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Abstract

Community genetics research investigates the influence of intra-specific genetic
variation on species interactions. This rapidly growing research field consists of more
than one approach to explore how a significant portion of the environment of a focal
species is differentially defined by the expressed genomes of other interacting species.
While the basic concept of community genetics is well supported empirically, there is
still a set of pertinent issues in need of further investigation.

The initial research addressed herein focused on the extent to which the magnitude of
a community genetic effect can be moderated when acting in concert with other forces
in nature, i.e. the interaction between community genetic effects and the effects of
other eco-evolutionary processes such as competition and parasitism.

Subsequent research investigated the impact of genetic variation of host plants in
agro-ecosystems on the performance (reproductive success) and behaviour
(distribution and feeding-site choice) of plant-associated pests such as aphids,
especially when pests and their hosts were subject to plant-mediated interactions.

In addition, the differential effects of Indirect Ecological Effects (IEEs) and Indirect
Genetic effects (IGEs) on the emergence of shared (extended) phenotypes between
natural enemies (i.e. biological control agents and phytophagous insects) were
examined.

I provide clear evidence for significant effects of the genetic variation of host plant on
aphid performance, behaviour and intra- and inter-specific competition. My findings
also give credence to the concept of reciprocal moderation between plant genotype
and aphid competition. I also provide observations on competition that segues into
less antagonistic and possibly into a more cooperative form of interaction. In addition,
I establish novel systems of economically important crop genotypes, noxious sap-
feeding aphid species and root-galling nematodes. I also devise an amalgamated
approach to interpret the interwoven set of mechanisms that underpin the observations
presented and conclusions drawn. I also provide further investigation on the role of
Indirect Ecological Effects (IEEs) between root-knot nematodes and sap-feeding
aphids, and demonstrate the influence of in-plant variation on the interaction between
the spatially separated plant consumers. Furthermore, I use a quantitative genetic
experimental design in order to demonstrate a differential impact of parasitoid
genotype on the behaviour of its aphid host. As such, I provide some of the clearest
evidence to date that the phenotype of an organism can be the product of the genes
expressed in another organism via Inter-specific Indirect Genetic Effects (IIGEs).

Finally, I conducted research on epiphytic bromeliads and their associated faunal
communities in the tropics. Here I demonstrate that the influence of intra-specific
genetic variation of the host plant on the associated ecological communities may be
more universal than previously conceived, with a plausible role for such variation in
the maintenance of biological diversity.

My research provides evidence for the genetic basis of species interactions and,
interestingly, a genetic basis for the evolutionary arms-race between foragers and their
hosts. My doctoral work adds new evidence to the increasing literature on the
evolutionary importance of (Genotype x Genotype) interactions and (Genotype x
Genotype x Environment) interactions in shaping the dynamics of pest communities,
which in turn can affect plant phenotype and can influence the properties and services
of the focal ecosystem in which the inter-players live and interact.
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Study Rationale (Organisation of thesis chapters)

The five primary research papers of this thesis all attempt to examine how genetic
variation within a single species may have larger effects on associated communities.
The papers also, through a range of different approaches, shed light on the effects of
(Genotype x Genotype) and (Genotype x Genotype x Environment) interactions on the
performance (reproductive success) and behaviour (distribution and preference) of
plant-associated invertebrates. I also endeavour to untangle the relative contributions
of various factors involved in the interplay between community genetic effects and
competition, parasitoidism and Indirect Ecological Effects.

In the general introduction, I explicate the novel synthesis of community
genetics as a cutting-edge discipline in the sphere of evolutionary biology.

In chapter 1, I investigate the effect of broad bean cultivars (within-plant
genetic variation) on the performance (reproductive success) and behaviour (on-plant
distribution) of multiple genotypes of pea aphids.

In chapter 2, I contrast the community genetic effects and competition effects
on confined hosts and under multiple host choice conditions. I focus on the
performance and behaviour of a focal pea aphid genotype under both intra- and inter-
specific competition.

Chapter 3 examines how the individual genetic differences in an aphid’s
natural enemy (parasitic wasp) influence the response of a focal aphid genotype in
broad bean cultivation.

In chapter 4, I explore the reciprocal effect of above- and below-ground plant
enemies, i.e. aphids and root-knot nematodes, on the fitness of the inter-players.

Finally, in chapter 5, in a three-year research collaboration with colleagues, I

address the community genetic effects of an epiphytic tank-forming bromeliad (as an
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ecologically important keystone species) on associated invertebrate communities in a
tropical ecosystem.

The general discussion of the thesis forms the conclusion and provides insights
on the intricacy of the genetics of ecological interactions within communities.
Furthermore, I provide additional remarks on the advancement of community genetics
as an amalgamating frontier in biology, considering some potential future directions
for future research. The conclusion also contrasts community genetics with alternative
schools of thought and empiricism. I envisage an integration of insights from niche
construction theory, eco-evolutionary dynamics, complexity theory, and adaptive
complex system dynamics, along with well established perspectives in the realm of
community genetics in order to encourage the formulation of a hybrid approach
encompassed and empowered by the amalgamative capacity of community genetics.
Such ideation should pave the way for more efficacious dialogue between these
burgeoning disciplines towards answering burning questions on the complexity of the
interaction between ecology and evolution in natural and agricultural man-made

systems.
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General Introduction

Note:

*This doctoral thesis is articulated under the new format Ph.D regulations (alternative
format). The general introduction provides a general background on the novelty of the
research conducted. The general introduction also summarises the major findings of
each paper (chapter).

The thesis is concluded with a brief general discussion of the work including further

insights and future directions.
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General Introduction

What is Community Genetics, Why and How?

Community genetics is 'the study of the genetics of species interactions and
their ecological and evolutionary consequences' (Antonovics 1992, Whitham et al.
2003, 2006). The field of community genetics has grown exponentially since first
articulated by Antonovics in 1992 (Agrawal 2003, Johnson and Stinchcombe 2007,
Rowntree et al. 2011). Community genetics operates at the interface among ecology,
genetics and evolution (see the appendix to this general introduction for an illustrated
overview). One of its main interests is the influence of intra-specific genetic variation
of ecologically important species (i.e. keystone species) on the structure and
composition of associated ecological communities (Fritz et al. 1996, Dungey et al.
2000, Whitham et al. 2003, Ito and Ozaki 2005, Johnson and Agrawal 2005, Whitham
et al. 2006, 2008) and ecosystem processes (Driebe and Whitham 2000, Whitham et

al. 2003, Schweitzer et al. 2005, Whitham et al. 2006).

Community genetics is a novel burgeoning frontier in evolutionary biology

One of the most prominent facets of community genetics, compared to other
areas at the interface between ecology and evolution, is the scale at which
experimental manipulations and community analyses take place. In community
genetics, the genotype is the focus, i.e. exploring how genetically based variation
within a species changes its ecological interactions with other species and the resulting
consequences this has for the associated community assemblage. The other important

point is that the community genetics approach is not constrained by co-evolution. So
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while co-evolution may be a consequence of community genetic effects, it is not a
prerequisite (Johnson and Stinchcombe 2007, Rowntree et al. 2011).

In addition, the geographic mosaic of co-evolution (Thompson 1994) and eco-
evolutionary dynamics (Pelletier et al. 2009, Schoener 2011) tend to look at
population level differences (where past evolutionary processes are the key).
Community genetic effects may be the basis of some of these hot and cold spots of co-
evolution and may be important in the formation of feedbacks, However, the focus of
the geographic mosaic of co-evolution and eco-evolutionary dynamics is at a higher
level (the population) and over a slightly longer time frame (see Johnson and
Stinchcombe 2007, Rowntree et al. 2011).

Community genetics currently uses several different approaches to understand
community level effects caused by intra-specific genetic variation (within-species
genetic variation). The main approaches (Agrawal 2003, Johnson and Stinchcombe
2007, Rowntree et al. 2011) are:

First, the quantitative approach which addresses the effect of the genetics of
‘species assemblages’ on the phenotype of a focal species (e.g. Zytynska et al. 2011).
Herein, community geneticists envisage the phenotype of a focal species to be
determined by a combination of the genotype (G) of this focal species, an
environmental input (E), and the (GxE) interaction. The environmental part (E) can be
split into two elements: the biotic environment and the abiotic environment (Zytynska
et al. 2011; see also the appendix to this general introduction for a broader overview).

Second is the perspective focusing on the ramifications of intra-specific
genetic variation (within-species genetic variation) of a focal species or keystone
species (i.e. fundamental or influential regardless of species biomass) on associated

communities. This is described as the ‘dominant species approach’ (Whitham et al.
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2003, Schweitzer et al. 2004, 2005, Whitham et al. 2006; see this general introduction
appendix for a broader overview).

Third, conventionally, a phenotype represents a set of expressed traits encoded
within the genome of an individual that is subject to environmental variability. The
extended phenotype approach (which is in line with the second approach of
community genetics, i.e. the ‘dominant species approach’), proposes that the
definition of a phenotype can be extended to encapsulate the plausible consequences
of intra-specific genetic variation of fundamental species on ecological communities
and ecosystem properties and services, and hence that genes operate on higher levels
beyond the individual and population levels (Whitham et al. 2003, Schweitzer et al.
2004, 2005, Whitham et al. 2006; but see Dawkins 1982 and Laland 2004).

What gives credence to the emergence of extended and even shared
phenotypes amongst species is the concept that a significant proportion of the
environment of each species can be comprised by the expressed genomes of other
interacting species (Dawkins 1982, Henter and Via 1995, Underwood and Rausher
2000, Ferrari et al. 2001, Whitham et al. 2003). This defines the intra-specific genetic
effect or community genetic effect (CG).

In this regard, the extended and shared phenotypes can be considered as
assembled phenotypic norms or traits more likely to emerge via antagonism,
cooperation and symbiosis (Dawkins 1982, Jablonka 2004, Laland 2004, Whitham et
al. 2003). As such, shared and extended phenotypes, serving to opt for conflict or
conflict avoidance between species, may help species (interactors) to maximise fitness
i.e. proliferation and survivorship (Dawkins 1976, 1982, Jablonka 2004, Araujo et al.
2008). This is particularly applicable when the influence of intra-specific genetic
variation (CG effects) intensifies across levels in multi-trophic systems (Bailey et al.

2006, 2009).
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Fourth, the eco-evolutionary approach of Neuhauser et al. (2003) exploring
how evolution might occur on ecological time scales under the conditions of
disequilibrium. They advocate the necessity to amalgamate ecological and
evolutionary models to decode the tangled areas between CG effects and community
processes. This approach is especially applicable for man-made agro-ecosystems (see
Hersch-Green et al. 2011, Rowntree et al. 2011).

Genetic variation of reciprocal interactions (GxG) has been well documented
for plant-herbivore associations and an expanding body of evidence has accredited the
influence of community genetic effects (CG) as defining the context and composition
of ecological communities (Service 1984, Whitham et al. 2003, Wimp et al. 2005,
Bailey et al. 2006, Bangert et al. 2006, Whitham et al. 2006, 2008). Recently, attention
has increased towards the effects of genetic diversity and inter-specific genetic
variation on preference (host discrimination and selection for feeding sites) and
performance (reproductive success) of plant associated faunas (e.g. Utsumi et al.
2010). Inter-specific interactions are supposed to depend on the genetic variation of
other interacting species within the ecological network or trophic system (i.e.
GenotypexGenotypexEnvironment (GxGxE); Abrams 1995, Astles et al. 2005,
Tétard-Jones et al. 2007). This is also the case for plant-mediated interactions
(Wootton 1994, 2002, Kaplan and Denno 2007, Kaplan et al. 2009). In such cases,
community genetic effects (CG) might modulate or become modulated by other
ecological processes and mechanisms such as IEEs (Indirect Ecological Effects;
Wootton 1994, 2002, Astles et al. 2005). Furthermore, the magnitude of community
genetic effects (CG) against other ecological processes, such as predation, competition
and parasitoidism, is still poorly understood, particularly for systems composed of
economic crops, insect pests and their natural enemies (but see Smith et al. 2008).

Therefore, while there is now a good supporting body of evidence that community
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genetic effects (CG) are common and influential (Johnson and Stinchcombe 2007,
Rowntree et al 2011), the investigation of the interaction between CG and other
ecological forces and processes (e.g. competition and parasitoidism) is ripe for
exploration (Hersch-Green et al. 2011). There is a need to qualitatively as well as
quantitatively examine the interactions between such effects. This is plausibly the case
for the above-ground and below-ground associations that are mediated by shared host
plants in both complex natural forest ecosystems and conventional agricultural
ecosystems, where communities thrive within communities (Ferrari and Vavre 2011,

Rowntree et al. 2011, Zytynska et al. 2012).

Ecological interactions

Communities are governed by the properties of their biotic components

Species and their interactions do not develop or evolve in voids. Instead,
species and their activities reflect the dynamic biotic constituents of the systems where
they exist and interact with other biotic (con- and hetero-specific) and abiotic
(physical, chemical) constituents. In this context, within-species genetic variation can
influence both pair-wise and multi-species interactions (Whitham et al. 2003, Bailey
and Whitham 2006a , Bailey et al. 2006, Bangert et al. 2006, Whitham et al. 2006,
Wimp et al. 2007, Mooney and Agrawal 2008, Mooney et al. 2008). Consequently,
ecosystems will be affected by the dynamics of their constituents, viz phenotypic co-
variation via bottom-up and top-down routes as mediated by the genetics of focal
species (Whitham et al. 2003, Bailey and Whitham 2006a,b, Whitham et al. 2006,
Johnson 2008, Lawrence et al. 2012). This should have consequences for the entire

ecosystem and the mass-energy relationships within multi-trophic systems (Mejer and
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Jorgensen 1979, King 2003, Whitham et al. 2003, Bonchev et al. 2005, Ulanowics
2005, Whitham et al. 2006).

It may be argued that evolution is dependent on the nature and nurture of the
interacting species (Fordyce 2006, Pfennig and McGee 2009) as well as the relative
frequency, intensity and diversity of species interactions (Paine 1980, Wolf et al.
1999, Kondoh 2003, Odling-Smee et al. 2003, Laland 2004, Beckerman et al. 2006,
Montoya et al. 2006, Laland and Boogert 2008). This can be regarded in the light of
‘community heritability’ (see Whitham et al. 2003, 2006), and as articulated by
Goodnight (1990): “...if the interactions among the members of the community are
passed intact from the parent community, the interaction will be heritable at the
community level, and thus contribute to a response to community selection”.

Therefore, species interactions can be predictable (Bailey et al. 2006; see also Wolf et

al. 1999, Whitham et al. 2003).

Community genetics and mediated effects

Host plants and their associated herbivorous insects reciprocally influence one
another (Strauss 1991, Jones et al. 1994, Miller and Travis 1996, Jones et al. 1997,
Wright et al. 2002, Odling-Smee et al. 2003, Whitham et al. 2003, 2006, Mooney and
Agrawal 2008). Such interplay takes place via direct and indirect pathways (Strauss
1991, Wootton 1994, Moore et al. 1997, Wootton 2002, Mooney and Agrawal 2008).
Indirect effects arise when the interactions between inter-players are conveyed via the
mediation of a ‘vehicle’ or an ‘interactor’ (Dawkins 1982, Jablonka 2004). This
vehicle can be:

1) A third intervening species (e.g. IEEs; Wootton 1994, Astles et al. 2005).

2) A single genotype (e.g. Intra-Specific Indirect Genetic Effects, IIGEs;

Moore et al. 1997).
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3) Genetics of conspecifics or heterospecifics (e.g. Indirect Inter-Specific
Genetic Effects, IIGEs; Wolf et al. 1998, Wolf 2000, but see Shuster et al. 2006).

An interesting example of indirect ecological effects is explained by the
interactions between above- and below-ground herbivory that are mediated by host
plant (Kaplan et al. 2009). This interaction entails feedback loops, both negative and
positive, that spring up between root- and shoot-communities that never meet (Kaplan
et al. 2008, 2009, Moens 2009).

A good body of evidence has accrued to support the supposition that the
transmission of indirect effects through trophic levels is influenced by genetic
variation within species (Bailey et al. 2006, Whitham et al. 2006). It can be argued
that an interaction between two genotypes (GxG) co-varies with the environmental
factors to which the two species are subject (Astles et al. 2005). Community genetics
research endeavours to explore how within-species genetic variation and inter-specific
genetic interactions can modulate the impact of indirect effects (e.g. Astles et al.
2005). However, there is a heightened need to investigate how community genetics
effects interact with IEEs and IGEs within economic crop-dependent faunal

community systems.

Doctoral work

The thesis of my work is that within-species genetic variation influences
species interactions and vice-versa. To test this I define and use a variety of systems,
both simple agricultural systems and complex natural rainforest systems. I especially
focus on the importance of the mediating effects of genetic variation on competition. I
also focus on the influence of indirect effects on the relationship between intra-
specific genetic variation and species interaction. I provide evidence of the relative

importance of CG effects relative to other ecological forces such as competition.
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The research I have conducted throughout my doctoral studies involved
laboratory and greenhouse experimental work at the University of Manchester

facilities besides field work in the tropics of Central America (Belize).

Spotlight on the studies comprising this thesis

Chapterl: Article for Ecological Monographs
Broad bean Varieties Differentially Impact the Performance of Aphid Genotypes

Mouhammad Shadi Khudr', Tomos Potter', Richard Preziosi'

'Faculty of Life Sciences, The University of Manchester

Synopsis

This work presents a novel model with high potential for community genetics
research. The model assembles a matrix of four genotypes of broad bean as provision
for six aphid genotypes (four green and two pink) in addition to vetch aphid and green
peach aphids (one genotype of each). Infestations for each cultivar were replicated in
enclosures within controlled growth cabinets (microcosms). Aphid performance
(reproductive success measured through population growth rate per capita) and
behaviour (preference for on-plant micro-feeding sites) were investigated. An
assessment of aphid impact on plant fitness was also conducted. Interesting results
were obtained pertaining to the influence of the interaction between host plant and
pest genotypes. I found strong effects of broad bean genotype, aphid genotype and
their interaction on traits of both aphids and broad beans. The influence of host plant
genotype on aphid behaviour was clearly notable, as was the interaction between plant

genotype and aphid genotype. The model system defined in this work provides novel
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insights on aphid response to community genetic effects that can be applied to pest

control efforts in agricultural systems.

Chapter Two. Article for Animal Ecology
Community Genetic Effects versus Competition Effects in a Model Pea aphid
System

Mouhammad Shadi Khudr', Tomos Potter', Richard Preziosi'

'Faculty of Life Sciences, The University of Manchester

Synopsis

This work addresses questions on the interaction between community genetic effects
(broad bean intra-specific genetic variation) and competition as an important eco-
evolutionary force. The work investigated a plausible modulation of the influence of
broad bean genotype (community genetic effect) on the performance (reproductive
success) and behaviour (on- and in-between plant distribution) of a focal pink aphid
genotype. The consistency of performance and behaviour of this aphid was assessed
against four green conspecifics and two heterospecifics. Three broad bean cultivars
were used in both choice and no-choice enclosures under stabilised temperate
conditions. The research included three experimental protocols:

1) Choice, presence and absence of a competitor.

2) No choice, inter-specific competition.

3) No choice, intra-specific competition.

The results of this work indicated that the effects of inter-specific competition and

community genetics on aphid behaviour are of a similar magnitude. The findings
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contribute towards ongoing efforts to untangle the dynamics of the relationship
between intra-specific genetic variation of host plants and pest-pest interactions in

agricultural systems.

Chapter three: Article for Biology Letters
Parasitoid wasps influence where aphids die via an inter-specific indirect genetic
effect.

Mouhammad Shadi Khudr', Johan Oldekopl, David M. Shuker?, Richard Preziosi'

'Faculty of Life Sciences, The University of Manchester
*School of Biology, The University of St. Andrews, Harold Mitchell Building, St

Andrews, Fife, KY16 9TH, U.K of Life Sciences, The University of Manchester

Synopsis

A quantitative genetic half-sib experimental design of the parasitoid wasp (Aphidius
ervi) was used to investigate the genetic variation basis of the manipulation of aphid
host by the parasitoid in terms of the behaviour of aphids post-parasitism. It is
demonstrated in this study that different genotypes of the parasitoid wasp cause
differential responses in the genetically identical aphids under attack. Different sire
families of the parasitoid exerted differential influence on their pea aphid hosts. This
work integrates biological control schemes into community genetics, providing

evidence for a genetic basis for species interactions on economic crops.
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Chapter four: Article for Oikos
Plant Community Genetic Effect Mediates Spatially Separated Competition

Mouhammad Shadi Khudr', Nouri Baker', Richard Preziosi'

'Faculty of Life Sciences, The University of Manchester

Synopsis

Little is known about how effects between above- and below-ground levels of
herbivory are mediated by plant genetic variation. Investigation of the interaction
between shoot and root sap-feeding pests that never meet is of vital importance for
understanding how a host plant mediates the interaction between spatially separated
plant consumers. This work investigated the effects of multi-level herbivory on host
plant vigour in the light of within-plant genetic variation and competition between two
aphid species (focal green peach aphid and black bean aphid) and root-knot nematodes
(RKN). In addition, the work explored the effects of the interaction between the
indirect ecological effect (impact of RKN) and the community genetic effects (tomato
intra-specific variation) on shoot-feeders. The influence of RKN on the performance
(reproductive success) and behaviour (on-plant distribution) of the focal aphid
genotype across six tomato cultivars was observed. The impact of above-ground
herbivory on the abundance of RKN was also explored.

