1 adults, a 26- and 2fold up-regulation occurred at 0.1 and 0.3 mg L-1 of precocene, down-regulation at 1, 3 and 10
mg L-1 of precocene, and no change in TOL gene expression occurred at 0.03 mg L-1 of
precocene.
4.5

DISCUSSION

When third instar M. persicae were topically treated with sublethal concentrations of precocene,
G0 adults responded with stimulated fecundity at certain concentrations. Stimulated
reproduction was not observed at these concentrations in G1 adults, possibly reflecting a
transgenerational form of overcompensation hormesis and the aphid’s reestablishment of
homeostasis. A similar result was observed when first instar M. persicae were one-time topically
treated with 0.6 µg L-1 imidacloprid where 2-fold increased reproduction over controls was
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Figure 4.5. Take-out like (TOL) gene regulation during precocene-induced hormesis in green peach aphid, Myzus persicae. Test
aphids representing adults from initial (G0) and; second instars and adults from succeeding (G1) generations were used for downstream analyses. Error bars represent standard error of mean. For a given time point, bars with different letters above them are
significantly different (P ≤ 0.05, LSD test).
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Figure 4.6. Adenosine nucleotide translocase (ANT) gene regulation during precocene-induced hormesis in green peach aphid, Myzus
persicae. Test aphids representing adults from initial (G0) and; second instars and adults from succeeding (G1) generations were used
for down-stream analyses. Error bars represent standard error of mean. For a given time point, bars with different letters above them
are significantly different (P ≤ 0.05, LSD test).
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initially observed, followed by reduced reproduction at the same concentrations in the
subsequent generation (Chapter 2). Other studies have found that exposure of insects to low
doses of compounds that interfere with development can stimulate reproduction. When
diamondback moth, Plutella xylostella (L.), larvae were exposed to a LC10 concentration of
hexaflumuron, an chitin synthesis inhibitor, the gross reproduction rate of adults that
subsequently developed increased (Mahmoudvand et al. 2011). When third instar Eurygaster
ntegriceps Put. was exposed to precocene, percent egg hatch increased (Amiri et al. 2010).
Similarly, when the rotifer Brachionus calyciflorus Pallas was exposed to precocene, stimulation
in reproduction occurred (Lv et al. 2012).
When M. persicae was exposed to sublethal concentrations of imidacloprid, concurrent
stimulation in fecundity and increased JH III titers was observed (Yu et al. 2010). Although the
mechanism of vitellogenin (Vg) regulation by JH III is unclear, JH is essential for Vg synthesis
(Hartfelder 2000), serving as a possible explanation for stimulation in fecundity in M. persicae
exposed to hormetic concentrations of imidacloprid (Yu et al. 2010). Precocene antagonizes JH
production but at sublethal concentrations, increased reproduction occurred in the present study.
There are two possible explanations for this. First, Vg may still be produced by the insects even
if JH is blocked. In Tribolium castaneum (Herbst),Vg synthesis still occurred with blocked
transduction of JH and nutritional signals as long as expression of genes coding for insulin-like
peptides, insulin receptor, serine/threonine-specific protein kinase and Fork head transcription
factor (FoxO) were not hindered (Sheng et al. 2011). A similar mechanism has yet to be
confirmed in viviparous M. persicae, but similar production of Vg in the absence of JH could
occur. Low doses of precocene could trigger a hormetic response through adaptive cellular
stress response pathways such as the insulin pathway (FoxO pathway) or heat shock factor
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pathway (Son et al. 2010), phenotypically manifesting as increased reproduction .
Second, although I did not measure JH III titers, a several fold down-regulation of FPPS I was
observed at almost all concentrations. The FPPS gene was previously thought to exclusively
influence JH biosynthesis, but also has been related to terpenoid-pheromone production in some
insects (Keeling et al. 2004, Taban et al. 2009). The pheromone (E) β-farnesene (EBF) is used
by M. persicae (Lewis et al. 2008, Vandermoten et al. 2008) and its regulation de novo is
governed by JH (Tillman et al. 2004, Vandermoten et al. 2012). One could speculate that downregulation of the FPPS gene, which results in decreases in EBF (Lewis et al. 2008, Vandermoten
et al. 2008), could increase M. persicae fecundity because the converse was true in Aphis
gossypii Glover, where synthetic EBF-stimulated first instars produced significantly lower
numbers of nymphs as adults (Su et al. 2006). A similar result was obtained with ca. 60%
reduction in fecundity when M. persicae were reared on EBF synthase emitting plants (de Vos et
al. 2010). On the other hand, EBF emission did not change the expression of the FPPS gene nor
reduce reproduction in EBF-habituated M. persicae probably due to habituation (desensitization
of genes) of M. persicae to EBF (de Vos et al. 2010).
Up-regulation of Hsp genes, to maintain homeostasis, is common in organisms subjected
to heat stress, heavy metals, infection, and chemical toxicants (Parsell and Lindquist 1993,
Schoffl et al. 1998, Karouna-Renier and Zehr 1999, Son et al. 2010), and has also been
associated with hormetic responses. For example, Hsp70 expression was associated with
increased longevity and thermo-tolerance in bacterial cell lines (Mosser et al. 2000), and the
insects Cydia pomonella (Yin et al. 2006), Drosophila melanogaster (Hercus et al. 2003), and
Liriomyza huidobrensis (Huang et al. 2007) as a result of mild heat stress-induced hormesis.
However, increases in Hsp do not seem to coincide with increased reproduction in insects
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(Hercus et al. 2003, Huang et al. 2007). Similarly, in the present study, when M. persicae
nymphs were exposed to sublethal concentrations of precocene, up-regulation of Hsp60 was
observed at all concentrations, but reproduction decreased, increased, or was unaffected with no
clear dose-response relationship with reproduction. Stimulated fecundity over controls at certain
concentrations where Hsp60 up-regulation occurred was probably because of other genes
compensating for the stress induced by sublethal concentrations of precocene.
The up-regulation of Hsp60 in G0 adults was followed by down-regulation of the gene in
G1 nymphs, suggesting a recovery process following initial adaptation to the chemical stressor
(Karouna-Renier and Zehr 1999, Mahroof et al. 2005). In G1 adults, no response was observed
at lower concentrations, while at higher concentrations aphids attempted to recover from the
stress. Similarly, precocene exposure resulted in Vg decline, which returned to normal levels
after a few days (Amiri et al. 2010). In the present experiments, the concentration of precocene
was low and the insect compensated for this tolerable level of stress. The G1 nymphs had no
change in expression of the gene that later had a counter effect in G1 adults at one or two
concentrations as suggested by the temporary influence of precocene on offspring development
(Kambhampati et al. 1984).
Aphids respond to stress by up-regulating OSD, TOL and ANT genes, along with 31 other
genes that are predominantly expressed in alates (Chapter 3, (Ghanim et al. 2006)). OSD and
TOL genes were up-regulated several fold in G0 adults when third instar M. persicae were
topically treated with sublethal concentrations of precocene. Both the genes responded similarly
except the magnitude of TOL gene up-regulation was 5 times higher than OSD gene expression
at certain concentrations. Induction of OSD was previously shown to correspond to reduced
fecundity (Bos et al. 2010, de Vos et al. 2010). However, the reproductive responses in this
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experiment did not exhibit this relationship. A combination of other unanalyzed gene responses
could be responsible, or the regulation of OSD and TOL genes might simply have no influence
on M. persicae reproductive outputs. When Colorado potato beetle, Leptinotarsa decemlineata
(Say) were treated with sublethal dose of precocene, a change in form and number of sensillae of
the antenna was observed suggesting a chemo-sensory disruption (Farazmand and Chaika 2011).
OSD and TOL genes might be involved in such functions in M. persicae. Compensation in the
form of down-regulation of both the genes was observed in G1 second instars at lower
concentrations. At higher concentrations of precocene, statistically insignificant up-regulation of
TOL gene expression was observed in G1 nymphs due to prevailing stress. In order to attain
homeostasis, in G1 adults there was up-regulation of OSD and TOL gene expression at higher
concentrations, with no change in expression of these genes at lower concentrations. ANT gene
regulation was similar to OSD and TOL gene expression in G0 adults suggesting allocation of
resources to the lower concentrations. Reduction in fecundity at certain concentration was
probably due to diversion of resources towards up-regulation of the ANT gene. When the insect
recovered from (adapted to) short duration stress, no extra-energy was need as suggested by
unchanged ANT gene regulation in G1 nymphs.