The results show that plant biomass depended not only on the plant genotype but also
on the differential response of plant cultivar to herbivory. A highly significant
influence of the interaction between tomato genotype and competition on the focal
aphid genotype was recorded. Moreover, the nematodes (RKN) were influenced by
competition with the aphids on the host plant but the influence was dependent on the

tomato genotype mediating the interaction. The findings highlight the importance of
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unraveling the interwoven branches of ecology and evolution of plant-pest dynamics
in order to understand the possible modulation mechanisms that occur between intra-

specific genetic variation and spatially separated competition within agro-ecosystems.

Chapter five: Article published in Oecologia 2012
Community genetic effects of tank-forming bromeliads on associated

invertebrates in a tropical forest ecosystem

Sharon Zytynska', Mouhammad Shadi Khudr', Edwin Harris', Richard Preziosi'

'Faculty of Life Sciences, The University of Manchester

*John Dalton Building, Manchester Metropolitan University, M1 5GD, UK

Synopsis

This paper represents the tropical field work element of my research (Belize, Central
America). The work was conducted in the summer (July) for three consecutive years
(2008-2010). Epiphytic tank-forming bromeliads were collected on a fine geographic
scale within three distinct sites in Chiquibul forest, Belize. Geographic data on height
and location above sea level were recorded. Subsequently, geometric morphological
data of the plants were obtained before they were dismantled leaf by leaf, with the
associated invertebrate communities collected and systematically classified and
categorised according to age (adults and juveniles). In parallel, DNA AFLP-
fingerprinting was performed and differences amongst the plant samples collected
were undertaken. Afterwards, correlation analyses between genetic, species and

geographic data were processed.

28



The major findings indicated that the genetic variation within the bromeliad species
did influence the associated invertebrate communities. Relatively, the overall species
diversity the bromeliads harboured was contingent on the genetic variation of the
bromeliads. In addition, more genetically similar bromeliads hosted similar
invertebrate communities. This finding was statistically significant for the juvenile-
stage invertebrates but not for the adults.

The findings suggest that within-species genetic variation in ecologically important
species may constitute a supporting ecosystem service for maintaining community and

ecological processes.

Concluding remarks

Through my research to date I infer that ecological communities are not only
assemblages of species but are also ‘spatiotemporal dynamic matrices’ that develop
and evolve in accordance with the rates of development of their species and the
interactions between species. Such context can result from the numerous inherent
interactions among the constituent species that form an integrated community (Paine
1963, Pimm and Lawton 1977, Paine 1980, Montoya and Sol¢ 2002, Odling-Smee et
al. 2003, Montoya et al. 2006, Whitham et al. 2006). Nevertheless, the integration is
always subject to change at any level of its organisation (Levin 1998, Simberlof 1998,
Odling-Smee et al. 2003, Juarrero 2010) as part of the bigger co-evolutionary mosaic
(Thompson 1994, 1999). Therefore, communities can be defined by the internal as
well as the external properties of their constituents and by the interactions between
these constituents and the environment in which they cohabit (Levin 1998, King 2003,
Odling-Smee et al. 2003, Whitham et al. 2003, Bonchev et al. 2005, Montoya et al.

2006, Whitham et al. 2006, Juarrero 2010). An example of this is the beaver, which
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through its daily activities ecologically and genetically modifies its shared
environment with other taxa (Bailey et al. 2004, Bailey and Whitham 2006b). The
beaver also undergoes an ongoing process of cyclical interaction with the selective
environment affecting other species, including even the beaver itself (Jones et al.
1994, 1997, Odling-Smee et al. 2003, Laland 2004, Brodie 2005, Bailey and Whitham
2006a,b; see also Lawrence et al. 2012).

My consensus is that community genetics, through its numerous and
amalgamated perspectives, functions holistically just as Newton’s colour-disc that
blends light (here the inputs of pertinent CG perspectives) into a synthesis. At the
same time, community genetics is also a form of a ‘reductionist toolkit’, analogous to
the prism splitting light, through its analytical function, which elucidates the
individual components of the unified whole.

My research and conclusions concord with the understanding that “Genetically
based interactions among individuals of different species exist regardless of the unit at
which selection is occurring; however, these interactions become heritable variation
only when selection is acting at the community level" as articulated by Goodnight

(1990).
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Figure 1°: At the interface of genetics, evolution and ecology.

This diagram illustrates the major points of focus within community genetics
(CQ). The field has burgeoned since founded in 1992 by Antonovics based on the
advances in population genetics and community ecology (Agrawal 2003,
Rowntree et al. 2011). The summary of CG scope and themes depicted here are
derived and adapted from [Ecology special feature edited by Agrawal (2003),
Johnson and Stinchcombe (2007), and the Philosophical Transactions of The
Royal Society B theme issue compiled and edited by Rowntree et al. (2011)]. CG
shares some common factors with similar schools of thought such as niche
construction and eco-evolutionary dynamics (see thesis conclusion for further

remarks on CG and niche construction).
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Community genetics proposes that a significant proportion of each
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(Robinson et al. 2010)

Amongst locations

“Biodiversity is the variability among living organisms from all sources, including inter-alia [among other things],
terrestrial, marine and other aquatic ecosystems and the ecological complexes of which they are a part;
this includes diversity within species, between species and of ecosystems.”

Canadian Ministry of Natural Resources; [Ontario’s Biodiversity Strategy (OBS); 2005]
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Figure 2°. A bird's eye view on biodiversity, ecological communities and species
interactions in the light of community genetics (CG).

This illustration is based on concepts derived from the works proposed by Thompson
(1994, 1999), Wade (2003), Astles et al. (2005), Bonchev et al. (2005), Johnson and
Stinchcombe (2007), and Rowntree et al. (2011), and the works cited in the figure. This is
besides the Ecology special feature edited by Agrawal (2003). This overview emphasises
the amalgamated perspective of CG including:

1) The ‘quantitative’ approach (e.g. Zytynska et al. 2011). As the equation displays, the

environment (E) of a species can be defined as abiotic (A) and biotic [the effect of
the genetics of other interacting species on the phenotype of a focal species (P)].

2) The ‘dominant species approach’ proposing that a significant portion of a species’
environment is the expressed genomes of other interacting species (Rowntree et al.
2011). The extended phenotypes emerge when the genes of a keystone species (e.g.
epiphytic bromeliads) affect associated faunal communities in the canopy beyond the
individual and population levels of the epiphyte (Whitham et al. 2003, 2006, Zytynska
et al. 2012).

This view also emphasises that species do not exist, develop and interact in a vacuum.
Therefore, beyond the limitation of typological definitions of the putative interactions
within and between species such as +, -, 0 or neutrality, a complexity of interactions and
multi-level interplay can occur between species and their changeable environment in
terms of Genotype x Genotype, Genotype x Genotype X Environment, Indirect Ecological
Effects (IEEs), and Indirect Genetic Effects (IGEs); (Strauss 1991, Wootton 1994, Moore
et al. 1997, Wolf et al. 1999, Wolf 2000, Wootton 2002, Odling-Smee et al. 2003,
Whitham et al. 2003, Bailey and Whitham 2006a,b, Whitham et al. 2006).

*The vector images adapted in the illustration are free images to use under ‘Creative
Commons Attribution-Share Alike 3.0 License’; available at:
http://www.freevector.com/tree-bush-silhouettes
http://www.freevector.com/trees-vector-graphics/

http://www.freevector.com/free-insects-vectors/
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Chapter 1: Broad bean varieties differentially impact the

performance of aphid genotypes

My Contribution:

I designed and ran the experiment, collected, entered and carried out analysis and
visualisation of the data, and produced the manuscript in collaboration with and under
Dr. Richard Preziosi’s supervision. Mr. Tomos Potter took part in maintenance and
data recording, and analysed a portion of the data set as a part of his final year honours

undergraduate project.
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Mouhammad Shadi Khudr!, Tomos Potter!, Richard Preziosi'

'Faculty of Life Sciences, The University of Manchester

Abstract

We can describe the relationship between leguminous plants and aphid herbivores as
an evolutionary arms-race. However, little is known about how genetic variation
within plants and aphids influence the outcome of their interactions. This work uses a
community genetics approach to explore how population growth rates and distribution
patterns of different species and genotypes of aphids are influenced by the genotypic
variation of the legume they infest. We also examine how these inter-specific
genotypic interactions influence host plant fitness. The model system defined in this
study provides novel insights on performance and behavioural responses to

community genetic effects.

Key words:
Aphid performance, aphid behaviour, community genetics, within-species genetic

variation, broad bean cultivars.

Introduction

Community genetics, first articulated by Antonovics (1992), combines the

investigation of the ecology and evolution of interacting species in order to explore
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how within-species genetic variation influences species interactions and ecological
assemblages. This research paradigm provides a frame of reference and a toolkit in
order to determine whether the expressed genomes of interacting species, along with
abiotic environmental factors, determine significant proportions of other species’
environments (Rowntree et al. 2011). To such an extent, intra-specific genetic
variation functions beyond the individual and population level (Whitham et al. 2003,
2006), and consequently affects community structure and ecosystem processes
(Whitham et al. 2003, Schweitzer et al. 2004, Schweitzer et al. 2005, Whitham et al.
2006).

The theory of community genetics allows evolutionary ecologists to
amalgamate opinions from related theories such as the niche construction perspective
theorised by Lewontin (1983) and elaborated by Odling-Smee et al. (2003). As such,
community genetics addresses a set of major ecological questions and brings us
towards a better mechanistic understanding of what governs species interactions. An
example of this is the case of the North American beaver (Castor canadensis) which
has been classed as an ecosystem engineer (Jones et al. 1994, 1997). The beaver,
through constructing its niche (Odling-Smee et al. 2003), modulates the availability of
resources to numerous other organisms by cutting trees, building dams and creating
canals and lodges. Furthermore, this ecologically important species shows the ability
to selectively harvest specific tree genotypes. The beaver directly and indirectly
influences the composition and development of the surrounding forest. Therefore, this
species functions as a “molecular geneticist” (Bailey et al. 2004) through the
reciprocal direct and indirect interactions between its individuals and their
surroundings (Bailey and Whitham 2006). Consequently, the beavers alter the
selection acting not only on the organisms exposed directly to the beavers’ activities

(Laland and Boogert 2008), but also the entire riparian ecosystem (Naiman et al. 1988,
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Wright et al. 2002). In this context, the beaver’s genotype functions beyond the

individual and population level, creating an extended phenotype that affects other

species and the entire ecosystem (Whitham et al. 2003). This is ultimately expected to

result in community and ecosystem phenotypes that depend on a co-existing set of

species (Bangert et al. 2006, Shuster et al. 2006, Whitham et al. 2006).

Empirically, community genetics provides a toolbox of approaches and may

utilise conventional and novel experiments and systems. The three main approaches

have been defined by Rowntree et al. (2011) as:

a)

b)

The extended phenotype approach where the focus is on the consequences
of intra-specific genetic variation of fundamental species on ecological
communities and ecosystems (e.g. Whitham et al. 2003, Schweitzer et al.
2005, Whitham et al. 2006).

The quantitative genetic approach examines how genetic interactions
between species (inter-specific genotype by genotype interactions; G x G)
can influence each interactors’ phenotype (e.g. Zytynska et al. 2011). This
interaction is also subject to the effect of environment (biotic and abiotic),
e.g. Tétard-Jones et al. 2007, Zytynska et al. 2010), and to species-
mediated effects, both genetic (IGEs; Moore et al. 1997; G x G x IIGEs;
Wolf 2000, Wolf et al. 1998, Wolf et al. 1999) and ecological (G x G x
IEEs; Astles et al. 2005).

The ecological and evolutionary approach of Neuhauser et al. (2003)
examines how evolution might occur on ecological time scales. Their
example looks at how anthropogenic effects may put ecological systems
into disequilibrium and cause strong selection and rapid evolutionary

response. Neuhauser et al. (2003) argue that neither ecological models nor
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evolutionary approaches alone are sufficient to explain the link between

within-species variation and community processes.

Defining a novel community genetics model system

As crop damaging pests causing substantial economic losses every year,
aphids play an important role within natural and agricultural ecosystems (Oerke et al.
1994, Blackman and Eastop 2000, Van Emden and Harrington 2007). They act as
major plant virus-vectors (Van Emden and Harrington 2007). They may also have an
effect due to their propensity to multiply very rapidly on susceptible host plants;
covering shoots with excreted honeydew and hence hinder photosynthesis and weaken
their host plants (Dixon 1977, Hales et al. 1997, Powell et al. 2006). In favourable
conditions, aphids reproduce parthenogenetically with populations growing at
exponential rates and forming colonies of genetically identical individuals i.e. clones
(Dixon 1987, 1998, Blackman and Eastop 2000, Van Emden and Harrington 2007).
Despite being genetically identical, individuals within such colonies show high levels
of plasticity and polyphenism in response to biotic and abiotic environmental stimuli
(Weisser and Stadler 1994, Zera and Denno 1997). However, little is known about the
effects of ‘within-plant’ genetic variation on the performance (reproductive success)
and emergence of functional variants of the predominant asexual morphs (apterae) of
these pests in temperate regions (but see Dixon 1985, Dombrovsky et al. 2009).

Due to their diet, sap feeding aphids are expected to be notably influenced by
the variation in the phenotype of their host plants (Nottingham et al. 1992a,b, Powell
et al. 2006, Johnson 2007). In this context, chemical and morphological variability in
host plants, resulting from host genetic differences, and the differential response of
host genotypes to their environment (which includes the aphids themselves) is

expected to influence reproductive success and survivorship of aphids (Journet 1980,
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Moran 1981, Service and Lenski 1982, Service 1984). Such an influence can be
apparent in aphid performance (e.g. population growth rate or reproductive success)
and behaviour (e.g. feeding site preference and aphid distribution on host plant;
Journet 1980, Moran 1981, Service 1984; see also Smith and Boyko 2007, Smith et al.
2008). Contrasting intra- and inter-specific performance of naturally co-occurring
aphids could provide insights into the way genotypes of a species respond
differentially to the expressed genomes of their biotic environment (which, for aphids,
is largely defined by their host plants). Therefore, aphids in general, and pea, vetch
and green peach aphids in particular, provide excellent models for evolutionary
ecological studies (Dixon 1998, Brisson and Stern 2006, Tagu et al. 2008; see also
The International Aphid Genomics Consortium 2010). These aphid species are
polyphagic, polymorphic, and show preference for specific hosts on which they can
achieve higher reproductive rates when other environmental conditions are
advantageous (Dixon 1977, Blackman and Eastop 2000).

Broad bean (Vicia faba) is an important worldwide crop (Saxena et al. 1993).
It has been cultivated for thousands of years since the early Neolithic era (Cole 1970).
The most ancient well preserved specimen, found in Syria, goes back to the late 10™
millennium B.P. (Tanno and Willcox 2005) from where it probably radiated (see also
Cubero and Suso 1981, Duc 1997, Duc et al. 2010). Broad beans are easy to grow,
environmentally tolerant (e.g. Loss and Siddique 1997, Link et al. 1999). Broad beans
are also beneficial in sustainable agriculture as green manures or cover crops (Duc
1997, HDRA 1998). Because broad beans associate with nitrogen-fixating bacteria
(e.g. Jordan 1984) they are utilised as natural soil fertilisers (HDRA 1998; references
therein). It has been suggested that the worldwide spread of broad beans (Duke 1981,
Bond et al. 1985) is a result of their high level of intra-specific genetic variability

(Perrino et al. 1991). Furthermore, broad bean is a globally important component of
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human diet and major food industries (Bond et al. 1985, Nachi and Guen 1996). Broad
beans are also increasingly being used as animal fodder and silage (e.g. Carpenter and
Johnson 1968, Duke 1981, Antongiovanni et al. 2002, Volpelli et al. 2010) and may
have potential as a source of medication (e.g. Rabey et al. 1992). Broad beans are also
used in fighting erosion, soil improvement and as barriers against weeds and plant
disease (e.g. HDRA 1998, Bellotti 2004). There are thousands of broad bean cultivars
(genotypes; accessions, Duc et al. 2010) that are recorded and globally maintained
(Bond et al. 1985, Perrino et al. 1991, Bond et al. 1994). However, this economic crop
is associated with a diverse group of invertebrate pests including pea and vetch aphids

along with their natural enemies (Muehlbauer and Tullu 1997, Nuessly et al. 2004).

Factors influencing aphid performance and behaviour

Phenotypic variation of traits in aphids is subject to the influence of the genetic
variation in the host plant and the interaction between aphids and their host plants
(Service 1984, Tétard-Jones and Leifert 2011, Tétard-Jones et al 2011, Zytynska and
Preziosi 2011). There is a well demonstrated correlation between resource (host)
quality and aphid population growth (Perrin 1976). However, it can be argued that
both aphids and host plants have the capacity to influence (directly or indirectly,
reciprocally or diffusely) each other’s fitness (Dawkins 1982, Shuster et al. 2006).
Within this context, intra-specific genetic variation of focal species can theoretically
alter the evolutionary trajectories of associated species (Neuhauser et al. 2003,
Whitham et al. 2003), the context and composition of entire ecological communities
(Whitham et al. 2003, Johnson and Agrawal 2005, Bailey et al. 2006, Bangert et al.
2006, Whitham et al. 2006, Wimp et al. 2007), and probably the evolution of the
entire system through the eco-evolutionary dynamics of its interacting species (e.g.

Antonovics 2003, Whitham et al. 2008, Schoener 2011).
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To some extent, the genetically determined differences in plant response to the
environment maybe due to genes controlling plasticity. However, aphids may respond
to environmental change through a combination of acclimatisation and adaptation
(Diehl and Bush, 1984, Drés and Mallet 2002, Frantz et al. 2006). This may result in
ecological specialisation (Walsh 1864, Muller 1981); a process through which a
species shifts to new environments and adapts to novel plant resources in response to
host variability (Frantz et al. 2009; but see Hoberg and Brooks 2008).

Janzen (1977) conceptualised the ability of a species to produce highly
phenotypically adaptive (or versatile) individuals to ensure species survival. In a
review on aphid population structure, Dixon (1985) envisaged a superior genotype of
aphids to be the one which can switch on and off the production of functional morphs
(e.g. thrifty, winged, braver, suicidal, sexual, asexual) in order to ensure maximal
reproductive success not only on a single preferred host but also on a wide array of
hosts (i.e. a highly phenotypically plastic clone).

Variation in aphid phenotypes arises through the synergy of a set of factors
including; environmental cues (Walters and Dixon 1982, Dixon 1998), plant direct
and indirect genetic effects (Tétard-Jones and Leifert 2011, Tétard-Jones et al. 2011),
perception cues (e.g. Chapman 2003, Glinwood et al. 2009), density (group) effects
(Sutherland 1969), and host plant influence (Tariq et al. 2010). This is besides
maternal effects (Schuett et al. 2011, Cote et al. 2010) especially in the context of the
‘telescoping of generations’ that is common in aphids (Dixon 1987). Given the high
level of plasticity aphids are capable of (Dixon 1985, Agrawala 2007, Dombrovsky et
al. 2009); such a spectrum of cues is expected to stimulate the formation and
generation of temperaments [differential inclinations; (Réale et al. 2007)] at the
conspecific as well as heterospecific levels. Prone to the induction by a threat and/or

feedback loops, these inclinations can be considered as idiosyncrasies characterising
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the differences in preference and performance among genotypic identities belonging
to a single species (Réale et al. 2007, Bergmiiller and Taborsky 2010, Schuett et al.
2011).

The ability of a clone to produce individuals that vary in their functional
ecological roles is at least partially achieved by a remarkable ability of aphids to
activate and/or suppress gene expression in response to environmental stimuli (Dixon
1985, Stearns 1989, West-Eberhard 1989, Nijhout 1999, de Vos et al. 2010).
Community genetics approaches allow a detailed exploration of this plasticity.

Interestingly, Dombrovsky et al. (2009) showed that molecular diversity
(presumably at the level of the proteome or metabolome) can occur, in response to
environmental cues, even within a single clone descending from a single aphid female.
Morphologically identical, these aphids are different on the molecular level and show
significant phenotypic variation in those physiological and behavioural traits that
serve to create environmentally induced functional phenotypes a.k.a. ‘repertoire’
(Dombrovsky et al. 2009).

Here we examine the performance and behaviour of six different genotypes of
pea aphid (Acyrthosiphon pisum Harris), a single genotype of vetch aphid (Megoura
viciae Buckton) and a single genotype of green peach aphid (Myzus persicae Sulzer)
on each of four cultivars (genotypes) of broad bean (Vicia faba). We assess the
influence of host plant genotype, aphid genotype and species, and the interaction
between aphid and host plant in order to explore the underlying community genetic

effects in this model system.

Methods

Broad bean cultivars
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We used four different cultivars (breeds) of broad beans (Vicia faba) of
significant commercial importance. A cultivar is, by definition, a horticultural variety
that has been deliberately and selectively produced by crossing two different varieties
within a species in search for specific desirable characteristics i.e. yield of the crop or
disease resistance (e.g. Flores et al. 1998). The new cultivated breeds are synthetics
with beneficially significant heterosis (Duc 1997). These lines do not exist in the wild
but do in agricultural systems, and are consistently maintained through cultivation for
uniformity and agronomic stability (Duc 1997, Flores et al. 1998, Duc et al. 2010).
Because of the long-term maintenance for uniformity, cultivars have been inbred for
many generations (e.g. ‘Aquadulce Claudia’ has been maintained since 1850). Thus,
genetic variation within cultivars will be vanishingly small compared to genetic
variation among cultivars. Therefore, cultivars can be considered the equivalent of a
recombinant inbred line that has been maintained for many generations and thus can
be treated as a genotype (Cordeiro et al. 1983, Oyedokun 1985, Underwood and
Rausher 2000, Sharpe and Lydiate 2003, Emebiri et al. 2005, Hash et al. 2006, Kan et
al. 2010, Rose et al. 2010).