In conclusion, the hypothesis that precocene, an anti-JH agent, would not stimulate the
reproductive responses in M. persicae, was rejected. Few sublethal concentrations of precocene
induced stimulation in reproduction to a tune of 1.5 to 2-fold higher than controls. There were
no clear linkages between exposure of sublethal concentrations of precocene, phenotypic
response (increased fecundity), and expression of genes examined in this study. There were
differences in phenotypic and molecular responses at different sublethal concentrations of
precocene, and these varied depending on life-stage and generation. Yu et al. (2010) have shown
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that imidacloprid-induced hormesis in M. persicae resulted in concurrent stimulatory responses
of fecundity and JH III. But when M. persicae were topically exposed to precocene, stimulation
in fecundity was observed. This suggests that regulation of the FPPS gene (JH III) and Vg
synthesis are not correlated. Imidacloprid and other stressors have yielded hormetic responses
with short term exposure similar to precocene but unlike imidacloprid-induced hormesis
(Chapter 2 and 3), precocene-induced reproductive responses were not very apparent and the
amplitude of up- or down-regulation of most genes was noticeably higher. This is probably is
due to the growth regulating nature (hormonal) of precocene rather than xenobiotics, such as
imidacloprid. This study suggests that trade-offs among life history traits coupled with the rate
at which an insect copes with short-term stress to attain homeostasis i.e., a generation or two was
sufficient. To understand the connections between phenotypic responses at the molecular level,
additional genes (e.g., those associated with the mevalonate pathway, insulin pathway),
biochemical endpoints such as measuring JH III titers, and Vg titers should be considered.
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5

GENERAL DISCUSSION

In toxicology, threshold and linear non-threshold models have traditionally governed the study of
dose-response in theory and practice (Cox 1987). Hormetic models that are biphasic in nature
and emphasize mechanistic, physiological and evolutionary understandings have largely been
ignored (Calabrese 2005). Hormetic models have gained prominence in the past two decades
and have been tested across numerous stressor-response-responder combinations. Relatively few
insecticide-induced hormesis models have been used to understand the fundamentals of this
phenomenon at various levels of biological organization particularly its biochemical
underpinnings (Smirnoff 1983, Mukherjee et al. 1993, Yu et al. 2010, Celorio-Mancera et al.
2011), and the consequences of such responses at the individual and population levels (Kuenen
1958, Doutt and Smith 1971, Chelliah and Heinrichs 1980, Smirnoff 1983, Lowery and Sears
1986, Morse and Zareh 1991, Mukherjee et al. 1993, Walthall and Stark 1997, Morse 1998,
Kramarz and Stark 2003, Zanuncio et al. 2003, Cutler et al. 2005, Zalizniak and Nugegoda 2006,
Cutler et al. 2009, Guedes et al. 2010, Yu et al. 2010, Guo et al. 2012, Cutler 2013). However,
many aspects pertaining to the hormetic response, including life-stage sensitivity, effects of
different routes of exposure and duration of exposure, effects across generations, consequences
on biological fitness, and gene-level responses remain poorly studied (Cutler 2013).
In an attempt to address a few of these aspects, the first objective of my thesis
investigated transgenerational effects on reproductive responses of M. persicae exposed to
sublethal concentrations of imidacloprid. I explored various exposure scenarios over multiple
generations to examine the temporal nature and biological consequences of the hormetic doseresponse (Chapter 2). A temporal shift in the peak hormetic concentration was evident between
the first and second generation that later was compromised in third and fourth generations in a
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continuous exposure scenario (Chapter 2). This probably was due to exhaustion of potential
resources used to deal with the stress, which were over-exploited in the first two generations.
Doubling of fecundity in the first and second generations followed by a steep decline in later
generations at the same concentrations clearly underscores the occurrence of transgenerational
trade-offs. Cutler et al. (2009) demonstrated this change over time using M. persicae adults when
only second generation fecundity (50% higher than controls) was hormetic following exposure to
low doses of imidacloprid.
The groundwork for this objective started with identifying tradeoffs within a generation.
Following exposure to a stressor, insecticide-induced hormesis will often stimulate longevity but
this comes at the expense of reduced fecundity (Hercus et al. 2003), or vice versa. In other
words, hormesis results in tradeoffs involved in allocation of resources (energetic) among life
history traits (Forbes 2000, Jager et al. 2012). When I used fecundity, longevity and length of
the adult as endpoints, tradeoffs were not apparent but, interestingly, similar trends were found in
fecundity and longevity suggesting simultaneous stimulation among life history traits i.e.,
multiple-trait tradeoffs (Agrawal et al. 2010). Similar results were reported in other insectinsecticide models (Cutler et al. 2009). With limited resources, multiple-trait tradeoffs in an
organism could place its immune system in jeopardy (Sheldon and Verhulst 1996, Schulenburg
et al. 2009). However, I suggest that a similar scenario might not prevail in my test subjects
because of two reasons. Temporally, tradeoffs were apparent (reproductive responses) in
continuous exposure scenario suggesting that fecundity of one generation should be compared to
fecundity of the next and not longevity or other endpoints. Hence, when tradeoffs are evident in
fecundity transgenerationally, the immune system or other detrimental systems may not be
compromised. Secondly, the greenhouse results (ri increase) that indicated adaptation to a
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stressor (imidacloprid) probably could be extrapolated to any given stressor because hormesis is
a general phenomenon that results from triggering adaptive pathways (Costantini et al. 2010, Son
et al. 2010).
As adults, the aphids probably were able to recover from transient over-corrections due to
sublethal concentrations of imidacloprid (Cutler et al. 2009) and hence fecundity of parental
generation was not hormetic. M. persicae nymphs pass through four molts before developing
into adults and probably these molts enable it to entrain via overcompensation to certain
sublethal concentrations of imidacloprid (Chapter 2). It was evident in a one-time exposure
scenario where first instars exposed briefly (2 days) to the lowest concentration produced fewer
offspring than the control as the adults probably had less energetic resources remaining to
allocate to reproduction after handling the tolerable stress i.e., able to deal with those transient
over-corrections at the cost of reproduction. Below hormetic concentrations there could be ultralow doses that are detrimental to the exposed organism and this is termed hypersensitivity (Sykes
et al. 2006). The occurrence of hypersensitivity (i.e., reduced fecundity) that I observed with
short-term exposure has previously been observed in insects (Luckey 1968) and plants (Belz and
Piepho 2012). This was seen in my greenhouse experiment where treatment of plants with 0.25
µg imidacloprid L-1 resulted in almost two-fold increase in ri and 4.5-fold more total aphids
compared to controls while certain concentrations below this decreased the number of aphids
(Chapter 2). When an organism exclusively allocates resources to combat the stressor it might
survive the situation only until such time as a build-up of damage due to minimal dedication
towards maintenance of basic metabolic functions, passes a threshold, i.e., slow-death
(McNamara and Buchanan 2005). In my experiments this was constantly evident at higher
concentrations (e.g., 25 µg imidacloprid L-1) in the brief-exposure scenarios. When maintenance
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is not compromised, this thriving capacity could result in/invested towards higher fecundity at
concentrations just below the highest concentration (e.g., 10 µg imidacloprid L-1). Similar
findings were reported where mortality in an organism increased after the removal of the stressor
(McNamara and Buchanan 2005).
Models that fit hormetic data (Cedergreen et al. 2005) provided a good fit for
reproductive responses in the continuous exposure scenario (first two generations) and ri from
the greenhouse experiment (Chapter 2). However, the modeled data masks the “dips” which I
assume to be due to a toxic/hypersensitive concentration (resulted in lower fecundity than
controls) in the hormetic zone. Similar limitations were previously noted in statistical models
that describe hormesis (Belz and Piepho 2012). I consistently found pre-hormetic
(hypersensitivity) toxicity in several of my experiments (Chapters 2 and 4). Visually, these
might fit a “triphasic” model (N-shaped) as opposed to biphasic (Sykes et al. 2006). The
occurrence and mechanisms of this phenomenon should be explored further, along with
refinement of models that better take into account such pre-hormetic toxicity.
The second objective of my thesis focused on gene regulation during imidaclopridinduced hormesis. Initially gene-level responses (up- or down-regulation) were assessed as an
endpoint to hormesis. Surprisingly, besides mirroring the fecundity responses in few instances
(Chapter 2), tradeoffs were observed transgenerationally when gene regulation during
imidacloprid-induced hormesis was analyzed at four time points (second instar nymphs and
adults of first and second generations) (Chapter 3). Several stress, dispersal, and developmental
genes were affected in multiple instances, and there was evidence of gene up-regulation
countered by down-regulation in subsequent life stages or generations. Alternation of up- and
down-regulation of Hsp gene occurred across generations and between nymphs and adults within
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a generation. Down-regulation of Hsp expression is probably a recovery response to regain
homeostasis (Cappello et al. 2006, Shutoh et al. 2009). Down-regulation of Hsp60 expression
observed at several time points could have been due to the organism undergoing a recovery
process following mild stress exposure (Cappello et al. 2006, Shutoh et al. 2009).