Broad bean is an ideal host plant for aphids (Blackman and Eastop 2000) and
is easy to maintain in the lab. The cultivars of broad beans used in this work were
Masterpiece Green Longpod (C1), Optica (C2), Aquadulce Claudia (C3), and Sutton
(C4). These cultivars were obtained from commercial suppliers. Plants were
approximately one month old seedlings germinated in a controlled green house facility
at the University of Manchester Botanical Research Grounds (in 2008-2009) before
being transferred to laboratory growth chambers [22°C and a 16:8 (L:D) photoperiod].
Steam sterilised compost was used as potting material in 6¢cm diameter x 10cm deep
plastic pots. Pots were placed in plastic propagators with mesh windows to maintain

proper ventilation.
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In order to standardise plant height, plants were cropped consistently to a
standard height (12 cm) prior to aphid infestation, which often resulted in multiple

stem formation.

Aphid genotypes

We used six genotypes of pea aphid (Acyrthosiphon pisum Harris) including
four green clones and two pink clones. Five of the genotypes were obtained from
Imperial College (London) in 2007; hereafter G1, G2, G3, G5 and G6) while the
genotype (G4) was reared from a single female collected from the wild using a broad
bean plant as a bait near Manchester, UK. Both vetch aphid (Megoura Viciae
Buckton) and green peach aphid (Myzus persicae Sulzer) clones were established
from single juvenile collected at an allotment in Manchester, UK for the former and
from Buxton, UK for the latter. Clones of the aphid genotypes were maintained in
multiple microcosms within growth cabinets under standardised conditions [16:8
(L:D) photoperiod, 16 — 22°C].

To control for maternal effects we used young nymphs descending from one
founder mother for each of the genotypes investigated. Furthermore, stocks of clones
were maintained on a broad bean cultivar different from the cultivars used in the

experiment to avoid conditioning effects on the aphids.

Experimental units

For each experimental unit, four 1% and 2™ instars of aphids were introduced
to the bottom of a pot containing a one month old individual broad bean plant. Note
that 1% and 2™ instars were balanced across all treatment replicates. For the vast
majority of replicates we introduced two first instars of aphids and two second instars.

However, because of the difficulty of distinguishing between first and second instars
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of Myzus persicae it is possible that some replicates of this species had three first or
three second instars.

Plants were covered with plastic sleeves supplied with fine-meshed windows
for proper ventilation. Ten replicates of each of the 32 combinations (8 aphid
treatments on each of 4 cultivars) were individually and randomly placed in growth
cabinets (Figure 1). Plants were watered every other day. After fourteen days, plants
were divided into three sections (bottom, middle and top thirds) using a ruler and the
numbers of aphids, on each section, were counted. We also recorded the number of
winged (alate) morphs present. Plants were then harvested, root volumes were
estimated and rootlets counted, before plants were divided into roots and shoots.
Afterwards, plants were placed in a drying oven at 40°C for several days before
weighing. (Note that using differential plant root system volumes as an indirect fitness
measure in order to study aphid impact is not the main focus of this paper and thus

data in this regard are not illustrated herein.).

Aphid fitness measures

For the majority of our analyses we used aphid population growth rate as a measure of
clonal fitness. For a sexually reproducing species this would confound selection acting
on the different genotypes of parents and offspring. However, for a clonally
reproducing organism it is the cumulative reproduction for the entire clone that best
reflects the fitness of the clonal genotype. In this regard, population growth rates
provide a useful measure of fitness (Murray 1985, Murray 1990, Giske et al. 1993,
Agrawal et al. 2004). (See the methods in Chapter 2 and the annex to chapter 2 for

further details on fitness).
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Aphid population growth rates: Relative aphid genotypic reproductive success
(population growth rates) was calculated after Agrawal et al. (2004), using the

equation:

_ (In(v,) - In(¥)))
t

GR

where GR is Population Growth rate, N is the Initial number of aphids, and N, is the

final clone size at day 14.

Relative polyphenism: (production of alate morphs): Because aphid clones may
produce winged individuals in response to stress we also measured the number of
winged individuals produced. The rate of the production of winged individuals can
also be interpreted as a measure of fitness, although there is more error associated
with this estimate because of the naturally low rate at which winged individuals are
produced in the absence of stress related to overcrowding, host depletion and presence
of natural enemies.

We recorded the number of winged aphids produced at day 14 in each
replicate. The number of winged versus wingless aphids can also be interpreted as a
measure of phenotypic plasticity (Whitman and Agrawal 2009) or polyphenism. This
reflects the relative investment in energetically costly dispersal morphs (production of
winged individuals) versus reproduction (wingless and more fecund individuals) as

influenced by plant genotype (Groeters and Dingle 1989, Dixon 1998).

Aphid Behaviour
On-plant distribution of aphids was observed as an indication of aphid
preference to congregate on specific plant micro-feeding sites (classified as bottom

third, middle third, and top third of the host plant). The dilemma between preference
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and performance for aphids in confined enclosures is expected to affect the choices of
each aphid genotype in terms of reproductive success, and niche specialisation

(Bergmiiller and Taborsky 2010, Zytynska and Preziosi 2011).

Plant fitness

Our primary measure of plant fitness was total dry weight because it is one of
the most reliable measures of inter-cultivar vigour or performance (Silim and Saxena
1992). Shoot-length to root-length percentages were used as secondary measures of
plant fitness that reflect the differential investment in growth by plants exposed to a

sub-lethal attack.

Statistical analyses

Performance data (growth rate of aphids and dry weights of plants) were
analysed using a two-way ANOV A where the first factor was aphid genotype or aphid
species (the mean for 4. pisum genotypes was used for the species level comparisons)
and the second factor was broad bean cultivar. To correct for simple plant size effects
on aphid number, plant dry weight was included as a covariate in the aphid
performance analyses. Behavioural (positional) data for aphids was analysed using a
nominal logistic analysis in a two-way ANOVA design. Both aphid genotypes and
plant genotypes were treated as random effects. Analyses were carried out using
JMP® Version 8. For each response variable we first compared the three aphid
species (inter-specific) and then compared the 6 pea aphid genotypes (intra-specific).
[llustration of data was carried out using and MS Excel 2003 and Open source SVG

graphics editor Inkscape (Ver. 0.48.01 under GPL).
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Experimental Design

Confined Resources

Performance (population growth rate) and on plant distribution (behaviour) for 8 Aphid Genotypes
[6 Acyrthosiphon pisum (four greens and two pinks) + 2 other species genotypes: (Megoura viciae and Myzus persicae)]
across four different cultivars of Vicia Faba
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Figure 1: Experimental Design. Both genotypes of Acyrthosiphon pisum and two
different species (Megoura viciae and Myzus persicae) of aphids were individually
raised on four cultivars of Vicia faba providing 32 possible combinations of aphid and
host genotypes. Ten replicates of each combination were raised simultaneously for a
total of 320 plants. The cultivars of broad beans used were Masterpiece Green Longpod
(C1), Optica (C2), Aquadulce Claudia (C3), and Sutton (C4). Each replicate was
infected with four early instars of the relevant focal aphid genotype at day 1 of the

experiment.
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Results

Aphid Performance

Analysis of aphid species performance indicated that aphid growth rate was
significantly influenced by aphid species (F2= 17.95, P = 0.0024) but not by broad
bean cultivar (F36 = 2.67, P = 0.1111) or the interaction of aphid species and broad
bean cultivar (Fg273=0.83, P = 0.5521; Figure 2).

In our comparisons of the six pea aphid genotypes, performance was
significantly influenced by aphid genotype (Fsi s = 6.83, P = 0.0015) and the
interaction of aphid and broad bean cultivar (F;s;35 = 2.96, P = 0.0015) and was
marginally significantly influenced by broad bean cultivar (Fs ;s = 2.59, P = 0.0640;
Figure 2).

Aphid genotypes showed differential reproductive success across broad bean
cultivars with notable superiority of pea aphid G1, G4 and the heterospecific G7.
They interchangeably shared the three top spots of the three highest population growth
rates displayed in (Table 1).

Within 4. pisum, green genotypes showed greater clonal growth rates than
pink genotypes (G5 and G6) on average. However, two green genotypes displayed
similar performance patterns to those shown by pink genotypes, but the green
genotype G3 was relatively inferior in performance compared to all other pea aphid
genotypes. In contrast, inter-specifically, the green peach aphid G8 showed the lowest
performance rank across broad beans (Table 1).

Because plant dry weight was used as a covariate in both of these analyses the
differences in aphid numbers are not simply a response to plant size and are likely due

to some other distinct property that varies among broad bean cultivars.
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Average aphid population growth rates

Host Cultivars:
Cl1
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Aphid Genotype

Figure 2: Genotypic reproductive rates. Aphid population growth rates
(numbers at day 14; mean +/- SE) for six pea aphid genotypes (G1 to G6) and
two heterospecifics (G7 and G8) on each of four host cultivars. Host broad bean

cultivars are depicted in different colours as illustrated via the figure key.
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Ranked abundance
(Intra- and Inter-specific)

Table 1: Frequencies of rankings of aphid clonal performance across four
broad bean cultivars. Aphids (both within pea aphids and among aphid species)
varied in performance rank. While the amount of variation is considerable there is
clearly a performance hierarchy among genotypes that is reasonably consistent
across host plant genotypes. The numbers within the cells of the table indicate the
frequency of the rank of aphid reproductive success i.e. population growth rate or
superiority and inferiority in performance across broad bean cultivars. For instance,
G8 was a weak performer displaying the lowest reproductive rate on all cultivars,
whereas its counterparts (G1, G4 and G6) achieved the highest tallies (rates) of
reproductive success across host plant cultivars.

[Pea aphids (G1...G6), M. viciae (GT), M. persicae (G8)].

Aphid Polyphenism
The production of alates (winged aphids) implied a similar pattern of being

influenced by aphid genotype and the interaction between aphid genotype and
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cultivar. Because the numbers of alates are so low it was not possible to statistically
analyse this data but consistent patterns can be seen (Figure 3). Overall, G3 had the
largest number of winged aphid production (113 in total) while G8 produced the least
(1 alate). There were large numbers of G1 on cultivars 1 and 4 with no induction of
winged individuals. Moreover, extremely few alates were produced by G1 on C2 (2
alates) and C3 (1 alate). A similar pattern is apparent for vetch aphid (G7) that
interestingly showed noticeable consistency in abundance across broad bean cultivars.
On the other hand, pea aphid (G4), ranking second in terms of overall abundance,
showed a notable increase in alate production especially on cultivars C2 and C4.
Compared with other aphids, G4 produced the largest number of alates (58) on a
single cultivar (C2). Numbers of alates (10 vs. 1) for the two pink genotypes G5 and

G6 flipped between (C1, C2) and (C3, C4).
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Figure 3: Alate-morph production. Production of winged progeny reflects the
differential investment in reproduction (non-winged) vs. dispersal (winged).
Proportions of alates (in red) versus apterae (in green) for each of the three aphid
species (eight genotypes) across four broad bean cultivars are depicted. While the
incidence of winged individuals is rare there is a clear difference in the likelihood
of alate production among aphid genotypes and an apparent differential response
of aphid genotypes to broad bean cultivars.

[Pea aphids (G1...G6), M. viciae (GT), M. persicae (G8)].

Aphid behaviour

We measured behaviour as the distribution of aphids on the top, middle and
bottom thirds of the plant. We used aphid numbers (totals) for the statistical test and
illustrated the distribution proportionally. There were very strong aphid species effects
(nominal logistic regression; x> = 81.73, P< 0.0001), broad bean cultivar effects ()’
=106.73, P<0.0001) and an interaction between aphid species and cultivar (y° =
572.86, P<0.0001, Figure 4).

Likewise, there were very strong effects of aphid genotype (y° = 512.61,
P<0.0001), broad bean cultivar (* = 78.40, P<0.0001) and the interaction of genotype
and cultivar (y° = 890.59, P<0.0001, Figure 4). Aphids showed a propensity to
congregate in the bottom third of the plant, except for G4 where this was notably
reduced on all cultivars excluding C4, and also for G5 (on all cultivars except C3). In

G4, aggregation was highest in the middle third of the host plant.
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Proportions of aphids
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Figure 4: On-plant distribution of aphid genotypes across four broad bean
cultivars. Intra-plant variation, aphid genotype and their interaction notably
influenced aphid distribution on both intra- and inter-specific levels.

Bottom, Middle and top thirds (sections) of the plant have different colours as
illustrated and numbers of aphids that congregated on each third (section) are
depicted proportionally.

[Pea aphids (G1...G6), M. viciae (GT), M. persicae (G8)].

Plant performance

As expected, plant dry weight was significantly influenced by cultivar (F;36 =
11.30, P = 0.0004), but was also significantly influenced by aphid genotype (Fs¢ =
5.09, P = 0.0062) and marginally significantly influenced by the interaction of aphid
genotype and cultivar (Fis,=1.69, P = 0.0564, Figure 5).

Shoot length-root length ratios showed no significant response to variation in
broad bean cultivar, aphid genotype or the interaction of both when only A.pisum
genotypes were compared. In contrast, the interaction between aphid species and
broad bean cultivars was significant for the shoot-root ratio (F26= 17.95, P=0.0353).
(See also the appendix to this chapter for further insights on the ranks of broad bean

cultivars according to aphid reproductive success).
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Figure 5: Broad bean cultivar biomass (mean +/- SE) across eight aphid
genotypes. While there is a strong pattern of differences among cultivars, the
variation due to aphid genotype spans a broader range. The differential response
of aphid genotypes to cultivars can also be seen in the profile differences among
the four cultivars. Four broad bean cultivars (C1, C2, C3, and C4) are assorted
and depicted in different colours corresponding with the biomass of cultivar per
aphid genotype.

[Pea aphids (G1...G6), M. viciae (GT), M. persicae (G8)].
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We also created a matrix to allow comparison of each combination of aphid

and host genotypes. The matrix indicates significant differences (based on Tukey’s

post-hoc following 1-way ANOVA) among cultivars for each aphid clone or species,

and among aphid clones or species for each cultivar (Table 2).
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Table 2: Matrix of differences in performance for all combinations of aphid

genotypes and host plant cultivars. For both aphid performance and plant dry

weight, lower case letters indicate significant differences (Tukey’s post-hoc

following 1-way ANOVA) among cells within each row, whereas upper case

letters indicate significant differences among cells within each column. Cells

sharing the same letter in a row or column are not significantly different.
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Discussion

A new model system for Community Genetics

We found strong effects of broad bean cultivar, aphid genotype and their
interactions on traits of both aphids and broad beans. Due to the presence of
significant inter-specific GxG interactions, this model system is highly suitable for the
investigation in community genetics. Agricultural model systems are easy to
manipulate. However, while several systems are currently used in community genetics
(e.g. Dungey et al. 2000, Neuhauser et al. 2003, Whitham et al. 2003, Bailey et al.
2006, Whitham et al. 2006, Johnson and Stinchcombe 2007, Keith et al. 2010), there
are few that represent agricultural systems. An example in this regard is the ‘Poplar’
and ‘Eucalyptus’ tree systems (e.g. Dungey et al. 2000, Whitham et al. 2003, and
Barbour et al. 2009). These systems are based on cultivated tree species and have been
used very successfully to examine large scale questions. However, trees are not as
easily manipulated as annual crops. In contrast, the barley-aphid system established by
Tétard-Jones et al. 2011 represented an agricultural system using a grass and a major
economic pest.

Here we define a legume-based system using pea aphids (Acyrthosiphon
pisum) and stable cultivars (genotypes) of broad bean (Vicia faba). Both aphids and
broad beans have many defined genotypes that are easily available and the occurrence
of large groups of single genotypes represents a real world situation for both species.
Both species have fast generation times and are easily maintained in controlled
conditions in the laboratory. This system has the added advantage that pea aphid
genotypes vary in colour (green and pink) thus allowing visual identification of mixed
clones on a single plant. Further, this system could easily be expanded to include
additional species of aphids (shown in this study), host plants and a well-studied array

of predators, pathogens and soil communities.
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The use of agricultural systems may not be regarded as representing a ‘natural’
system; however, agricultural systems now cover a significant portion of the
landscape and represent an agro-ecosystem where associated communities of pests,
predators and symbionts interact, develop and may evolve. Indeed, the current practice
of monoculture planting is likely to cause intense selection on the associated
communities and can result in rapid evolutionary response due to lack of selective
disruption e.g. overcoming resistance (see the proceedings on sweet potato by Mackay
et al. 1989). Additionally, the use of community genetics approaches to study
agricultural systems allows us to address agricultural problems that may depend on the

interaction of crop and pest genotypes.

Aphid performance

Inter-specific: There are now several examples of the influence of the within-species
genetic variation of host plants on the diversity and fitness of associated faunal
communities (e.g. Journet 1980, Moran 1981, Fritz et al. 1996, Dungey et al. 2000, Ito
and Ozaki 2005). The three aphid species we examined showed significant variation
in their reproductive rates. Such effects can be due to differences in intrinsic
reproductive capacity or environmental cues (e.g. variation in the resistance of host
plant), although we observed no evidence of host plant size effects. We used six
polymorphic pea aphid genotypes across four broad bean genotypes. The use of the
other two species i.e. vetch aphid and green peach aphid (one genotype each) was to
create a frame of comparative reference for pea aphid genotypes given the fact that
one and/or both of the above mentioned alien species often cohabit the same plant
infested by pea aphids in the field (pers. obs.). All aphid identities in the experiment
are analysed as random effects, thus they are treated as representatives of their species

in general. While we used only single genotypes of the other aphid species (vetch
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aphid and green peach aphid), they are treated as representatives at the species level
only. The use of additional genotypes of those species would of course provide more
information about intra-specific variation in those species and their interactions with

pea aphids, but that was not the focus of this study.

Intra-specific: As expected, A. pisum genotypes varied in their performance, however,
performance was also strongly influenced by host plant genotype and the specific
combination of aphid and plant genotypes. It is well reported that different aphid
genotypes vary in response to host strains (e.g. Fritz et al. 1994, Whitham et al. 1994,
Fritz et al. 1996). This result adds to the increasing evidence of the evolutionary
importance of GxG interactions in shaping pest communities, which in turn can affect

plant phenotypic plasticity (Tétard-Jones and Leifert 2011).

Aphid polyphenism

Polyphenism (a form of phenotypic plasticity, Whitman and Agrawal 2009)
refers to the capacity of one genotype to produce distinctive discrete phenotypes in
response to environmental stimuli (Mayr 1963, Nijhout 2003, West-Eberhard 2003,
Whitman and Agrawal 2009). Here, we use this term to refer to the production of
winged aphids (alates). Surprisingly, higher aphid densities did not trigger alate
production on some host cultivars but did induce very small numbers of alates on
other ones. For those cultivars, where alate production was seen, there appears to be
an interaction between cultivar and aphid genotype that influenced the rate of alate
production. However, we were unable to test this speculation statistically because of
the rarity of alate production.

Acyrthosiphon pisum is polymorphic (Caillaud and Losey 2010) with green
and pink morphs which vary in their propensity to produce winged morphs in

response to crowding (Sutherland 1969, Muller et al. 2001), parasitoids (Sloggett and
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Weisser 2002), aphid alarm pheromones (Hatano et al. 2010) and host deterioration
(Muller et al. 2001, but see Mashanova et al. 2008). This in turn suggests differential
fitness and survival capacities for these morphs (Hille Ris Lambers 1966, Zera and
Denno 1997). Aphid polymorphism (Dixon 1977) can be influenced by aphid diet (i.e.
plant host nutrients; Harrewijn 1978) and photoperiod (Dixon 1985). Winged morphs
are dispersive, but, in contrast to the wingless aphids, are less fecund, take longer to
reach maturity and require and are energetically costly to produce (Dixon 1977, 1985,
Zera and Denno 1997). However, production of winged morphs is a response to
specific stimuli and hence predictable (Stearns 1989, Nijhout 1999). The induction of
alates can be influenced by preconditioning in pea aphids, through environmentally
context-dependent maternal signalling (Beckerman et al. 2006a,b). In other words, a
mother aphid’s phenotype and even a grandmother’s (through telescoping of
generations) influence the offspring’s phenotypes and environment (Mousseau and
Fox 1998, Zehnder et al. 2007). The low production of winged morphs in this study
reflects the stability of the biotic environment experienced by aphids since more stable
environments usually correlate with lower levels of alate production (e.g. Artachoa et
al. 2011). The variation we observed in alate production may reflect an underlying
variation in life-history strategies. For example, Dixon (1985) addressed differential
strategies in aphids and defined “risk takers” characterised by highly reproductive
clones in contrast to “’risk averse” ones that invest more heavily in alate production
under environmental influences such as the presence of a natural enemy.

Myzus persicae which, although highly polyphagous and adaptable to a
spectrum of host plants including broad bean (e.g. Ashby et al. 1982, Blackman and
Eastop 2000, Margaritopoulos et al. 2000, Kuroli and Lantos 2008), curiously,
exhibited the lowest densities on all broad bean cultivars. It also had the lowest rate of

alate production.
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It was expected that M. persicae would show a tendency to disperse from a
plant genotype (i.e. produce alates) when experiencing plant hosts with high chemical
resistance and hence negatively affecting the reproductive success of this aphid.
However, in this study, this point could be attributed to Myzus persicae’s subdued
reproductive success on broad beans and possibly the response of offspring to
maternal effect (e.g. Lowe 1973). Consequently, the quality of the host cultivars above
the depletion threshold (aphids were not allowed to overcrowd) induced changes in
the fitness of the progeny (e.g. Harrewijn 1978, Awmack and Leather 2002). In
contrast, in the absence of natural enemies, production of winged individuals in
Megoura viciae may be more contingent on changes in photoperiod and related
maternal effects rather than tactile and crowding effects (Lees 1967). Under the
favourable photoperiod and provision of preferable hosts in this study, the
aforementioned postulation about vetch aphid (Megoura viciae) can explain the very
low numbers of alates produced by this species. Megoura viciae thrived on all broad
bean cultivars (i.e. displayed high levels of population growth rate) but its exponential
rate of reproduction did correlate with extremely reduced production of winged

morphs).

Aphid behaviour

The influence of host plant genotype on aphid behaviour was very strong as
was the interaction between genotypes of the plant and aphid. Aphid genotypes
displayed higher densities on selected parts of the host plants. Strong (1967) examined
this behaviour of aphids and showed that such aggregations are not simply occurring
by chance (called pseudo-aggregation). The repeatability of patterns of aggregation
across replicates also supports the idea that this response is a result of active

aggregation (i.e. choice) by aphid species. We argue that the plant genotype, and its
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interaction with aphid genotype, underlies the consistent differences between the
conspecifics of pea aphid across contexts; here a set of broad bean genotypes
(Bergmiiller and Taborsky 2010, Schuett et al. 2011). Therefore, the consistency in the
differential behaviour (choice to congregate on specific parts of he host plant) showed
by aphid genotypes is likely a product of the community genetics effect. It should be
noted that, while aphid lines in this work were not exposed to natural enemies, it is

expected that aggregative behaviour would be influenced by predation™.

What is a trait or a character?

A trait in this context can also be a plastic behavioural phenotypic trait that
could be a shared feature/phenotype (sensu Dawkins 1982) between two distinct
species influencing one another. As such, the co-evolutionary arms-race scenarios
between plants and their phloem-feeding insects, or both the direct and indirect
interplay of aphids and their natural enemies make very good examples in this regard
(e.g. Berenbaum and Zangerl et al. 1998, Oliver et al. 2012).

Since aphids are ultimately dependent on their hosts, prominent bottom up
effects (Bailey et al. 2006, Johnson 2008) are thought to influence aphids in a manner
that is likely to induce the formation of distinct phenotypes with specific
environmentally cued characteristics (see also Dixon 1977, 1998, Awmack and
Leather 2002, Park and Hardie 2002). Such comprehension is concordant with the
definition proposed by Réale et al. (2007) for ‘temperament’ as a concept of a
behavioural trait that is adjustable and important in an eco-evolutionary context (see

also Bergmiiller and Taborsky 2010).

*The work presented in chapter 3 examines the effects of parasitoid genotype on

aphids’ behaviour using a quantitative genetic approach.
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In this regard, the recent work by Dombrovsky et al. (2009) provides a
mechanism by which this might occur by showing the capacity of aphids to produce
genetically identical yet molecularly different individuals that display significant
phenotypic variation in physiological as well as behavioural traits. We think that this
diversity of phenotypes can be attributed to intra-specific genetic variation in aphids.
Furthermore, the differential aphid reactions in response to a wide array of
environmental cues are always exposed to the community genetic effects of host
plants. Concomitantly, the outcome is a phenotypic gradient (temperament) or
differential reproductive and behavioural consistency displayed by each generalist
aphid genotype across a range of hosts (see Ferrari et al. 2006, Bergmiiller and
Taborsky 2010). Such argument is useful to further the interpretation of the findings in
our experiment.

The G x G interaction between aphid and host should significantly affect
generalist aphids’ fitness. For example, although green peach aphid (Myzus persicae)
is a generalist, it might have suffered from host resistance i.e. “antixenosis” (Kogan
and Ortman 1978). Consequently, this negatively affected fecundity rates and
hindered colonisation success. Thus, the sizes of the clone of this species were
comparatively small.

Analysis of the A.pisum intra-specific response indicated distinct effects of
aphid genotype and the interaction between aphid genotype and host cultivar on aphid
distribution on the plant. We observed different levels of resistance for the four broad
bean cultivars used. The variation in resistance relying on genetic differences among
broad bean cultivars was reflected in the relative reproductive success of aphid
genotypes. Thus, the ‘plant perspective’ definition of aphid resistance that treats all
aphids as equal fails when considered from a community genetics perspective. This

along with the dissimilarities in dry weight, root-shoot ratios and root-mass volume
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(data are not presented here for the latter) in infested plants, highlights the importance
of selecting more resistant, in-bred plant strains for agriculture.

Under the stabilised temperate conditions of the experiment, the involved
species were maintained to reproduce parthenogenetically. It was notable that
investment by aphid genotypes/species was oriented by aphid mothers towards
fecundity (production of apterae) rather than dispersal (production of alate morphs)
for most of the aphid genotypes [Dixon 1977; see also the annex to chapter 2; bet-
hedging and risk-spreading tactics]. Furthermore, Lushai et al. (1997) reported an
unusual phenomenon of intra-clonal variability within exclusively parthenogenetic
clones of grain aphid (Sitobion avenae) and bird-cherry aphid (Rhopalosiphum padi).
Lushai et al. (1997) related the findings to intrinsic aphid genomic factors rather than
‘organismic lateral DNA transfer’ and hence implied versatile behavioural and
ecological specialisation in functionality within the focal clones (see also Dombrovsky

et al. 2009).

Conclusion

Community genetics supports, with increasing evidence, the argument that
within-species genetic variation in host plants plays an important ecological role by
influencing the abundance, composition and diversity of associated communities
(Whitham et al. 2003, 2006, Johnson and Stinchcombe 2007, Tétard-Jones et al. 2007,
Hughes et al. 2008, and Bailey et al. 2009a,b). Here we have shown how multiple
genotypes (cultivars) of broad beans can differentially affect performance (population
sizes) and behaviour (on-plant distribution) of several aphid genotypes and how host
plants may be reciprocally influenced. We also present a framework for combining

other ecological effects into a community genetics framework. The need for such an
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amalgamating approach of ecology and evolution has been emphasised in a review of
the current and future directions of community genetics by Hersch-Green et al. (2011).

Selective stressors can be destabilising, within and across integrated
communities, and thus potentially able to vary in correspondence with the genetic
variation of inter-players on a very fine scale (Gould 1977; but see Thompson 1994).
We believe that studies on aphid ecology should focus on the variation in host
genetics as well as the interaction between host and aphid genotypes as contributory
factors to the ecology and evolution of aphids and their host plants in agro-

ecosystems.
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Appendix

Additional Analyses

Ranking broad bean cultivars in the light of aphid reproductive success and aphid-
cultivar interactions:

There were consistent patterns in performance of aphid genotypes, regardless
of the host cultivar (Table 1°). Intra-specific variation in performance rank for pea
aphids spanned a wide range across the rankings of the two other species, although M.
persicae (G8) always ranked the lowest in front of other counterparts.

Rankings of cultivars based on aphid performance showed a distinct pattern
with C4 consistently host to most aphid genotypes with considerable variation in host

suitability among other cultivars (Table 1°).

Inter-specific C4>C1>C2>C3
Intra-specific C4>C2>C1>C3
Green A. pisum C4>C2>C1>C3
Pink A. pisum C4>C3>C1>C2

Table 1': Comparison of ranked suitability of broad bean cultivars based
on aphid reproductive success.

Broad bean genotypes were contrasted according to intra- and inter-specific
population growth rates of aphids and A.pisum colour.

Such comparison reflects the extent to which broad bean cultivars differentially
promoted reproductive success of aphids [(eight genotypes belonging to three
aphid species; six pea aphid genotypes (four greens and two pinks) in addition

to one vetch aphid and one green peach aphid genotypes].
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There were notable differences in variability of aphid clonal growth rates. The highest

difference between the maximum and minimum rates of aphid population growth

across broad bean cultivars was recorded for G4 (17.99) and the lowest for G2 (2.1;

Table 2°). However, the variation within a genotype appeared unrelated to mean-

performance rank as expected under a significant GxG interaction.

Genotype | G4 Gl+ | G5 G6 G7 G8+¢ | G311 | G2
M. | M.p.

Difference | 17.99 | 10.35 | 5.21 5.04 | 4.52 34 3.37 2.1

Mean rank 2 1.5 5.25 5.25 2.5 7.75 6 5.25

Table 2°: Mean performance rank and largest differences (Max-Min) in
growth rate across the plant cultivars tested for each of the aphid genotypes.
The values displayed in the table indicate the differences between the minimum
and maximum rates of population growth rates (performance) for the eight aphid
genotypes used, across four broad bean cultivars. As such, this set of data implies
differences in plasticity (in terms of reproduction) among aphid counterparts.

[Pea aphids (G1...G6), M. viciae (M.v.; GT7), M. persicae (M.p.; G8)].

98



Chapter 2: Community genetic effects versus competition effects in a

model pea aphid system

*Statement of the nature and extent of my own contribution:

I designed, performed and developed the experimental work. I also collected, entered
and visualised the data and wrote the manuscript under Dr.Richard Preziosi’s
supervision.

Mr.Tomos Potter helped maintaining part of the system in the laboratory and used a

portion of the data for a project.
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Abstract

The effect of within-species genetic variation on associated ecological communities
(community genetic effects) has been well documented. However, little is known
about the relationship between community genetic effects and other ecological forces.
Community genetic effects are likely to be especially important in clonal systems such
as aphids where individuals experience pressures exerted by both heterospecifics and
cons-specifics that will occur in the context of plant variation. Here we contrast the
effects of competition and community genetics using a model system of aphids and
their broad bean host plants. We observe the effects on a focal aphid experiencing
both intra-specific and inter-specific competition. Observations were recorded when
aphids had a choice among host plants or were confined to a single host. The
moderation effect of competition on community genetic effects, and vice versa, on the
reproductive success of aphids (i.e. performance measured as population growth rate)
was not clear. However, we found highly significant interactions between community
genetic effects and both inter-specific and intra-specific competition effects on aphid
behaviour (i.e. on-plant distribution in terms of the affinity to congregate on specific

parts of the plant). This suggests that the relative effect sizes are similar for both
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ecological forces and implies an impact of modulated competition effects by
community genetic effects on aphid response. We discuss the mechanisms by which
such forces may evolve and be maintained in a system of complex community
interactions. Our findings highlight the importance of unravelling the interwoven

branches of ecology and evolution in agro-ecosystems.

Keywords:
Community genetic effects, competition, intra-specific genetic variation, pest
behaviour, host choice, feeding-site preference, broad bean, pea aphid, microcosm,

confinement.

Introduction

There is a growing recognition that the synthesis of ecology and evolution is
essential for understanding how species interact and develop through time and space
(Thompson 1994, Odling-Smee et al. 2003, Whitham et al. 2003, 2006, Pelletier et al.
2009, Schoener 2011). When ecology and evolution are examined relative to one
another, it becomes evident that we need to investigate how multi-level processes
(genetic, evolutionary and ecological), as well as the interactions, influence the
interacting species within and amongst communities (Johnson and Stinchcombe 2007,
Hughes et al 2008, Hersch-Green et al. 2011). The rapidly growing field of
community genetics considers that the environment of a species may be significantly
defined by the expression of other interacting species’ genomes (community genetic
effect); (Antonovics 1992, Agrawal 2003, Rowntree et al. 2011). This perspective
presents a clear framework for the integration of ecology, genetics and evolution

(Rowntree et al. 2011).
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Species (interactors), while constructing their niches modify the selective
environments where they exist and interact (Odling-Smee et al. 2003). Species
activities will affect the growth, abundance, diversity, distribution and co-existence of
the interactors a well as the structure of their communities (Karban 1989, Hunter and
Price 1992, Odling-Smee et al. 2003, Smith et al. 2008). Organisms under selection,
through a wide array of ecological interactions, may respond in a number of ways:
they may attack and resist, and thus strive to manipulate resources (e.g. Dixon 1998,
Powell et al. 2006). Alternatively, interacting species may become more cooperative
in order to maximise fitness and thus co-exist (Inbar and Wool 1995), or they vary in
superiority and competitive capacity and hence one interactor may displace another
interactor (Dawkins and Krebs 1979, Odling-Smee et al. 2003). Therefore, the
interactors, through their activities, will modulate shared resources that subsequently
and consequently alter the ecology of the system, the selective forces in operation and
the evolutionary trajectories of the species involved in an ongoing fashion (Odling-
Smee et al. 2003, Laland 2004, Marquet 2009; see also Bailey and Whitham 2006a,b).
As such, ecological forces in tandem may ameliorate or debilitate one another (Smith
et al. 2008). These complex community scenarios are supported by an increasing
amount of evidence that intra-specific genetic variation of the interacting species
underlies such effects (Whitham et al. 2003, 2006).

A clear example of this is that of leguminous hosts and their phytophagous
insect invaders. Variability in plant hosts, such as architecture, quality and resistance
to herbivory (Karban 1989, Farnsworth et al. 2002, Johnson and Agrawal 2005) can
have large effects on the fitness of associated phytophagous insect communities
(Whitham et al. 2006, Haloin and Strauss 2008, Hersch-Green et al. 2011, Rowntree et
al. 2011). In turn, plant enemies such as sap-feeding aphids, through their exploitation,

selectivity and manipulation of available resources undergo a series of co-evolutionary
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interactions with their hosts and other interacting invertebrate rivals (Dixon 1977,
1987, 1998, Powell et al. 2006). In such systems, plant associated inter-players strive
to maximise their own fitness and maintain a portion of the shared resource (Van
Valen 1973; see also Bergstrom and Lachmann 2003). One of the most notable
outcomes in this regard is a co-evolutionary arms-race scenario where each party does
its best to have the upper hand (Dawkins and Krebs 1979, Berenbaum and Zangerl et

al. 1998).

New insights from community genetics research have made clear the need to
examine the magnitude of community genetic effects. The relationships between
community genetic effects and other eco-evolutionary processes such as competition
are of particular interest. Such research should focus on interacting genotypes of one
or more species subject to variation in the biotic and abiotic environments that include
both the interactors and their interactions (Antonovics 1992, Bonchev et al. 2005,
Whitham et al. 2008, Hersch-Green et al. 2011; see also Levin 1998, Odling-Smee et
al. 2003, and Juarrero 2010). Interestingly, such investigation of the magnitude of
community genetic effects can be usefully achieved by devising experiments that
contrast the effects of intra-specific genetic variation in host-plants with the effects of

competition between plant-associated phytophagous insects (e.g. Smith et al. 2008).

Competition as an eco-evolutionary force:

Notwithstanding the debate on its magnitude as a major ecological process,
competition can be considered as an influential force in nature (Hairston et al. 1960,
Hutchinson 1978, Connell 1983, Schoener1983, Denno et al. 1995, Denno and Kaplan
2007; see also Kaplan and Denno 2007). Competition can be symmetric or

asymmetric (e.g. -/+, +/-, 0/+), and direct or indirect via the mediation of the host
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plant (Denno et al. 1995, Denno and Kaplan 2007). However, the magnitude of
competition effects should be influenced by the inputs imposed by selection and the
constant environment-modifying feedback of species activities (Odling-Smee et al.
2003, Biirger 2002, King 2003, Jablonka 2004, Laland 2004, Fordyce 2006, Post and
Palkovacs 2009, Juarrero 2010, Ernebjerg and Kishony 2011). Nevertheless, only a
handful of studies have endeavoured to examine other processes and mechanisms
plausibly modulating competition effects in the light of plant genetic variation (Smith
et al. 2008).

Ideal systems especially useful for the examination of such effects are the low
diversity systems found in agricultural fields. Conventional agricultural systems are
usually patches of homogenous genetic backgrounds, that is, mono-varietal plots
where genetic diversity of the dominant species is highly restricted or entirely absent.
In this context, host plant intra-specific genetic variability will significantly affect the
richness, abundance, survivorship and behaviour of associated invertebrate pests (Fritz
and Price 1988, Dungey et al. 2000, Whitham et al. 2003, Johnson et al. 2006, Utsumi
et al. 2011, Zytynska and Preziosi 2011).

Here we present a study where we measure the relative effects of community
genetics and competition. We use the presence or absence of competition, intra-
specific and inter-specific competition in order to quantify the relative magnitude of
the community genetic effect, the competition effect and the effect of their interaction
on the fitness (reproductive success) and behaviour (on-plant distribution) of a focal
pea aphid genotype. To our knowledge, this is one of very few studies to cast light on
the interface of ecology and evolution from this angle, i.e. community genetics versus
competition (see also Whitlock et al. 2007, Smith at al. 2008, Ostman 2011]. We also
examine the effects when aphids are confined to a single host plant or have multiple

choices among host plants, of high economic value, in microcosms.
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Understanding the constitution of such interactions between plant genotype
and aphid genotype under the conditions of intra- and inter-specific competition
should be of great importance to further untangle the pest-crop relationships as well as
developing a better comprehension of how ecology affects evolution and vice versa
(Odling-Smee et al. 2003, Whitham et al. 2003, Whitham et al. 2006, Johnson and
Agrawal 2007, Johnson and Stinchcombe 2007, Wimp et al. 2007, Ostman 2011; see
also Schoener 2011).

Aphid behaviour in the light of within-plant genetic variation and freedom of choice:

For a generalist aphid, decisions about host choice and on-plant micro-site
feeding positions are attributed to chemical cues resulting from plant metabolites
(Chapman 2003, Powell et al. 2006, Ranger et al. 2007). The affinity to specific hosts,
and to particular parts of the host plant, is based on aphid pre- and post-ingestion
probing, and what follows that process, and hence determines acceptance or
discrimination of the plant (Powell et al. 2006). In addition, on-plant distribution and
among plant distribution (preference) of aphid is governed by the availability of
suitable hosts, the varying levels of plant defence (resistance), the presence of natural
enemies and the presence and density of competitors (e.g. Smith et al. 2008, Ranger et
al. 2007, Schuett et al. 2011, Utsumi et al. 2011). However, abandoning a potential
host plant, for example due to overcrowding effects or host deterioration, has its own
fitness consequences because such behaviour increases exposure to natural enemies
and aphid dehydration (Powell et al. 2006).

The literature is rich with research on the influence of the quality and variation
of host plants on the performance (reproductive success and survival) of
phytophagous insects (e.g. Dungey et al. 2000, Whitham et al. 2003, Hochwender and
Fritz 2004, Johnson et al. 2006, Ruhnke et al. 2006, Smith et al. 2008, Ruhnke et al.

2009, Utsumi et al. 2011, Zytynska and Preziosi 2011). Moreover, host genotypes are
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expected to vary in their susceptibility and resistance to invertebrate pests. Therefore,
the latter will experience different rates of reproductive success (population growth
rates) on distinct host genotypes (e.g. Underwood and Rausher 2000, Hughes et al.
2008). However, with regard to bottom-up and cascading effects in multi-trophic
systems (Power 1992, Hambick et al. 2007, Johnson 2008), there is a lack of studies
exploring the changes in host choice and micro-site feeding preference of aphids
under intra-specific and inter-specific competition, and in the light of host genetic and
phenotypic variation (but see Smith et al. 2008, Utsumi et al. 2011, Zytynska and
Preziosi 2011).

Ferrari et al. (2006) examined pea aphid preference for an array of host species
where aphids were shown to display an affinity for the host plants they originally
associated with. Furthermore, Zytynska and Preziosi (2011) proposed a genetic
variation basis for aphid preference for barley. Further in their data interpretation, they
implied the occurrence of ‘assortative associations’ between aphid and barley
genotypes.

Host plants interact in various ways through roots and shoots, both physically and
chemically, directly and indirectly. There is a growing body of evidence supporting
the concept of plant-plant communication through ‘“allelobiosis” i.e. inter-plant
volatile signalling under pest attack (Pettersson et al. 2003, Baldwin et al. 2007).
Furthermore, similar ‘associational neighbourhood’ effects of communication within
plots between infected and healthy plants, will differentially influence susceptibility
and resistance to plant enemies (Borges 2005, Barbosa et al. 2009). As such, the
interaction amongst infected and relatively intact plants in a plot can have
consequences for aphid fitness and host choice by aphids (Denno et al. 2000, Baldwin
et al. 2007, Glinwood et al. 2009, Ninkovic and Ahman 2009). Therefore, inter-plant

communication in the plot should play an important role in shaping the dynamics of
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plant-pest interaction because plants will differ in their susceptibility as well as
attraction to plant invertebrate consumers (Whitham 1989, Baldwin et al. 2007,
Barbosa et al. 2009). This is particularly pertinent in the light of sink formation of
highly attractive plant individuals (pest-attractive hotspots) that will cause aphids to
colonise them in preference to adjacent plants (Whitham 1989; see also Larson and
Whitham 1991, 1997, Barbosa et al. 2009 and Utsumi et al. 2011).

Logistically, in a study on aphid feeding behaviour and competition within
microcosms of mono-cultivated broad bean, Salyk and Sullivan (1982) demonstrated
that, in the absence of a competitor, pink pea aphid (Acyrthosiphon pisum) displayed a
notably lower affinity to stems than leaves and preferred the undersides of leaves to
the above-leaf feeding sites. However, their study showed no significant changes in
the behaviour of pea aphid under competition.

To our knowledge, this is one of the first studies to examine the influence of the
interaction between community genetic effect (plant genotype) and competition effect
on aphids. We examined the effects on the performance (reproductive success) and
behaviour (on-plant distribution and making a choice) of a focal aphid genotype:

1) With and without inter-specific competition across several host genotypes.