Dispersal-related genes such as olfactory segment-D (OSD), take-out like (TOL) and
adenosine nucleotide transferase (ANT) are more highly expressed (2-5 fold) in alates than
apterous aphids (Ghanim et al. 2006). I found that OSD, TOL and ANT gene expression varied in
apterous individuals exposed continuously to sublethal hormetic concentrations of imidacloprid
and no wing development was observed. A series of up- and down-regulations depicts initial
disruption followed by compensation/overcompensation finally leading to new-normal or
adapted state. Similar trends were observed in TOL gene regulation (Chapter 3) but no
correlation to fecundity was obtained.
ANT gene was unresponsive initially (G0) when stress was administered suggesting that
exposure to hormetic concentrations of imidacloprid results in no additional energy expenditures
for the aphids. However, as with TOL and Hsp60 genes, significant up-regulation of ANT
occurred in G1 nymphs, indicating extra energy was expended. Down-regulation of the ANT
gene in G1 adults probably depicts the exhaustion of energy during the development process. In
insects, increased JH titers could be due to down-regulation of farnesyl diphosphate synthase
(FPPS)-I gene (Keeling et al. 2004) and vice versa (Belles et al. 2005). Significant downregulation of FPPS was seen at imidacloprid concentrations that did or did not result in
stimulated reproduction, suggesting no direct correlation of this gene with fecundity. However,
tight regulatory responses that were hormetic in nature were observed among the time points
selected.
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Activation (up-regulation) or inactivation (down-regulation) of genes in a response to
external cue is regulated by DNA methylation. Increases in methylation, termed
hypermethylation, typically reduce DNA transcription and usually result in inactivation of genes,
although this is not always the case (Suzuki and Bird 2008). It is an important epigenetic
mechanism for regulation of gene expression is thought to play a role in developmental
responsiveness to environmental factors and may provide critical contributions to insect
developmental and phenotypic variation (Bass and Field 2011, Glastad et al. 2011, Gressel
2011). In M. persicae, reduced DNA methylation coincides with a loss of E4 gene expression
(Hick et al. 1996, Field et al. 2004). Imidacloprid resistance in insects via mutations has been
reported in the past (Elbert and Nauen 1996, Wen et al. 2009, Bass and Field 2011) and
insecticide-resistance is associated with amplification and methylation of esterase genes (Ono et
al. 1999, Field 2000, Field et al. 2004). Although further investigation is needed, my data on
global methylation suggests that insecticide-induced hormesis might serve as a precursor to
insecticide tolerance and ultimately resistance (Gressel 2011) as inheritance of adaptive traits
was evident (Chapter 2). Global DNA methylation occurred initially but not in later generations
suggesting possible inheritance of adaptive traits and transgenerationally the insect could be able
to cope with higher levels of stress (higher concentrations).
The third objective of my thesis addressed an interesting question. When M. persicae
were exposed to sublethal concentrations of imidacloprid, concurrent stimulation in fecundity
and JH III titers was observed (Yu et al. 2010) and JH is essential for vitellogenin (Vg) synthesis
(Hartfelder 2000). Blocking JH might affect its involvement in hormetic responses but this
hypothesis was rejected because precocene, which antagonizes JH production (i.e., no
stimulation in reproduction) at sublethal concentrations, increased reproduction in M. persicae at
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certain concentrations. In Tribolium castaneum (Herbst), Vg synthesis still occurred with
blocked transduction of JH as long as the insulin pathway (Fork head transcription factor
(FoxO)) was not hindered (Sheng et al. 2011). This suggests that low doses of precocene could
trigger a hormetic response through adaptive cellular stress response pathways such as the
insulin pathway (FoxO pathway) (Son et al. 2010), phenotypically manifesting as increased
reproduction (Chapter 4). Although tight regulatory responses were noted in other genes (OSD,
TOL, ANT and Hsp60) in M. persicae exposed to low doses of precocene, no clear connection to
fecundity was observed. Compared to gene regulation during imidacloprid-induced hormesis,
the magnitude of gene regulation was several-fold higher during precocene-induced hormesis.