2) Under intra-specific competition across several host genotypes.

3) Under inter-specific competition across several host genotypes

Methodologies
Aphid performance

We compared the magnitude of community genetic effects and competition
effects on a focal genotype of pea aphid (Acyrthosiphon pisum Harris). The focal pea
aphid was the pink genotype P127 (hereafter FP) obtained from Imperial College

(London). Intra-specific competitors were green pea aphid genotypes (Gl, G116,
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LLO1, BotGr; G1, G2, G3, G4 respectively henceforth). Genotypes G1, G2 and G3
were also supplied by Imperial College (London) while G4 (BotGr) was reared in the
lab from a single aphid instar selected from the progeny of a gravid aphid female. The
latter was collected using a bait of broad bean plant at the University of Manchester
Botanical Grounds.

The inter-specific competitors we used were vetch aphid (Megoura viciae
Buckton; clone established from a single individual collected at the University of
Manchester Botanical Grounds, hereafter Meg), green peach aphid (Myzus persicae
Sulzer; clone established from a single individual collected near Buxton, UK,
hereafter Myz) and black bean aphid (Aphis fabae Scopoli; clone established from a
single individual collected near Chorlton, Manchester, UK, hereafter BL). All stocks
of aphids were maintained on broad bean (Vicia faba L. var. major Harz) in growth
cabinets at [22°C and 16:8 (L:D) photoperiod]. This cultivar (major) was not used in

the experimental procedures in order to avoid preconditioning effects.

Measures of fitness

Fitness is a problematic term with no definite agreement on a universal
definition (Rosenberg and Bouchard 2010). However, there are several ways to
estimate the fecundity and survival of parthenogenetic aphids and the factors
influencing such fitness. Well documented approaches include estimation of
differential reproductive success (which is equivalent to population growth rate per
capita; e.g. Agrawal et. al. 2004), pest total dry weight (e.g. Petersen and Hunter
2001), and estimation of behavioural traits (i.e. consistency in behavioural differences
amongst conspecifics across time and contexts e.g. Bergmiiller and Taborsky 2010).
In addition, plasticity traits especially polyphenism (i.e. production of extremely

discretely plastic morphs such as winged individuals) can also be used as a fitness
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proxy. This is useful in order to estimate the investment in reproduction (fecund
apterous individuals) vs. dispersal (less fecund alate individuals); (Dixon 1977, 1987,
Whitman and Agrawal 2009). Ultimately, fitness in aphids can usually be defined as
the relative reproductive success of clones (genetically identical lineages); (Murray
1990, Giske et al. 1993, Agrawal et al. 2004). In this study we adopt the approach
applied by Agrawal et al. (2004) in order to calculate population growth rates. The
following equation was applied to obtain the population growth rates per capita;

Agrawal et al. (2004):

In(N,) - In(N,))
t

6k =

where GR is Population Growth rate, Ny is the initial number of aphids N; is the final

number of aphids and t is the amount of time the clone has been reproducing.

Further notes on fitness estimates and genetic variation

Genotypic variation regarding the response of aphid clone to environmental stimuli
represents the differential response of different genotypes, belonging to one species of
aphid, to suitability of a spectrum of host plants. Such response can be quantified by
calculating the reproductive success (performance) of these focal genotypes. In this
regard, fecundity is commonly used as an estimate of fitness for aphids (e.g.
Underwood 2009, McLean et al. 2011, and Silva et al. 2012). This can be calculated
over a given period of time by estimating the population growth rates/densities of a
focal aphid genotype (Underwood 2009, Agrawal et al. 2004) or the intrinsic rate of
increase in their numbers (Silva et al. 2012). Herein, we define plant suitability via the

reproductive success of the focal aphid genotype, rather than plant traits (following
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Underwood 2009). Within-cultivar differences for each of the broad bean genotypes
used in this work are unknown (Underwood 2009)*.

Moreover, in this work, aphids experienced no seasonality and the conditions were
mesic and hence ideal for sustained asexual reproduction. Therefore, taking into
consideration the elimination of the preconditioning effects as explained above in the
methods, here, the fitness of each focal aphid clone represents the fitness of its
underlying genotype (sensu Weisser and Stadler 1994). However, the fitness of the
focal genotype will be affected by the sequence of the plastic morphs proliferated in

the clone in response to changes in the environment of mothers and daughters (/dem).

Statistical analysis

The responses of FP to competition and community genetic effects were based
on relative performance (population growth rate). Performance of FP was taken as the
final total number of individuals per replicate. Because the starting number of
individuals and the experimental duration was the same for each replicate, analysis of
final numbers is equivalent to analysis of growth rates (Agrawal et al. 2004). We
included the absolute numbers of the competitor as a covariate to control for the total
number of aphids on the plant. We analysed the performance data as a 2-way ANOVA
with both competitor and broad bean cultivar as fixed effects. Statistical analyses were
performed using JMP V9. We also analysed the data as percent FP on each replicate
but the pattern of results was similar and so are not presented here. Data illustration
was processed using MS Excel 2003 and Inkscape SVG graphic editor (ver. 0.48.01

under GPL).

*(See also the annex to this chapter, chapter-one methods and thesis general

discussion for further discourse.)
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Alate morph production

Polyphenism (here, the production of winged individuals versus the production of
apterous individuals) was monitored for FP and its rivals for the three experiments of
this work. We used polyphenism as a secondary parameter for aphid fitness i.e. the
ratio ‘alate:apterous’ for each aphid clone indicated the level of investment in
dispersing morphs against sedentary individuals (Dixon 1998, Hatano et al. 2010).
This is expected to vary under the influence of plant genotype, (plant genotype x

aphid) competition, and relative freedom to choose among hosts.

Aphid Behaviour

On-plant feeding site selection (on-plant distribution) was recorded for FP genotype
in the confined enclosures and multiple choice plots, and in the presence and absence
of inter-specific competition. We recorded the location of FP in terms of position on

stem versus leaves and position on the top, middle or bottom thirds of the entire plant.

Note on aphid host preference and niche utilisation

Host choice for plants to colonise within each microcosm, under the presence and
absence of the inter-specific competition with black bean aphid, was recorded for the
focal pea aphid genotype FP. Four broad bean genotypes were used but each
microcosm contained a single cultivar. Differential use of the resource (microcosm)
by FP ‘with’ and ‘without’ competition was also estimated. All plants within each
microcosm were numbered from 1 to 14 [ie. (P1, P2, P3,..., P14)] and assigned
specific positions within the microcosm. This was standardised for all microcosms
across treatments of Experiment I. Note that we used only descriptive statistics for this
part of Experiment I because the community genetics statistical methods for testing

association under these conditions are under-developed.
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For our focal aphid genotype FP in the presence and absence of competition, we
consider the choice made for, and reproductive success achieved on, the plants which
were successfully colonised in the microcosm by the end of the experiment. Any
plants rejected (no colonisation established), depleted, or abandoned were recorded as
zero at day 14. We used the traces of aphids’ exuviae (shed skin, i.e. cast-off skins) on
the plant and on the surface of the soil of a focal plant pot as a proxy to determine
whether (or not) the discriminated or depleted plant had been colonised and hence
abandoned before a final successful colonisation occurred elsewhere in the

microcosm.

Broad bean genotypes

Aphids used in Experiment I were reared on each of the following broad bean (Vicia
faba) cultivars; (Masterpiece Green Longpod, Syrian (var major), Syrian (var minor),
Sutton; C1, C2, C3 and C4 respectively, henceforth). Aphids used, in both Experiment
II and Experiment III, were reared on each of the following broad bean cultivars;
(Masterpiece Green Longpod, Optica, Sutton; C1, C2, and C3 respectively,
henceforth). All cultivars were procured via commercial seed suppliers. These
selectively bred varieties (also referred to as accessions and heirloom) are synthetics
(Duc 1997, Flores et al. 1998) that do not exist in the wild. These cultivars have been
maintained for hundreds of generations as inbred lines that act as proprietary
trademarks. Because of their long history of inbreeding we treat them here as
equivalent to genotypes (Cordeiro et al. 1983, Oyedokun 1985, Underwood and
Rausher 2000, Sharpe and Lydiate 2003, Emebiri et al. 2005, Hash et al. 2006, Kan et
al. 2010, Rose et al. 2010). For all experiments plants were standardised in age (1
month) and trimmed constantly to a standardised height (12 cm). Broad beans were

planted in John Innes no. 3 steam-sterilised compost in 3.5” pots.
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Experiment I — With and without competition

We compared the performance (population growth rates) of FP in the presence
and absence of BL (4Aphis fabae) when raised on four cultivars of broad bean (C1, C2,
C3, and C4). In summer 2009, broad beans were planted in mono-varietal, mesh-
covered microcosms of 14 plants (8 microcosms giving a total of 112 plants).
Microcosms (230 x 155 x 170mm) were placed in a growth cabinet at 22°C and 16:8
(L:D) photoperiod. Aphids were allowed to move freely among plants within each
microcosm. At the start of the experiment 14 second instar aphids were added to each
microcosm; 14 FP aphids for the ‘no competition’ treatments and 7 FP with 7 BL for
the ‘with competition’ treatments. Microcosms were watered through the mesh every
two days to maintain mesic conditions. All aphids on each plant were counted and

their positions recorded on day 14 of the experiment.

Experiment Il — Inter-specific competition

We compared the performance of FP in the presence of heterospecific
competitor [(Myz) or (Meg)] on each of three cultivars of broad beans (C1, C2, C3).
In winter 2010, broad beans were planted in 6 inch plastic pots and individually
covered with 22 ounce plastic cups with two 4cm x 4cm fine mesh windows to allow
ventilation. Cups were sealed to the pots with PVC tape. We had 10 replicates of each
combination for a total of 60 plants (two competition treatments and three host
cultivars). At the beginning of the experiment, four second instars were added to each
pot; four FP for the ‘no competition’ treatment and two FP with two heterospecifics
for the ‘competition’ treatments. Plant enclosures were removed from the growth
cabinets and watered every two days by injecting water directly into the soil through
re-sealable pores near the base of the plastic pots. Plants were re-randomised in their

placement when returned to the growth cabinets. All aphids on each plant were
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counted and positions recorded on day 14. Control numbers were divided by 2 to

correct for the doubled starting number of instars.

Experiment Il — Intra-specific competition

We compared the performance of FP alone and in the presence of one rival of
each of the four conspecifics (G1, G2, G3, G4) on each of three cultivars of broad
beans (C1, C2, C3). We had 10 replicates of each combination for a total of 120 plants
(four competitor treatments and three host cultivars). Replicates were set up and
maintained as in Experiment II. All aphids on each plant were counted and their
positions recorded on day 14. Experiments II and III were run simultaneously and in
the same growth cabinets and thus share the controls (no competition) described in

Experiment II above.

Figure 1 displays the components comprising the experimental part:
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Figure 1: Experimental Design.

Experiment I: FP competed with black bean aphid. Aphids were given freedom of
choice among host plants in the mono-varietal microcosms (14 plants per plot).
Experiments I + III: FP competed with each one of two heterospecifics (Experiment
IT) and each one of four green conspecifics (Experiment III). All aphids were confined
to the focal broad bean genotype provided. Three cultivars of broad bean were used.
Each host was housed in a transparent cone-shaped, 22-ounce propagator provided with

meshed screens in order to maintain ventilation.

115




Results

Experiment 1

1- FP Performance ‘with’ and ‘without’ competition:
No FP aphids had colonised 19 of the replicates belonging to the multiple-choice
treatment at day 14 and thus these zero values were dropped from our analysis. Using
the remaining 93 replicates we found a significant effect of broad bean cultivar
(F379=3.933, P = 0.0011), but no significant effect for the presence of competitor
(F179=1,2.4, P = 0.1738) or the interaction between cultivar and competitor

(F3.79=0.183, P = 0.9079, Figure 2).
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Figure 2: FP aphid abundance (mean +/- SE) with and without competition.
Performance of the focal aphid genotype FP in the presence and absence of black
bean aphid (Aphis fabae Scopoli) across four broad bean cultivars. Abundances
were averaged for each microcosm 14 days after infestation. The word ‘No’ refers
to the case where FP performed without competition while “Yes’ refers to the case

where FP performed under competition.

2- Production of winged FP morphs with and without Competition:

Production of alates by FP was extremely low at all times and was not consistently
associated with the presence of competitors (Table 1). Only one winged morph was
recorded on C2 (no competition), and three winged morphs on C4 (under

competition).

Alates
Broad Bean Cultivar - Comp + Comp
C1 0 0
C2 1 0
C3 0 0
C4 0 3

Table 1: Wing polyphenism. Numbers of FP discrete phenotypes (i.e. winged
aphids a.k.a. alates) were recorded for each mono-varietal microcosm in the

presence and absence of inter-specific competition. (Comp = Competition)

3- FP behavior (on-plant Distribution) ‘with’ and ‘without’ Competition:
No FP aphids had colonised 19 of the replicates belonging to the multiple-choice
treatment at day 14 and so these replicates were dropped from our analysis.

A- Leaves vs. Stem.:
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We found highly significant effects of broad bean cultivar (x* = 239.47, P <0.0001),
but the presence of competitor had no significant effect (x> = 1.90, P = 0.168).

However, the interaction between cultivar and competitor was also very notable (x> =

202.73, P <0.0001, Figure 3).
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Mean abundance of FP aphids
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Figure 3: Aphid behavior examined as on-plant distribution; Leaves and
Stem.

The patterns of affinity for leaf or stem by pea aphid focal genotype (FP), on four
broad bean cultivars, are depicted in the presence and absence of competition.
Bars represent mean abundance (+/- SE). The word ‘No’ refers to the case where
FP performed without competition while ‘Yes’ refers to the case where FP

performed under competition.

Further notes on FP’s preference for leaves and stems in Experiment I:

R/
A X4

Proportions of FP on leaves were bigger than those on stems in six out eight
cases; three times in the absence of the competitor on cultivars (C1, C2, C4),
and three times under competition on cultivars (C1, C3, C4).

Comparison of affinity for leaves ‘with’ and ‘without’ competition indicated
that FP congregated 75% more on leaves under no competition than it did in
the presence of the competitor.

FP preferred to populate stems less under competition (3 out of 4 cases) if
compared with its behaviour in the absence of competition (1 out of 4 cases).
The biggest proportions on leaves was on C2 and C3 (no competition), and
C3 (competition). However, the least numbers of FP on leaves were recorded
on C1 (no competition). As for the ‘under competition’ lines, FP, in the
presence of the competitor, preferred C3 leaves the most while it showed
approximate preference for the leaves of the remainder cultivars.

FP preferred most the stem of C3 without competition, but C2 stem was the
most preferred under competition. Conversely, the least numbers of FP on
stems were recorded on C1 and C4 when the competitor was absent or

present.
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B- Leaf upper-sides and under-sides:

We found highly significant effects of broad bean cultivar (x*>= 24.17, P <0.0001),
and notable effects for the presence of competitor (x* = 7.84, P = 0.0051). The
interaction between cultivar and competitor was highly significant (3> = 50.90, P

<0.0001, Figure 4).
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Mean abundance of FP aphids on plant leaves
per cultivar at day 14
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Figure 4: Aphid behaviour examined as on-plant-distribution; Upper-side
and under-side of leaves.

The patterns of affinity for above-leaf surface or under-leaf surface are displayed
for the pea aphid focal genotype FP on four broad bean cultivars, in the presence
and absence of competition. Bars represent mean abundance (+/- SE). The word
No’

refers to the case where FP performed under competition.

refers to the case where FP performed without competition while ‘Yes’

Further notes on FP’s preference for above- and under-leaf feeding sites in

Experiment I:

R/
L X4

With ‘no competition’, FP always preferred under-sides to upper-sides of the
leaves. The same pattern was observed in the presence of the competitor.
Proportions of FP under leaves ‘no competition’ were bigger than the
proportions under leaves under ‘competition’ in two cases out of four.
However, on C3, FP showed similar patterns for both ‘with’ and ‘without’
competition scenarios.

Regarding leaf upper-sides, abundances of FP under ‘no competition’ were
always bigger than the abundances under competition except for the C4 line.
FP preferred to inhabit most the leaf under-sides of C2 in the absence of
competition, and it was C3 leaf under-side that FP opted for when the
competitor was around. However, regarding above-leaf choice, FP showed the
most affinity for the leaf upper-sides of C2 (‘no competition’ treatments), and
C3 for ‘with competition’ treatments.

The least under-leaf abundance under ‘no competition’ was recoded on C1.

However, under competition, FP occurred in minimal numbers on the leaf
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under-sides of C4. However, C4 leaf upper-sides attracted the least
proportions of FP (no competition). In contrast, FP displayed the least

preference for the above-leaf sites on C1 ‘under competition’.

C- More on aphid behaviour in terms of host preference and niche utilization:

The focal pea aphid genotype (FP) varied in its exploitation of the resource within
microcosms, in the presence and absence of a heterospecific competitor (black bean
aphid); Figure 5 and Figure 6.

The results indicated a propensity for FP to spread more within the microcosm in the
presence of the competitor if compared with FP’s host choice when the competitor
was absent. The only exception was on broad bean C3 where resource utilisation
under ‘no competition’ was slightly bigger in percentage than the case where FP
experienced competition; Figure 5. Moreover, comparatively, the most efficient
utilisation of the microcosm was displayed on broad bean C1 and C4 where
competition was in operation. However, broad bean C4 correlated with the greatest
tendency to aggregate instead of spreading throughout the microcosm. (See the annex
to this chapter for further details on the depleted and discriminated plants per

microcosm).
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Figure S: Illustration of aphid choice for feeding sites to colonise within mono-
varietal microcosms, across four broad bean genotypes, and in the presence and
absence of competitor.

Note that all the plants within a microcosm were assigned a specific location and had
numerals assigned to them (1 to 14). Therefore, P1, P2, P3...P14 in the assembled figure
are abbreviations for the 14 numbered plants of any microcosm. All microcosms across
all treatments in Experiment (I) were brought into conformity with the numbering fashion
described above.

FP’s choice for host plants to colonise within microcosms was contrasted in the presence
and absence of the heterospecific competitor (black bean aphid) and across four broad
bean genotypes. The experiment lasted for fourteen days and each microcosm included 14
plants per broad bean genotype. The percentage of FP numbers for each chosen and
hence colonised plant within a focal microcosm is displayed relative to the total census of
FP per focal microcosm. Percents which are reduced to nil refers to plants discriminated
and thus never colonised, or plants depleted. A few plants acted as temporary stations
before aphids made their final choice. Given the sedentary nature of aphids’ motion and
their propensity to congregate on suitable feeding sites (plants and plant parts), we note
that, we inferred such choice dynamics of acceptance or discrimination of hosts and the
incidence of transit-hosts by observing the exuviae of aphids (shed skin i.e. cast-off
skins). For example, a healthy plant and rejected, with cast-off skins (exuviae) ‘on board’
or on the surface of the soil in the pot, implies that a discrimination happened after a
period of plant probing. Also, note that those aphids were not given enough time to over-
crowd since the experiment lasted for fourteen days. Therefore, should aphids have
chosen to congregate on a specific plant in the microcosm is a matter of preference more
than a consequence related to shortage of resource. [See Figure 3, 4 and 6 besides Table

1" (annex to chapter 2) for further details on the components of such dynamics].
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Figure 6: Percentage of resource (microcosm) usage by FP in the presence
and absence of a hetero-specific competitor.

Under the presence and absence of competition, numbers of plants successfully
colonised by FP were counted at day 14 and proportional use of the microcosm
as a niche was calculated accordingly across four broad bean genotypes
(cultivars). Each microcosm was mono-varietal and contained 14 broad bean

standardised plants.

Experiments II + 111

1- FP Performance under intra- and inter-specific competition:
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A- Inter-specific Competition (Exp. 11):

FP aphids were not found on 4 replicates at day 14 and these replicates were dropped
from our analysis. Using the remaining 49 plants we found no significant effect of
cultivar (F45 = 1.690, P = 0.196) but the competitor showed a significant effect (F; s
=, P =0.020). However, no significant effect for the interaction between plant cultivar
and competition was observed (F,2, =, P = 1.122, Figure 7).

There was no significant effect of the number of competitor aphids as a covariate (P =
0.130) suggesting that it was the presence rather than number of the competitor that
was important. Correcting for numbers of FP aphids on the control plants (i.e.
Neompetition — Neontrol) and using percent FP (i.e. Nep / Niow) provided a very similar

pattern of results, so those results are not presented here.

B- Intra-specific Competition (Exp I11):

At day 14 no FP aphids were found on 9 plants and these replicates were excluded
from our analysis. Using the remaining 101 replicates we found no significant effect
of cultivar (F,;5 =, P = 0.218) or competitor genotype (F32, = 1.034, P =0.0.087). The
interaction between cultivar and competitor genotype was not significant (Fegos =
14.42, P = 0.774, Figure 7).

There was no significant effect of the number of competitor aphids as a covariate (P =
0.077). As for the heterospecific experiment above, correcting for numbers of FP
aphids on the control plants (i.e. Neompetition — Neontrol) @nd using percent FP (i.e. Ngp /
Niotal) provided a very similar pattern of results and so those results are not presented

here.
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Figure 7: A plot illustrating the means and SE of FP within confined enclosures
and across three broad bean cultivars.

Means of FP performance in front of conspecific genotypes (four) and two
heterospecific genotypes were computed. The illustration displays the community
genetics effects (CG) of broad bean cultivar and the interaction among rivals in
enclosures. Three broad bean cultivars were used. The heterospecifics are Meg
(vetch aphid) and Myz (green peach aphid). Each cultivar was given a specific

colour (Gray for C1, Orange for C2, and Bluish green for C3).
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¢ FP achieved the highest population growth opposite to conspecific (G2) on
cultivar C3. Whilst, FP was most successfully reproductive on cultivar C3
performing against the heterospecific (Meg).

¢ C3 was also recorded as the cultivar hosting the least numbers of FP under
intra-specific competition with G1, and against Myz for the inter-specific
competition.

¢ The reproductive success of FP was less in magnitude against Myz than Meg.

¢ FP performed better in interaction with the heterospecific (Meg) on all

cultivars in comparison with the performance of FP against its conspecifics.

2- Proportions of winged FP morphs under inter-specific competition:

Inter-specific Competition (Exp. Il) and Intra-specific Competition (Exp III):

Production of winged morphs was very rare across plant genotypes and competition
lines. At the intra-specific levels, alates were only noticed when FP competed with
G2 on C1 (1 in average), and C2 (0.09 in average). Conversely, inter-specifically,
alates of were recorded when FP performed against Myz on C2, and against Meg on
C3. The incidences of winged FP individuals were noticed on C2 in front of con- and

hetero-specific rivals (Table 2).
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Alates per cultivar C1 C2 C3

= FP (versus G1) 0 0 0

= FP ( versus G2) 1 0.09 0

E FP ( versus G3) 0 0 0

FP ( versus G4) 0 0 0

Inter-sp FP ( versus Myz) 0 1.25 0
Inter-sp FP ( versus Meg) 0 0 0.11

Table 2: Averages of winged morphs.

Data showed a general notable propensity of FP to invest less in the
production of dispersal morphs (alates) under both types of competition. FP
slightly produced more winged individuals in the presence of heterospecifics.
In total, broad bean cultivar C2 appeared to correlate with more alate

production than the other two broad bean cultivars.

3- FP behavior (On plant Distribution) with and without Competition:

A-Leaves vs. Stem:

1°- Inter-specific Competition (Exp. I1I):
At day 14 no FP aphids were found on 4 plants and these replicates were excluded
from our analysis. Using the remaining 49 replicates we found very strong effect of
broad bean cultivar (y*>= 177.43, P < 0.0001) and competitor species (3> = 318.88, P <
0.0001). There was also highly significant effect of the interaction between cultivar

and competitor species on aphid behaviour (= 328.32, P < 0.0001, Figure 8).

2°- Intra-specific Competition (Exp. I11):
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At day 14 no FP aphids were found on 9 plants and these replicates were excluded
from our analysis. Using the remaining 101 replicates we found highly significant
effect of cultivar (y* = 157.67, P < 0.0001) and competitor genotype (x* = 50.04, P <
0.0001). There was also very strong effect of the interaction between cultivar and

competitor genotype (%> = 175.02, P < 0.0001, Figure 8).
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Figure 8: An illustration of on-plant feeding-site behaviour of FP (leaves or
stem) under the influence of intra- and inter-specific competition and plant
genotype. Proportions of FP pea aphid were observed on leaves versus stem for each
of the six lines of interactions with other aphids (4 conspecifics and two

heterospecifics) across three broad bean cultivars in individual enclosures.
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Further notes on FP'’s preference for leaves and stems in Experiments II + I1I:

Inter-specifically, more FP aphids chose to reside on stems when FP
performed versus Meg. By contrast, stems hosted less FP aphids when FP
competed against Myz (apart from the line of C2).

FP under inter-specific competition preferred to congregate most on leaves
against Myz on C1 and C3, while FP populated leaves minimally in the
presence of Meg on C1, C2, and C3.

Against conspecifics, the highest densities on leaves of FP were against G1 on
C1 and C3, but the lowest on leaves were against G2 on C1, G1 on C2, and
G2 on C3.

Regarding preference for stem, the biggest proportions of FP were recorded in
the presence of Meg on C1 for the inter-specific competition, while the
smallest proportions of FP were on C3 against Myz.

The data for intra-specific competition displayed the highest numbers of FP on
stems across cultivars as follows: versus G2 on C1 and C3, and versus G1 on
C2. Whereas, FP showed the least affinity to stems against G1 on C1 and C3.
FP behaviour (selectivity for micro-feeding sites on the plant) appeared to be
approximately consistent when FP performed against Meg and G3

respectively.

B- Leaf under-sides and upper-sides:

1°- Inter-specific Competition (Exp. I1I):

FP aphids were not found on 4 replicates at day 14 and these replicates were dropped

from our analysis. Using the remaining 49 plants we found highly significant effect of

cultivar (x* = 23.642, P < 0.0001) but no notable effect of competitor species (> =

0.39, P = 0.531) 11767. However, there was a highly significant effect of the
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Proportions of FP aphids on plant leaves

interaction between cultivar and competitor genotype (3> = 20.88, P < 0.0001, Figure

9).

2°- Intra-specific Competition (Exp. I111):
At day 14, no FP aphids were found on 9 plants and these replicates were excluded
from our analysis. Using the remaining 101 replicates we found notable effect of
cultivar (x* = 14.70, P < 0.0006) and competitor species (3> = 156.13, P < 0.0001).
Moreover, the interaction between cultivar and competitor species had a highly

significant effect (3> = 61.62, P < 0.0001, Figure 9).
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Figure 9: An illustration of FP displaying above- and under-leaf affinity (on-
plant distribution) under the influence of intra- and inter-specific competition
and plant genotype.

Focal genotype FP experienced six different competition scenarios (competition with
four conspecifics and competition with two heterospecifics). The behaviour of FP for
on-plant feeding-site preference was investigated accordingly across three broad bean

cultivars.

Further notes on FP’s preference for above- and under-leaf feeding sites in

Experiment II + I1I:
% The highest readings for FP affinity for leaf under-sides were on C3 against
Myz, and on C2 against Meg (inter-specific competition). FP showed the least
abundances on leaf upper-sides for C1 in front of the heterospecific Meg.

% Comparatively, against conspecifics, FP showed the maximal preference for
under-leaf feeding sites as follows: on C1 (vs. G1), on C2 (vs. G4 and G2
respectively), and on C3 (vs. G1, G2, and G4 respectively). The minimum of

FP proportions, under leaves, were found against G3 on C2 and C3.

Discussion

This work is one of the few studies attempting to investigate the interaction
between competition and community genetic effects. In our study, competition among
aphids was both intra- and inter-specific. The community genetic effect was present in
both the genotypic variation in the host plant and the variation in the conspecific pea
aphid competitors. This was particularly notable for the feeding-site choice of our

focal aphid genotype but not for its reproductive success (performance). Our analyses
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reveal a significant impact of the intra-specific genetic variation of broad bean on the
response of a focal pea aphid genotype to competition with other aphids, regardless of
whether the competition was heterospecific or conspecific, and regardless of whether
the aphids had a choice of host plants.

Our findings support the supposition that competition as an ecological force
operating at intra- and inter-specific levels can be modulated by the genotype of the
host plant. Our results also directly address the question of the magnitude of
community genetic effects relative to competition, and suggest that community
genetic effects are of roughly equivalent influence in our study system.

Community genetics has been increasingly supported since first articulated as
an experimental framework by Antonovics (1992). Genetic differences between
conspecifics can result in differentiation in the structure and diversity of the plant-
associated faunal communities and possibly differentially affect ecosystem processes
(Whitham et al. 2003, 2006, Bailey 2011). This paper represents one of the first
attempts to develop experimental work addressing the functionality of community
genetic effects when other ecological processes (in this case, competition) are co-
occurring (Smith et al. 2008, Hersch-Green et al. 2011).

The literature reports many examples of community genetic effects where
plant hosts influence their associated invertebrate communities (e.g. Fritz and Price
1988, Karban 1989, Hunter and Price 1992, Dungey et al. 2000, Whitham et al. 2003,
Johnson et al. 2006, Smith et al. 2008, Zytynska at el. 2011)..

Our results agree with Smith et al. (2008) that plant genotype by competition
interaction can modulate the frequency and strength of competition. However, in their
study on a system composed of three competing aphids on Milkweed (Asclepias
syriaca), Smith et al. (2008) proposed a trade-off could occur between the intra-

specific competition (influential in aphids; see Dixon 1977) and inter-specific
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competition. By the same token, the balance towards any of those types of
competition is also relative to the communication (i.e. interaction; probably
competition) among the genetically identical copies of a single aphid clone. One
governor of this intricacy is the Intra-specific Genetic Effects (IGEs) of such
communication within a clone (Moore et al. 1997), whilst other stressors or motivators
may take the form of the Indirect Inter-specific Genetic Effects (IIGEs); see Wolf et
al. 1999 and Wolf 2000). Moreover, plant-mediated competition among aphids on a
single host plant is even more likely to affect aphid survivorship (Inbar et al. 1995,
Denno et al. 2000). However, there are only a few studies that examined the dynamics
of the relationship between community genetic effects and competition (e.g. Fridley
and Grime 2010; but see also Smith et al 2008, Ostman 2011).

Phytophagous species strive through several means to maintain their existence
(e.g. Van Valen 1973, Dawkins and Krebs 1979, Giordanengo et al. 2010). The roles
species take within the ecological networks they comprise, and through the patterns of
responses they bring about, place them into a spectrum of complex interactions
(Odling-Smee et al. 2003, Kaplan et al. 2008, Ernebjerg and Kishony 2011). One type
of such interactions is a co-evolutionary arms-race between pests and their host plants,
where each party is constantly under natural selection to overcome the strategies of
the opponent (Dawkins and Krebs 1979). Moreover, phytophagous insects are
involved in a wide array of interactions with other taxa such as those cohabiting on the
host plant or present within the vicinity of the host (Dixon 1998, Denno et al. 2000,
Kaplan et al. 2008).

Sap-feeding aphids are extremely dependent on the diet they steal from their
hosts and thus they need to be very sensitive to chemical and morphological
phenotypic changes in the host plants. Their use of multiple perceptive mechanisms to

detect and manipulate their hosts, make their relationship with the variably resistant
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hosts intimate (Pickett et al. 1992, Powell et al. 2006). Aphids can probe, test,
compare and cause biochemical changes in their hosts (Powell et al. 2006).
Furthermore, they are able to discriminate among hosts and make decisions about
which host to feed and reproduce on (Powell et al. 2006). Aphids also show affinity to
their preferred hosts [Troncoso et al. 2005, Ferrari et al. 2006; but see (Bernays and
Funk 1999) regarding the dynamics of making a choice where aphid is a specialist or a
generalist]. Such characteristics are prominent attributes of parthenogenetic,
polyphagous aphids regarding the selection of hosts that ensure maximal reproductive
success i.e. genetic replication (sensu Dawkins 1976, 1982). An added complexity in
aphid systems is that, under conditions that favour parthenogenetic reproduction (the
conditions applied for this work), aphids reproduce clonally and thus genotypic effects
occur at both individual and clonal levels. The aforementioned factors underpin the
differential focal aphid’s response and performance in this work to competition and

plant genetic variation

Context interdependent partitioning:

This work demonstrated that on-plant distribution i.e. behaviour of the focal
pea aphid genotype FP could be explained by their preference to populate on a
specific region of the plant, and that this was very significantly influenced by plant
genotype, presence of competition and the interaction between plant genotype and the
presence of a competitor.

In our study, focal pink pea aphid FP (Acyrthosiphon pisum) performed in a
manner opposite to FP’s green conspecific and heterospecific rivals (Aphis fabae,
Megoura viciae and Myzus persicae). These other species are generalists that show
sophistication in plant perception ability and consequent preference and decision

making, as in FP. However, they (conspecifics and relatively partially heterospecifics)
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share common factors regarding feeding-site habits and aggregation preferences
(Pollard 1973). The ‘social niche’ specialisation, the interaction between plant
genetics and competition, besides the trade-off between intra- and inter-competition
modes are expected to underlay aphid capacity of making a choice as observed in this
work (see also Smith et al. 2008, Bergmiiller and Taborsky 2010).

Consequently, ‘niche’ specialisation of a specific aphid on its preferred host(s)
is prone to change due to a set of factors e.g. changes in leaf preference by aphids
according to leaf age (see Salyk and Sullivan 1982). However, in our work the broad
bean plants were age-homogenised (young plants, approximately one-month-old) and
maintained under standardised environmental conditions. Therefore, plant age was
ruled out as a variable. (See the annex to this chapter for further insights on resource
partitioning by aphids).

Zytynska and Preziosi (2011) advocated the importance of aphid choice
regarding the performance-preference relationship and the concept of ‘assortative
association’ of plant and pest genotypes. Although this may be an important aspect,
the varying ability of the plants to arrest aphid movement (or resist aphid colonisation)
is likely to influence aphid fitness, particularly when considering the propensity of
aphids such as A. pisum to disperse in the patch after an initial inquiry phase (Pollard
1973, Powell et al. 2006).

Our results are concordant with the findings of Lowe and Taylor (1964) and
Salyk and Sullivan (1982), in that the majority of pink pea aphids demonstrated a
preference for the leaves of their hosts. However, Salyk and Sullivan (1982) recorded
a marginal decrease in pea aphid propensity to reside underneath leaves when the
black bean rival was present. Pea aphids prefer leaf veins (Lowe 1967, Salyk and
Sullivan 1982) and their affinity to settle under leaves is strong (Muller et al. 1974,

Salyk and Sullivan 1982). Salyk and Sullivan (1982) also proposed the occurrence of

139



inter-specific aggregation because, in their study, pea aphid showed only slight
changes in preference when the heterospecific rival was present, which also in turn
displayed a preference to be adjacent to pea aphids. Surprised by the oddity of the
preference to colonise together, Salyk and Sullivan (1982) postulated an ‘immunity’
property of such aggregation that may help minimise negative impacts of standard
competition. This is in contrast to the common expectation of niche separation as a
result of competition among heterospecifics. However, the cited work (this study, as
well) did not include a treatment where the rivals would be exposed to a threat by a
natural enemy. We postulate that aggregation, whether amongst conspecifics and,
more surprisingly and interestingly, amongst aphids belonging to different species,
may be a logistic property of the rivals’ tendency to co-exist as a guild i.e. the
emergence of cooperative behaviours as extended (shared) phenotypes (Inbar and
Wool 1995, Aratijo et al. 2008, Yong and Miikkulainen 2009, Rawal and Rajagopalan
2010).

An additional factor regarding making a choice for a suitable host can be the
presence of more chemically hospitable plants than other adjacent ones in the patch
due to within-cultivar differences at the molecular level (see also Underwood 2009).
After probing the available plants within the microcosm, aphids will experience spots
(individuals) that are highly attractive and hence ‘arrest’ aphids and prompt successful
colonisation. Consequently, other less attractive individuals within the microcosm will
act as temporary stations or might be discriminated by aphids (see Whitham 1989).

Further explanation for the changes in preferences observed in this work can
be attributed to sink effects. Foliage comprises a natural sink (source) for plants where
minerals and metabolic products are assimilated. The presence of a sap-feeding
enemy, particularly in large numbers, will alter the natural-sink mechanisms and

dynamics. This will create artificial sinks that interfere with the normal metabolic
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pathways of the host plant (Larson and Whitham 1991, Kaplan et al. 2008). However,
aphids vary in the intensity of their sink effect (Inbar et al. 1995). The co-occurrence
of more than one artificial sink (i.e. two or more con- or hetero-specific aphids) would
be expected to burden the plant defensive system. This in turn should enhance the
diversion of assimilates to profit the guild (assemblage) of sap feeders that possibly
share the common goal of cooperatively maximising host exploitation under the
constraint of a declining host resource [analogous to the principle of ‘safe fail’ or ‘fail
safe’ as conveyed by Juarrero (2010)]. This implies that the fitness reward for guild
formation and conflict avoidance, for a relative period of time, can be bigger than
opting for antagonistic interactions between aphid species (e.g. Yong and
Miikkulainen 2009, Rajagopalan et al. 2011). The sink effect is also expected to
promote a plant-mediated interaction between aphid species or genotypes (Inbar et al.
1995). The latter can induce a trait-mediated response through the artificial aphid-sink
competing with the natural one of the host plant (Kaplan et al. 2008); a response that
can be an induced defence (Kaplan et al. 2008). We argue that the response of the
focal aphid FP to competition was to modify its choices on and amongst resources in
order to reduce the cost of conflict and maximise fitness gains (Dawkins 1976, 1982,
Rawal and Rajagopalan 2010). Nevertheless, we note that competitors’ experimental
data were not presented here but were used as covariates in the analyses.

The patterns of performance and response against competitors that we
observed in FP could be attributed to these types of plastic mechanisms. Plasticity
(including polyphenism) of aphids is extensive through a spectrum of pathways, e.g.
modified structures such as thrifty progeny which result in less resource consumption
also through having stylets that vary in length (e.g. Inbar and Wool 1995; see also
Whitman and Agrawal 2009). Such plasticity results in increased and optimised

resource utilisation among aphid competitors (Inbar and Wool 1995). Such an effect
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can dilute or weaken the competition effect across host cultivars [see also the factors
reviewed by Fridley and Grime (2010) on the ‘dilution’ of the strength of interactions
among species, and their ramifications on community structure and diversity]. In this
sense, it is plausible to suggest that plants, despite being rather ‘slow runners’ (Red
Queen Hypothesis; Van Valen 1973), can be resilient by recalibrating and changing
their plastic defence-tactics against aphid attack in order to minimise fitness loss, and
in doing so probably indirectly affect aphid propensities, choice and reproductive
success (Red King Hypothesis; Bergstrom and Lachmann 2003; see also Holling
1973, 1976, Levin 1998 and Juarrero 2010). However, the inconsistency in plant
response, whether it was direct, induced or both, leads to the proposition that

community genetic effect can modulate the magnitude of the effects of competition.

Conclusion

We postulate that a pattern of modified competition (less antagonistic), varying
according to plant vigour and resistance, aids sap feeding aphids in their manipulation
of their shared resource. It is a case where exploitative competition and within-plant
genetic variation moderate the effects of each other and influence aphid activities in
utilising the host plant, in the presence and absence of competition. We envisage such
moderation will induce a cooperative or guild-like relationship as an extended
(shared) phenotype to emerge between the competing aphid species/genotypes
(Dawkins and Krebs 1979, Yong and Miikkulainen 2001, Odling-Smee et al. 2003,
Bergmiiller and Taborsky 2010, Rajagopalan et al. 2010, Schuett et al. 2011). This
empirical as well as theoretical logic diverges from the usual picture of ‘antagonistic’
competition into a much more cooperative type of interaction when the reduction of

conflict is a requisite for a fitness pay-off (Bergmiiller and Taborsky 2010,
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Rajagopalan et al. 2011, Schuett et al. 2011), or probably a modified form of
reciprocal altruism (Trivers 1971, Okasha 2009). Further research is needed to
understand the nature of this relationship between performance and behaviour of
phytophagous insects in order to increase our understanding of the influence of
community genetics effects on aphid-aphid interactions on economic crops within

agro-ecosystems.
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Annex

Additional analyses

Further notes on resource utilisation by aphids in Experiment I:

In Table 1°, for each microcosm, we provide details on the plants that were

discriminated (no colonisation occurred), or depleted due to over-exploitation.

Microcosm
Genotype Not colonised =
Plant Rejected Depleted due to E
(No successful over-exploitation
colonisation occurred)
Absent
Competitor 0 1 1
present
C2 Competitor 1 6 7
Absent
Competitor 3 3 6
present
C3 Competitor 3 0 3
Competitor 4 0 4
present
Absent
Competitor 1 1 2
present

Table 1°. Plants not colonised within each microcosm; discrimination and

overexploitation of the plants within each microcosm. Further details are provided

here across four broad bean genotypes on the plants illustrated with nil percent in Figure

5 (in the paper). Plants are categorised as:

1) Rejected (No successful colonisation occurred): Plants were discriminated but with

signs of aphids’ exuviae (shed skin, i.e. cast-off skins) on the plant or the surface of the

soil in the plant pot. [Possibly rejected by aphids for non-suitability after palpation

(probing)]. 2) Depleted due to over-exploitation: Plants dead with signs of aphids’

exuviae (shed skin, i.e. cast-off skins).
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FP behavior (On plant Distribution) under inter-specific competition:

Plant bottom, middle, top:

1'- Inter-specific competition in the presence and absence of competitor;

Experiment I:
No FP aphids had colonised 19 of the replicates belonging to the multiple-choice
treatment at day 14 and so these zero values were dropped from our analysis. Using
the remaining 93 replicates we found on 9 plants and these replicates were excluded
from our analysis. We found very notable effect of cultivar (y* = 67.36, P < 0.0001)
and competitor species (3> = 36.59, P < 0.0001). The interaction between cultivar and
competitor’s species had highly significant effect on the distribution of aphid on plant

(x*=131.10, P < 0.0001, Figure 1°).
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Proportions of FP aphids on plant

Comp
No Yes
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Figure 1': Aphid behavior explained by on-shoot distribution; Bottom, Middle,
Top.

FP preference for on-plant feeding-sites was observed and explained by the
proportions of the focal aphid FP residing each third of the host plant. Such on-
plant distributional patterns displayed by FP were surveyed across four broad bean
cultivars in mono-cultivated microcosms and under the presence and absence of

inter-specific competition with black bean aphids.
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2°- Inter-specific Competition (Exp. I1):
FP aphids were not found on 4 replicates at day 14 and these replicates were dropped
from our analysis. Using the remaining 49 plants we found highly significant effect of
cultivar (y*= 143.27, P < 0.0001) and competitor’s species (x> = 157.43, P < 0.0001).
There was also a highly significant effect of the interaction between cultivar and

competitor’s species on aphid behavior (y*>= 117.69, P < 0.0001, Figure 2").