Not every gene analyzed responded similarly to imidacloprid-induced regulation. Irrespective of
the stressor used, ANT and FPPS I had similar trends but not the magnitude of regulation. This
again reiterates the probable involvement of adaptive cellular response pathways but not the
regulation pathway of reproduction as in an unexposed/untreated insect. The several-fold change
in gene expression could be due the regulatory mode of action of the insecticide (precocene) or
the response as a result of brief-exposure. But, the phenotypic responses (fecundity) surprisingly
had similar patterns (N-shaped).

CONCLUSION
In this thesis I have found that insecticide-induced hormesis is real and reproducible. When
certain criteria, such as the use of a sensitive stage of the organism, precise route and duration of
exposure, inclusion of stressor concentrations 10-20 fold below the traditional threshold, are met,
the response is dramatic. As understood in the past, the nature of a hormetic curve is biphasic,
but not smooth. Also, depending on the duration of exposure, the curve could appear to be
triphasic (N-shaped) in nature. I acknowledge the occurrence of hypersensitive and hormetic
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concentrations below the traditional threshold that makes modeling hormetic data quite
challenging. Not all concentrations below the threshold being hormetic coupled with the modest
response of hormetic concentrations de-emphasize its crucial role as a precursor in pest
resurgence.
Inclusion of temporal aspect into hormetic studies assists one to understand the underlying
principles of overcompensation stimulation hormesis. The effect is not limited to phenotypic
data but can be traced into gene-level (up- or down-regulation) responses and more evidently in
global DNA methylation data where inheritance was clearly traced. However, direct linkage
between gene-level and phenotypic responses were not identified suggesting that hormesis is
triggered by adaptive cellular stress response pathways but not the normal regulatory pathways.

PROSPECTS FOR FUTURE WORK
The inclusion of biochemical-level endpoints such as measuring the JH titers or vitellogenin
titers on par with stimulated fecundity coupled with FPPS gene regulation could have
“connected the dots” and should be addressed for two reasons. First, fecundity is directly
proportional to amount of vitellogenin that is regulated by JH (Belles et al. 2005). FPPS gene
regulation could target JH or (E) β Farnesene. If down-regulation of FPPS corresponds to
increased JH (Keeling et al. 2004), one can deduce its correlation with stimulation in fecundity.
But if the opposite occurs, down-regulation corresponding to decreased JH, no correlation can be
deduced. Second, if no connection between the processes always exists (Sheng et al. 2011), one
can affirm that hormetic response occurs due to trigger of adaptive cellular stress response
pathways (Son et al. 2010).
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Again, although I analyzed Hsp 60 gene responses with respect to insecticide-induced
hormesis, which indirectly might have emphasized the involvement of heat shock factor
pathway, no clear connection with fecundity was derived. Instead, if adaptive stress response
pathways (gene regulation and related biochemistry) were studied, a better understanding of the
“cause-effect” relationship of the responses observed at higher hierarchical levels (individual or
population) may have been possible. For example, analyzing genes involved in the insulin
pathway and their regulation during insecticide-induced hormesis is always a better route to
choose because it is recently learnt that those genes might influence JH or vitellogenin in certain
conditions (Sheng et al. 2011).
Phenotypically, reproduction in insects serves as an excellent endpoint in such studies but
it should be coupled with other traits. For example, if aphids were to be used as test subjects,
longevity, length of the antennae, length of the cornicles, and weight could be used. Tradeoffs
(intra- and transgenerational) might be evident when such combinations are addressed in a single
study. Bagging the insects in greenhouse experiments did not have an effect on aphid movement
as most of the aphids were found in the top 5-10 cm of the plants. But, hormesis experiments
should be attempted in field conditions thus accounting for possible interactions (natural
enemies, abiotic factors) and elimination of artificial factors (bagging). Xenohormesis (inter
species/genera communications) on natural enemies and by-stander/spectator effects (intra
specific communications) might add-up to make insecticide-induced hormesis evident and
highlight its role in pest resurgence. Insecticide-induced hormesis might be defined as
“seemingly innocuous” because of its modest responses yet dangerous consequences.
Integrated pest management tactics assist in judicial use of pesticides and probably
reduce the occurrence of hormetic concentrations. Considering the duration for a pest to make
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an insecticide ineffective and or resistant, hormesis studies should be employed in pre-trials to
avoid or lengthen the duration. Although complete elimination of pesticides holds the key to
most of these problems (such as pest resurgence), the immediate and effective control tactic
(chemical control) is needed in current day agriculture for maximum profits. Rotation and or
inclusion of new insecticides with unique modes of action find its demand in current
circumstances.
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