1°- Intra-specific Competition (Exp. I11):
At day 14, no FP aphids were found on 9 plants and these replicates were excluded
from our analysis. Using the remaining 101 replicates, we found highly significant
effect of cultivar (y*=52.28, P < 0.0001) and competitor’s genotype (x*= 596.33, P <
0.0001). There was also a highly significant effect of the interaction between cultivar

and competitor genotype on aphid behaviour (3> = 412.99, P < 0.0001, Figure 2")
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Proportions of FP aphids on plant;
bottom, middle, top per cultivar at day 14
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Pea Aphid Aphid

Vetch Aphid

Figure 2°': An illustration of FP behaviour explained by on-shoot
distribution; bottom, middle, and top.

The plot exhibits the proportions of FP on each plant third under the influence of
plant genotype (three cultivars) and the interaction between FP and other rival
genotypes (at the conspecific and the heterospecific levels). Treatment replicates

were confined in individual propagators.

163




More on the differential response of generalist aphids to environmental cues

Plant host genotypes, even within species, differ in their uptake of nutrients.
Rowntree et al. (2010) demonstrated that different nutrient levels in the soil had
different effects on aphid reproductive success dependent on host genotype. Plant
metabolites also vary among individual plants (Chapman 2003, Powell et al. 2006)
and this individual variation is usually associated with genetic differences (Whitham
et al. 2003, 2006). Therefore, the variation in host plants alongside the differential
feeding habits of aphids will, in combination, affect the nutritional quality available to
aphids and thus their choice, ingestion and reproductive success in both the short and
long terms (Dungey et al. 2000, Underwood and Rausher 2000, McIntyre and
Whitham 2003, Powell et al. 2006, Pfennig and McGee 2010, Tariq et al. 2010). In
this regard, generalist aphids may behave so as to minimise niche over-lap in order to
decrease the negative aspects of inter-specific interference type of competition (Yong
and Miikkulainen 2001, Rajagopalan et al. 2010, 2011; but see Pianka 1974). This
argument should be regarded in the light of the ‘cost-sensitive’ nature of decision
making by aphids, as proposed by McAllister et al. (1990). The ‘cost-sensitive’
characteristic can be considered as a bet-hedging evolutionary game tactics [(Olofsson
et al. 2009); see also the insight below)].

May and MacArthur (1972), depicted niche-overlap as a function of
environmental variability (but see Inbar and Wool 1995). In our experiments, niche
space, as defined by Litvak and Hansell (1990), was more extensive in Experiment I
than in Experiment II and Experiment III. Niche differentiation can account for the
facilitation and apparent coexistence between competitors (Inbar and Wool 1995,
Inbar et al. 1995). In Experiment I, although the broad bean genotypes used were
consistent and agronomically stable, we argue that aphid infestation was expected to

induce in-plant physiological variation in resistance. Thus, aphids experienced an

164



environment with relatively variable host resistance (Karban and Myers 1989, Karban
and Baldwin 1997), even though host plants were of the same genotype for each
treatment line. This is despite the fact that only two generations of the focal aphid
genotype (FP) were allowed to occur during the length of the experiment. Therefore,
direct competition (interference) was reduced. This would likely have influenced the
patterns of aphid distribution due to the interaction between the community genetic
effect and the competition effect.

However, it is important to take into account how aphids, through their
activities and interactions on/with their hosts, modify their shared resources and thus
affect themselves and the biotic environment where they interact. This in turn can
produce differential feedback on selective forces (natural selection) and alter them
(Odling-Smee et al. 2003); a process that has been advocated as being constant and
cyclic (Laland 2004). In this context, a reduction of conflict towards more synergistic
interplay, amongst aphid species/genotypes, promotes the emergence of extended and
shared phenotypes beyond the genetic constitution of each interactor (Dawkins 1976,
1982, Whitham et al. 2003, Jablonka 2004, Laland 2004; see also Araujo et al. 2008,

Rawal and Rajagopalan 2010).

Further insight: Aphid mothers hedge the bet of the clone*

“Bet hedging occurs when a single genotype shows a variety of phenotypes in
the same environment, and each phenotype is successful only when the particular

circumstances to which it is adapted occur.”; Hopper (2003).

*This phrase is adapted from the work proposed by Philippi and Seger (1989);

‘Hedging one's evolutionary bets, revisited.’
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Parthenogenetic aphids form colonies of genetically identical individuals (clones)
under favourable conditions. Therefore, according to such criteria, kin selection (sensu
Hamilton 1963,1964,1972; see also Dawkins 1979 and Alonso 1998) should operate
at the level of the clone. Although pea aphids are not eusocial insects, they do display
remarkable division of tasks (ecological roles) amongst the all-female population,
with explicit ability to produce adaptable morphs through telescoping of generations
(Dixon 1998, Wu et al. 2010). One of the best examples in this regard is the altruistic
behaviour shown by aphids under parasitoid attack, in order to reduce the risk of
subsequent attacks and thus increase the fitness of their kin (the clonal copy), along
with decreasing the fitness of the opponent (McAllister et al. 1990, Wu et al. 2010).

I consider the optimisation of the clonal fitness as ‘within-generation’ shaping
(determination) of the offspring’s phenotype (Hopper 2003; see also Plaistow et al.
2006, 2007, and Underwood 2009), as well as ‘risk spreading’ (sensu Hopper 1999).
This bet hedging or risk spreading is expected to be a varying evolutionary-game
‘manoeuvre’ (Hopper 1999, Olofsson et al. 2009) within the focal clone of aphid,
prone to both environmental and genetic cues (Hanski and Saccheri 2006, Underwood
2009). Logically, Leimar (2009) suggested the hypothetical collation of the genetic
and environmental facets of phenotype determination into one category in order to
further understand the evolution of phenotypic polymorphism. Concomitantly, a focal
produced phenotype, through within-generation bet hedging, will experience uneven
selection pressures (Hopper 2003). Here, I maintain that maternal effects in
parthenogenetic aphids are adaptive as well as dynamic with benefits for both mothers
and daughters (sensu Marshall and Uller 2007). The maternal effects within the clone
will be contingent on the variation of the host plant, intra- and inter-clonal
interactions, and the past and present states of their ‘kin’ (i.e. a trans-generational

effect; Podjasek et al. 2005, Plaistow et al. 2006, 2007, Zehnder et al. 2007).
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Moreover, the maternal effects in one focal clone can extend to affect the offspring of
other aphid clones sharing the same resource (i.e. an inter-generational effect;
Plaistow et al. 2006). In other words, aphid genotypes are expected to vary in their
performance and behaviour especially when they often become “wedged between
bottom-up processes (variation in plant quality) and top-down processes (differential
impacts of natural enemies)” as adapted from Stadler (2004). However, interestingly,
the differential fitness resulting from the differential performance of the genetically
identical members of the clone can be due to variation at the molecular level, and is
expected to differentially affect the dynamics of the clone [analogous to what is
proposed by Hanski and Saccheri (2006); see also Dombrovsky et al. 2009). It is also
useful to consider the phenotype determination in aphids as ‘density-dependent phase
polyphenism’, similar to the density-dependent ‘gregarious’ and ‘non-gregarious’
phenotypes/phases expressed by locusts (Simpson et al. 2011). However, in the case
of aphids, the replacement of ‘gregarious’ is ‘apterous’, and the substitute to ‘non-
gregarious’ is ‘alate’ and ‘thrifty’. An epigenetic basis for this polyphenism in
asexually reproductive aphid genotypes is receiving increasing support (Alex et al.
2003, Simpson et al. 2011, Srinivasan and Brisson 2012). This is a peculiar epigenetic
phenomenon, i.e. non genetic external factors possibly via DNA methylation akin to
the vertebrate methylation system (Simpson et al. 2011; see also Alex et al. 2003 and

Srinivasan and Brisson 2012).
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Chapter 3: Parasitoid wasps influence where aphids die via an inter-

specific indirect genetic effect.

*Statement of the nature and extent of my own contribution:

The work was based on a project conducted by Johan Oldekop. I expanded the work,
revised the experimental design and addressed further critical questions. Dr. Richard
Preziosi and Dr. David Shuker helped in the development of the formulae for the
statistical analysis and conducted those analyses. I conducted the literature review,
achieved the experimental work, collected and handled data, ran part of the analyses,

and wrote the manuscript in collaboration with my co-authors.
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Abstract

Host-parasite interactions are a key paradigm for understanding the process of
coevolution. Central to all co-evolutionary change is how genetic variation across
various traits in the interacting species allows hosts and parasites to evolve new
strategies against one another. Importantly, genetic variation in the parasite may be
associated with changes in the phenotype of the host, thereby changing the pattern of
selection on both host and parasite. This process is encapsulated by inter-specific
indirect genetic effects theory. For instance, parasites often induce changes in the
morphology, ontogeny and behaviour of their host to maximise their own transmission
and therefore fitness as part of an evolutionary arms-race. However, the genetic basis
for the behavioural manipulation of a host by a parasite has not yet been fully
demonstrated. Here we show that the genotype of the parasitoid wasp Aphidius ervi

has a significant effect on where their aphid hosts Acyrthosiphon pisum move to die
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following parasitism, including the likelihood that the aphids abandon the host plant
entirely. These results provide the first clear example of an inter-specific indirect
genetic effect whereby the genetics of one species influences the expression of a

specific behavioural trait in another.

Introduction

When two or more individuals interact, phenotypes arise that are the
products of the genotypes of all the interactors: this view of interacting phenotypes
changes how we consider the genotype-phenotype map and may have important
evolutionary consequences, as encapsulated in indirect genetic effects (IGE) theory.
Crucially, both selection and the genetic component of the phenotypes that selection
acts on become products of the interactors’ genotypes [1,2]. Interacting individuals
may either be from the same species (such as parents and offspring) or members of
different species (such as hosts and parasites). Despite the ongoing development of
IGE theory, there remain rather few examples of IGEs influencing phenotypes [3].
This is particularly true for inter-specific IGEs. Here then we consider the potential for
indirect genetic effects in a host-parasitoid wasp interaction.

Because survival and development of parasites depend on the survival of the
host during parasite development, parasites often do attempt to maximise fitness by
host manipulation [4]. Parasites can induce various changes in their host traits [5,6]
making the latter more attractive to predators [6,7]. For instance, parasites that require
more than one host to complete the life cycle may increase their intermediate host’s
exposure to predators, which heightens the chance of transmission to the definitive

host [6,8].
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In contrast, parasite-induced phenotypic alterations can involve predator
evasion responses in their hosts [9] to avoid either premature transmission or the joint
death of host and parasite [10]. Hosts will, in turn, be selected to avoid manipulation
by parasites or change their behaviour to reduce either the costs or success of
parasitism (i.e. become more tolerant of, and/or resistant to, parasitism). An important
consideration is that genetic variation in the pertinent traits in both host and parasite
are necessary for any (co)evolutionary response to occur [11-15], also see [8]. In terms
of parasite manipulation of a host, genetic variation associated with this manipulation
will alter the pattern of selection on the parasite population as well as providing the
variation for an evolutionary response to that selection, as envisaged by inter-specific
indirect genetic effects (IIGE) theory [16]; see also [2].

Parasitoid wasps attack a vast array of invertebrate hosts, consuming and
destroying the host from the outside in, or the inside out [17]. They show metabolic
dependence on their hosts [17], and tend to develop numerous tactics throughout their
life cycle [11,17]. An example, in this regard, is the evasion of intra-guild-predators
(i.e. competitive threat of other guild members) via ontogenetic modification of the
parasitised hosts [11.12]. Furthermore, parasitoids can stimulate the aphids they attack
to produce winged offspring that are dispersive [18]. Moreover, alteration of aphid
response (locomotion and reaction to environmental change) after parasitisation has
been recorded recently [19]. Host stimulation by parasitoid may also entail
manipulation of parasitised aphids to reduce abandonment of the colony before
mummification completes [20]. Manipulation of host is also probably beneficial to the
parasitoid as a reduction of the risk of hyperparasitism [20]; but see [21]. However,
more inactive aphid species show a reduced tendency to mummify away from the rest
of their clone whereby there may also be effects of factors such as ant attendance and

varying aphid resistance to the parasitoid attack [21]. Another counter example is ante
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mortem selection for safer or more micro-climatically suitable habitats by aphids
away from the mother colony [22,23]. See also [23,24], and [2,21] for further reviews
on host alteration by parasitoids in order to maintain the survival of the parasitoids’
offspring).

In the case of Aphidius ervi, the parasitoid life cycle begins with the female
injecting eggs into the body cavity of its host (including the pea aphid Acyrthosiphon
pisum). The egg hatches and then the wasp larva devours the host from the inside,
ultimately leaving only the exoskeleton which acts as a puparium for the larva (often
referred to as a “mummy”). The host aphids can display a range of resistance
mechanisms, such as physical repulsion of the ovipositing wasp, or by immunological
attacks on the parasitoid eggs in the haemocoel [4,17,20,21]. An additional possibility
is the potentially altruistic act of promoting predation before the parasitoid completes
development [4]; see also [27,28]. However, little is known about the mechanisms of
host behaviour alteration by parasitoids. An example, in this regard, is the findings on
the modified behaviour of caterpillars by parasitoids [25]. Parasitoids induce and
manipulate an aggressive tactile movement in caterpillars that is useful to resist
predators [25]. The aggressive induced movement of the caterpillars will deter the
intra-guild predation and thus protect the parasitoid juveniles in the parasitised
caterpillars [25]. See also see [17,20] for reviews on parasitoid-aphid interactions. It
can be argued, nevertheless that the relationship between parasitoids and their hosts
(such as aphids) take the form of co-evolutionary arms-race where each party strives
to acquire the upper hand in a continuous fashion [26].

Aphid colonies often comprise clonal lineages. Promoting the destruction of
parasitoid larvae by self-sacrifice may be favoured if by doing so other members in
the colony of genetically identical aphids are less likely to be attacked next generation

of parasitoids [4,13,14,27,28]. This could be facilitated by changing positions on the
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plant so that parasitised individuals are more exposed to predators [4,28]. It has
already been shown that aphids parasitised by an endoparasitoid wasp differ in their
mummification positions on the host plant depending on the developmental stage of
the parasitising wasp larvae [18,22]. Aphids with dormant larvae tend to abandon the
plant and mummify in obscured sites [18, 22], whilst individuals containing non-
diapausing larvae tend to leave the aphid colony to mummify on the upper-leaf

surfaces [22,18].

Materials and methods

We used a parasitoid wasp-aphid host system. Aphidius ervi is an endoparasitic
parasitoid of a range of aphids, including the pea aphid Acyrthosiphon pisum. Under
laboratory conditions [20°C, 16:8 (L:D) cycle], the development of Aphidius ervi from
an egg to an adult takes approximately 10 days. As in all Hymenoptera, 4. ervi has a
haplodiploid genetic system (fertilised eggs give rise to diploid females while
unfertilised ones produce haploid males). The pea aphid Acyrthosiphon pisum is a
common host of 4. ervi. These aphids feed on herbaceous legumes and can reproduce
asexually by parthenogenesis for repeated generations under stable moderate
laboratory conditions as well as during spring and summer months in temperate
regions, before reproducing sexually as day-length shortens at the end of the season
[29]. Thus, it is easy to maintain clonal groups of aphids in the laboratory. We used a
half-sib breeding design [30] for a haplodiploid system to estimate the genetic
variance components of the parasitoid’s influence on host distribution on the plant
after parasitisation. This design allows separation of additive (heritable) genetic
effects from non-additive (non-heritable) and maternal effects. We used one genotype

clone of A. pisum. We note that this experimental approach does not allow a
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distinction between the immediate effects of the parasitoid female on the aphids prior

to parasitisation and the effects of the developing larvae post parasitisation.

Sampling, Rearing & Mating:

A single genotype of pea aphid (Acyrthosiphon pisum) was obtained from Imperial
College (London). Aphids were maintained on a continually replaced stock of broad
bean plants (Vicia faba L. var major Harz; Green Windsor breed) at low to medium
densities to maintain plant health and to avoid production of alate and sexual morphs.
Broad beans were germinated in Jiffy pots (no. 7) and then potted in John Innes no. 1
compost in 3-inch plastic pots. Plants and aphids were kept at 22C° and a 16:8 (L: D)

photoperiod cycle.

Aphidius ervi was obtained from Koppert Systems (NL). Two hundred and fifty wasps
were used to establish a colony which was maintained on pea aphids under the
conditions described above. Emerging adult wasps were fed using cotton dental rolls
drenched in 10% sucrose solution. To control for maternal effects, the colony was
maintained in the laboratory for at least one generation before individuals were

sampled for the breeding experiments.

Experimental Breeding Design.

Aphid pupae (“mummies”) were collected over several days and isolated individually
in Petri dishes and kept in the dark at 4°C in order to synchronise the eclosion of a
large number of individuals. We randomly selected freshly-eclosed male and female
parents for the breeding experiment. Each mating pair was placed together in a ‘00’
pharmaceutical gelatine capsule. Thirteen sires were each mated to 3 randomly

selected dams to generate a total of 39 full-sib families. Note that females are
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receptive to mating for a very short period following eclosion (ca. 2 hours) after which
they may reproduce parthenogenetically [31]. Mated females were individually
introduced into plastic cages with an aphid-proof mesh tops. Each cage contained a
standardised broad bean plant (height ca. 25cm and age ca. 5 weeks) infested with 30
juvenile aphids (1* and 2" instars balanced in numbers across all replicates and
treatments). Cages were maintained at 22°C and a 16:8 (L:D) photoperiod. Mummies
(containing wasp pupae) were collected after 9 to 10 days and isolated individually in
Petri dishes and maintained under the same growth conditions. Four unmated
daughters were selected from each family and placed individually into plastic cages
with a height and age standardised broad bean plants infested with 30 1% and 2" instar
aphids as before. Because of the logistic constraints on mating wasps (i.e. the limited
time of receptivity of females and the short lifespan of males), sire families were set
up as they became available. Cages were initially grouped by family but were then
haphazardly rearranged within the growth chamber every other day during watering
and checking each cage. There was no significant effect of position within incubator
(P >0.117) or date of setup (P > 0.274) on any of the response variables.

The positions of mummies were recorded on and off the plant. For each mummy on
the plant, we recorded whether they were in the top, middle or bottom third of the
plant. In some cases when plants were height standardised by cutting the growing tip,

new shoots were produced from the base of the plant.

Data Analysis.

Data were analysed in JMP (v.9). For comparisons of proportions of aphids on and off
the plant, data were analysed using likelihood ratio tests. For the comparisons of aphid
distributions among locations on the plant, a nominal logistic regression model was

used. For the genetic analysis, where there were more than two categories, data with
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regard to the comparisons of proportions of aphids were analysed using a nominal
logistic regression model (JMP v.9). Furthermore, for such analyses the positions of
aphids on the plant were the dependent categories populated by the frequency of
aphids in each position. Because of the unbalanced design, significance testing was
performed using maximum likelihood and likelihood ratio chi-square tests. The
quantitative genetic model used was a nested half-sib design where;

Position = Sire + Dam (Sire) + Daughter [Dam (Sire)] + error

Results

Here we consider genetic variation in the interaction between the wasp Aphidius ervi
and the pea aphid Acyrthosiphon pisum. First, in laboratory experiments we showed
that parasitism causes behavioural modification in the aphids in terms of where they
move. More aphids were found to leave their experimental plants when exposed to a
parasitoid (73%) than when unexposed (9%: Likelihood ratio test, x*; = 561.5, P <
0.0001). Moreover, of the aphids that remained on the plant prior to mummification,
parasitism influenced where on the plants the mummies were found, with more
parasitised mummies found lower down on the plants (Likelihood ratio test: y* =54.9,
P<0.0001: Fig. 1). Using a standard half-sib breeding design, we also showed
significant additive genetic variation for the level of parasitism (proportion/number of

aphids parasitised: significant sire effect; Table 1).

The quantitative genetic model used was a nested half-sib design where;

Position = Sire + Dam (Sire) + Daughter [Dam (Sire)] + error
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There were also significant dam effects (i.e. differential maternal effects
within-sib lines, and within-half-sib lines. We note that three dams were mated to a
single sire of the thirteen male wasps used). This suggests non-additive and/or
maternal effects influencing parasitism rate (Table 1). Parasitoid wasp genotype was
highly significantly associated with aphid behavioural modification. In terms of aphid
mummification on or off the plant, there was again both a sire (Fig. 2, Table 1) and
dam effect (Table 1). The same was also true for the distribution of parasitised

mummies that remained on the plant (Fig. 3, Table 1).

Discussion

These data therefore suggest both additive and non-additive sources of genetic
variation for the wasp’s effect on the aphid’s behaviour. Our results confirm that
parasitism by a parasitoid wasp can lead to behavioural modifications in an aphid host
[22,23]. Such modifications can be favoured to protect parasitoid offspring from intra-
guild competition [4,13,14,28], see also [11]. On the contrary, these alterations could
be beneficial for the parthenogenetic aphid to disperse towards more suitable
microclimatic conditions [18,22,23]. Such alterations also trigger specific plastic
phenotypic responses in aphids, transmittable through generations, to escape
(disperse) [32], and resist or evade subsequent parasitoid attacks [4,28]. Although
genetic variation in parasitoid virulence and aphid resistance has been found before
[13,14,27], we have shown here for the first time that variation in host modification is
associated with genetic variation in the parasitoid, providing an example of an inter-
specific indirect genetic effect. Whether or not the overall change in location of aphid
pupation following parasitism is to the benefit of the host or the parasitoid remains

unclear. Such change, in any case, may well be context-dependent (concordant with
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findings on potato aphid-natural enemy system [22,23]). Nonetheless, the extent of
that change in behaviour is influenced by genetic variation in the wasps. Indeed, this
behaviour of a parasitised aphid is best thought-of as a shared phenotype of both the
wasp’s genome and the aphid’s genome, as envisaged by IGE theory [1,33].
Interestingly, our results are concordant with the observations made recently providing
a genetic basis for the influence of the genetics of a parasite, functioning beyond the
individual level of the parasite, on its host phenotype [34]. Whilst the phenotype may
be shared, there is an important asymmetry for understanding the evolutionary
consequences though: wasps have greater potential to choose their hosts than the
aphids do to choose their parasites [35] (exemplified by the ‘life vs. lunch’ dilemma
where preys strive to save their life whereas the attacker forages for provisions [36],
but see [37]. It could be argued that aphid resistance will potentially select on more
manipulative parasitoids. Therefore, forming a mechanism of aphid choice will be a
non-random success of parasitoid genotypes since selective pressure operates on both
parties [13,14,27,38,39]

Our work highlights the implications of understanding the genetics of the
interactions between natural enemies, including in terms of untangling the
manipulative impact of the natural enemies on their hosts [2], for enhanced biological

control and ecosystem conservation strategies.
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Fig 2.
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Figure Legends

Figure 1. Aphid position on the plant was significantly influenced by parasitism.
Different colours indicated position (top third, middle third, and lowest third) on the

experimental plant.

Figure 2. The proportion of aphids forming mummies on and off the plant for

each sire family.

Figure 3. The proportion of aphids forming mummies on each of the thirds of the

plant.

Tables

Table 1. Effects of Sire, Dam and Daughter on aphid position and likelihood of
parasitism. Aphid counts for each category were analysed using a multi-nomial
logistic regression analysis (JMP v9). Significance testing was via Likelihood Ratio
tests and presented as chi-square values. There were a total of 13 sires, 33 dams and
125 daughters. For classes where the frequency of observations was zero that class

was dropped from the model.
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Source

On vs. Off host

Top, middle or

Parasitised vs. non-

plant bottom of host plant parasitised
r@h | P 1 (d) Py (D) P
Sire 28.85(12) | 0.0042 | 41.06(24) | 0.0164 | 58.21 <0.0001
(12)
Dam 47.89 | <0.0001 | 75.68(40) | 0.0006 | 42.51 <0.0001
(13) (12)
Daughter | 183.89 | <0.0001 | 328.58(182) | 0.00107 | 291.51 | <0.0001

(74)

(41)
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Annex

Parameter device + Additional analyses
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Figure 1': Illustration of experimental units.

Each individually caged plant was divided into three parts; Bottom, Middle and
Top using a ruler. Once the aphids had mummified, the location of each mummy
was recorded according to its position on the caged plant or on other locations

within the cage. A wooden stick was used to support the plant.
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Figure 2°: Experimental Design. To obtain wasps for the bioassay, each of the
13 sires was mated to 3 randomly selected females through which a quantitative
genetic half-sib design was created. Four offspring of each dam family (n = 39)

were introduced into a new cage containing an aphid-infested broad bean plant.
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Did parasitoidisation (as a process) induce aphids to leave their host plant?
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Figure 3°: Proportion of aphids on and off the plant due to parasitoidism.
91% of unparasitised aphids were found on the host plant whereas only 27% of

parasitised aphids were found on the host plant (t=15.85, df =21, P<0.0001).

Did parasitoidisation (as a process) influence the distribution of aphids on
their host plant?

YES!

1i0=

Proportion of aphids in the top third

L)
No Yes
Aphids parasitized
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Figure 4°: On-plant distribution for aphids subject to parasitoidism.
Notable proportion (67%) of non-mummified aphids were found on the top third of
the plant, while only 38% of parasitised aphids (mummies) were found on the top

third of the host plant (t=3.210, df =21, P=0.004).

Was the proportion of aphids that get parasitised influenced by parasitoid

genotype?
YES!
Source DF L-R Chi-Square Prob>ChiSq
Sire 12 42.8425116 <.0001
Dam|[Sire] 13 54.9324932 <.0001
Daughter[Dam] 12 447571128 <.0001

Table 1°: Parasitoid virulence measured as differential mummification rates.

There was a significant additive genotype (sire) effect on the distribution of
parasitised and non-parasitised aphids. There was also a significant effect of dams
indicating a maternal influence on the distribution of parasitised vs. non-parasitised

aphids. This could reflect a fitness-difference between sire families.
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Figure 5°: An overview on parasitoidism and major parasitoid tactics regarding
host manipulation.

This illustration casts light on the several tactics applied by solitary parasitoids, such
as the braconid wasp Aphidius ervi Haliday, in order to manipulate their hosts.
Parasitoidism is an eco-evolutionary process which starts by laying eggs (via an
ovipositor) into suitable hosts. Aphidius ervi females prefer to inject a single egg per
host. Preferable hosts are fruit flies (Drosophila sp.) and aphids [pea aphid
(Acyrthosiphon pisum), in particular]. The process ends by the predation of the host
by the developing parasitoid juvenile which emerges, upon completion of the life
cycle, from the remainder of the host (exoskeleton i.e. mummy).

Early instars are the most favourable age stage for oviposition for a variety of
reasons. For example, early instars display less mechanical resistance i.e. kicking,
besides the fact that their cornicles/siphunculi are smaller in size than the adults’
cornicles and thus less harmful during the quarrel between the female parasitoid and
the detected potential host. The female parasitoid examines (palpates) the detected
host and will mostly discriminate it if the host is already parasitised.

The interaction between parasitoid wasps and aphids is considered to follow a co-
evolutionary arms-race scenario where each one of these two natural enemies strives
to cap each others’ fitness. This is observed through varying virulence and host-
regulation strategies applied by the parasitoid in order to subdue its host, and the
ongoing resistance shown by hosts as counter-response to manipulation by
parasitoids. The interaction is also subject to the indirect effects of the biotic resource
(host plant), and may vary according to environmental change. Aphidius ervi shows a
notable ability to scan plants in search for hosts. There is a good body of evidence

supporting a capacity for ‘associative learning’ maintained by this forager.
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Chapter 4: Plant community genetic effect mediates spatially

separated competitors

Case Study

*Statement of the nature and extent of my own contribution:
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Case Study

Mouhammad Shadi Khudr!, Nouri Baker!, Richard Preziosi'
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Abstract

The role of indirect ecological effects (IEEs) between below-ground and above-
ground communities associated with host plants is now well established. However,
little is known about how such IEEs might influence competition within these
communities and less is known about how plant genotype might influence these
relationships. In this study we used a system comprising of tomato host plants, root-
galling nematodes and sap-feeding aphids. We used multiple tomato and aphids
genotypes, and examined the fitness consequences of herbivory and competition for
each of the three organisms. First, we investigated the effect of multiple herbivores on
plant biomass across several tomato cultivars (genotypes). Second, we observed the
influence of intra-plant variation on the numbers of root-knot nematodes (RKN) in the
absence of aphids. We also investigated the influence of two parthenogenetic aphid
species when competing with RKN. Third, we quantified the impact of RKN on
reproductive success and behaviour (on plant distribution) of a focal aphid species

mediated by the variation among tomato cultivars (a community genetic effect). Our
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data demonstrate that the biomass of the host plant depended not only on the host
genotype but also on its interaction with the type of herbivory. We found that the
fitness of each species in our model system was influenced by interactions between
community genetic effects, competition, and IEE (i.e. the differential host
modification by root or shoot herbivores). The performance of RKN was influenced
by the interaction of competing aphids and host cultivar. The performance and
behaviour of the focal species of aphid were influenced by the interaction of
competition and host plant cultivar. This clearly demonstrates that community genetic
effects can significantly moderate above-ground — below-ground IEEs. These findings
have significant implications for the field of evolutionary ecology in terms of
exploring the complexity of the interaction among IEEs, intra-specific genetic
variation of the host plant, and inter-specific competition. Our results increase our
understanding of the impact of spatially separated competition on crop productivity
and on ecosystem properties and services. In addition, this work also highlights the
direct applicability of community genetics in unravelling the dynamics of the ecology
and evolution of economically important crop-pest relationships within agro-

ecosystems.

Keywords:
Indirect ecological effects (IEE), community genetics, above- and below-ground
interaction, tomato cultivars, green peach aphid, root-knot nematode, spatially

separated competition.
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Introduction

Community genetic effects (CGs) are the differential impacts of focal specific
genotypes 1.e. within-species (intra-specific) genetic variation on associated
communities of species (Antonovics 1992, Whitham et al. 2003, 2006; see also thesis
chapters 1 to 3). Intra-specific genetic variation effects of fundamental taxa (CGs) are
now clearly demonstrated in empirical studies in more than one model system (e.g.
Johnson and Agrawal 2005, Whitham et al. 2006, Tétard-Jones et al. 2007, Rowntree
et al. 2011a, Zytynska et al. 2010, 2011). Furthermore, community genetic effects of
ecologically important species, e.g. keystone species, have the potential to influence
ecosystem properties and services (Luck et al. 2003, Whitham et al. 2003, 2006, Smith
et al. 2008, Bailey 2011). However, the extent to which these effects reciprocally alter,
and are altered by, other well-defined ecological processes, such as indirect ecological
effects (IEEs: Wootton 1994, 2002, Astles et al. 2005) and competition (Smith et al.
2008; see also Ostman 2011), has been the subject of much fewer empirical studies
[see also (Hersch-Green et al. 2011)].

Despite the dominance of agricultural systems in the landscape (nearly 72% of
the UK land surface is used for agricultural purposes; DEFRA 2011), there is a limited
number of studies focusing on annual crop systems, and fewer still that examine the
effects of genetic variation within crop species on natural pests, pathogens or
associated communities. This is surprising given that community genetic effects are
expected to be strong in agro-ecosystems (Neuhauser et al. 2003) because of the
simplified nature of their communities (due to the conventional agricultural practices
of maintaining mono-varietal plots). Consequently, the significantly reduced genetic
variation in most cropping systems has increased vulnerability to serious pathogen and

pest outbreaks (e.g. Larson and Whitham 1991, 1997, Revilla-Molina 2009).
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However, the status quo of agro-ecosystems provides an opportunity for research on
the interactions between host plant genotype, pest species/genotypes and IEEs, in
order to untangle a portion of the complexity of plant — pest relationships and perhaps

suggest more efficacious biological control strategies.

Below-ground herbivores:

Meloidogyne hapla (hereinafter referred to as RKN), is a polyphagous
parthenogenetic nematode (Bird et al. 1996, 2009). This nematode is characterised as
a serious root-knot phytoparasite of a wide range of economic plants including the
family Solanaceae. It modifies host plant root cells causing their transformation into
giant feeding cells through hyperplasia and hypertrophy (Caillaud et al. 2008, Moens
et al. 2009). The gigantic cell effect (i.e. the formation of knots or galls) is a result of
the alteration of plant gene expression by the pest. Plant hosts such as tomato
(Lycopersicon esculentum) differ in their susceptibility to the root-knot nematodes
(e.g. Singh and Khurma 2007; see also Morrién et al. 2011). Alteration by RKN
changes the rate of uptake and use of water and nutrients by the host plant, but these
changes should depend on the varying degree of host resistance to nematodes and
aphids (Goggin et al. 2004, Cooper and Goggin 2005, Cooper et al. 2005, Goggin et
al. 2006, Singh and Khurma 2007). Root-knot nematodes are expected to exert a
selective pressure on hosts where such pressure varies in correlation with different

host genotypes (Wurst and Van der Putten 2007, Moens et al. 2009).

Above-ground herbivores:
Generalist aphids such as Myzus persicae Sulzer (green peach aphid) and Aphis fabae
Scopoli (black bean aphid) are serious pests on crops of economic importance

(Blackman and Eastop 2000). Both species are polyphagous and infest a wide range of
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host plants, although they show relative discrimination among plant species
(Blackman and Eastop 2000, Powell et al. 2006). Trans-generational developmental
effects have been demonstrated in aphids (Agrawal et al. 1999, Podjasek et al. 2005).
Such effects are explained by viviparity, telescoping of generations, and maternal
effects (Dixon 1987, 1998, Agrawal et al. 1999, Podjasek et al. 2005). This also
applies to the accelerated production of winged morphs or a range of functional
morphs, having different ecological roles upon alert, over-crowding and resource
depletion (Dixon 1977, 1987, 1998, Dombrovsky et al. 2009). This means that
mothers can influence their daughters’ performance (reproductive success) and
behaviour (host choice and distribution); (Zehnder et al. 2007). Such influence is
interdependent with the environment experienced by both mothers and their offspring
(Zehnder et al. 2007). Furthermore, the trade-off occurring between intra- and inter-
clonal competition among aphid lineages (Smith et al. 2008), and mediated by plant
genotype (Smith et al. 2008), may hinder or enhance host discrimination and hence
reproductive success in generalist aphids. Moreover, because these aphid species
display sophistication in their perception of host suitability their response is expected

to be strong (Fenemore 1988, Powell et al. 2006).

Bottom up effects mediated via plant genetics:

Genetic variation in fundamental host plant species has important effects on the
community composition of host-associated herbivores (Whitham et al. 2003, 2006).
The within-species genetic variation of host plants has also been demonstrated to
affect the performance (reproductive success and population growth rates), preference
(selection for more suitable host plants) and behaviour (affinity for specific feeding

locations on the host plant) of host-associated phytophagous insects (Karban 1992,
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Cronin and Abrahamson 1999, Awmack and Leather 2002, Gonzales et al. 2002,
Powell et al. 2006, Ruhnke et al. 2006, 2009).

The influence of plant hosts can extend and magnify over many levels through
multi-trophic systems via direct and indirect routes (Miller and Travis 1996, Astles et
al. 2005, Johnson and Agrawal 2005, Bailey and Whitham 2006b, Schédler et al.
2010). Plant phenotypic variation responsible for these influences is partially
underlain by plant genetics and partly by herbivore-induced changes in the host (biotic
environment). This occurs, within ecological networks, either as induced plant
defences against herbivores or as result of herbivore manipulation of the host plant.
The induced changes alter plant traits influencing quality, physiology, and architecture
of host plants (Ohgushi 2005, Kessler and Halitschke 2007, Ohgushi 2008). These
changes can, in turn, directly or indirectly influence both the herbivores that induced
the original change and others members of the community with a potential to affect
the entire ecosystem (Wootton 1994, Moore et al. 1997, Wolf et al. 1998, Wolf 2000,
Wootton 2002, Shuster et al. 2006, Bailey et al. 2009, Kaplan et al. 2009).
Furthermore, Morrién et al. (2011) proposed a linear ‘additive effect’ to occur
between the spatially separated, yet host plant associated, communities such as shoot-
feeders and root-dwellers. However, Morrién et al. (2011) also argued that such
effects would be governed by the feedback between the host-associated herbivores
and the differences in host plant reaction (sensitivity) to its enemies, which, in turn, is

partly due to the plant’s genotype.

Spatially separated competition and plant genetics interactions:
The genotype of host plants and multiple plant associated herbivores are all
expected to interact in a complex fashion to determine the fitness of all elements in the

system. Concomitantly, ecological interactions are expected to vary in influence
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according to scarcity of food, density, change in resource availability (Dixon 1998),
the influence of competitors and enemies (e.g. Dolman 1995, Sorvari and Hakkarainen
2004), and mediation effects of other species such as parasites (Price et al. 1986).

Inter-specific competition (i.e. interference and exploitative) plays a
prominent role in shaping communities of phytophagous insects (Connell 1983,
Denno et al. 1995; but see Bengtsson 1993). Furthermore, inter-specific competition
will be context dependent (e.g. Juliano 2010), and subject to reciprocal moderation by
host plant quality and genotype (Karban and Mayer 1989, Inbar et al. 1995, Smith et
al. 2008; see also Power 1992 for a discussion of the magnitude of host plant
influence). Moreover, there is evidence that the ‘competitive dynamics’ of the
interactors have an impact on the fitness of their host plants (Lee et al. 2011). As
suggested above, the fitness of two species infecting a single plant will depend not
only on each organism’s genotype, but also on that of the competitor.

Additional complexity occurs when spatially separated herbivores are co-
habiting the same plant host. Sap-feeding aphids and root-knot nematodes exert
physiological, morphological and ontogenetic changes in their host plant and on each
other. Very few studies have investigated the interactions between these types of plant
enemies (Williamson and Gleason 2003, Goggin et al. 2006, Bhattarai et al. 2007,
Kaplan et al. 2009; see also Morrién et al. 2011), and even fewer have sought to
determine if host plant genetics play a part in the mediation of these interactions.
Using a system of tobacco plant, root nematodes, and aphids, Kaplan et al. (2009)
attributed the competition between the shoot and root feeders to be influenced by, or
occur through, induced changes in the shared host plant. In another system on
soybean, Hong et al. (2010) demonstrated an impact of a cyst nematode to affect aphid

response (behaviour) rather than performance.
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In addition, host plant genotype will also play a part by influencing the
interaction between the parasites. The influence of each individual type of herbivorous
pest should be different and contingent on various factors such as density, intra- and
inter-generational communication (e.g. Podjasek et al. 2005, Zehnder et al. 2007), host
plant resistance and susceptibility (Goggin et al. 2006, Singh and Khurma 2007), as
well as the interaction between plant genotype and competition (e.g. Smith et al.
2008).

Aphids and RKN, like their host plants, are highly adaptive and phenotypically
plastic (Blackman and Eastop 2000, Borges 2005, Castagnone-Sereno 2006, Tagu et
al. 2008, Whitman and Agrawal 2009, Tariq et al. 2010). This creates a cycle of
reciprocity and co-evolutionary response (Dawkins and Krebs 1979, Janzen 1980,
Odling-Smee et al. 2003, Strauss et al. 2005) in an environment that is largely
determined by the expressed genomes of the other closely interacting members of the
community (Antonovics 1992, Whitham et al. 2003, 2006, 2008, Rowntree et al.
2011b). Exposed to pressure on both aerial and subterranean parts, host plants respond
to the induced effects by herbivores with a change, the herbivores react to such change
with a change and so forth. As such, a pattern of cyclical change emerges due to the
plant and herbivore interactions [Odling-Smee et al. 2003, Laland 2004, Marquet
2009, Pelletier et al. 2009, Schoener 2011; see also (Levin 1998 and Juarrero 2010)
for helpful insights on the dynamics of complex adaptive systems].

Although stimulating different physiological pathways of defence in the plant
(Cooper and Goggin 2005, Cooper et al. 2005, Bhattarai et al. 2007), both aphids and
root-knot nematodes are considered sink-forming herbivores in that they create
abnormal assimilate-sinks. These artificial sinks function in contrast to the normal
sinks naturally constructed by the plant and dependent on its own genotype and degree

of resistance to the nemesis of the host plant (Larson and Witham 1991, 1997).
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Therefore, the competing species sharing a host are expected to variably influence
each other’s performance and behaviour through the host they share (Levine 1976,
Lawler 1979, Kaplan et al. 2009). Interestingly, it can be suggested that the sink itself
may act as a mediating structure for competition between aphid species (Inbar and
Wool 1995, Inbar et al. 1995); a concept that may be extended to account for the case
of spatially separated competitors (see also Kaplan and Denno 2007 and Kaplan et al
2009). These trait-mediated emergent interactions among herbivores (Utsumi et al.
2010) may be dramatic and may oscillate between cooperation and antagonism (for
example Kaplan et al. 2008, 2009, Morrién et al. 2011; but see Masters et al. 1993,
2001, Rawal and Rajagopalan 2010).

Finally, the activities of the interactors infesting a shared plant will affect the
fitness of the host plant through the modification of plant health and the ongoing
defensive and induced response of the host plant (Bird 1996, Agrawal and Sherriffs
2001, Odling-Smee et al. 2003, Williamson and Gleason 2003, Laland 2004, Powell et
al. 2006). Such complex interaction is expected to follow a co-evolutionary arms-race
scenario (Dawkins and Krebs 1979, Rawal and Rajagopalan 2010).

Here we use a system of tomato cultivars as host plants that may cause community
genetic effects in the sense that the plants’ genotypes directly influence the species
they interact with as well as moderate indirect interactions between above- and below-
ground communities of herbivores. We use aphids as an important plant herbivore that
commonly experience varying degrees of competition in natural and agricultural
systems (Smith et al. 2008). We use root knot nematodes (RKN) as a plant root pest
that has a significant impact on plant health. RKN is predicted to cause an IEE on the
above-ground community of herbivores, mediated by the host plant (Wootton 1994,
2002, Kaplan et al. 2009). Tomatoes also represent an agriculturally important species

and both aphids and RKN are economically important pests of this crop.
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We address the relative importance of community genetic effects as a factor
that mediates the influence of an IEE (RKN impact) on competition among aphid
species/genotypes in addition to the effects of above-ground and below-ground
competition on plant fitness (measured as plant dry weight and shoot-root indices).

We also examine the relative reproductive success of the two spatially
separated competitors across six different genotypes of tomato. Because aphids are
known to use behavioural means to respond to competition, resource limitation and
natural enemies, we measured the behavioural responses of our focal aphid genotype
as on-plant micro-site feeding preference (on-plant distribution).

Our specific hypotheses are:

la- Plant genotypes will respond differentially to herbivory by aphids and

RKN.

1b- Both plant genotype effects (community genetic effects) and spatially

separated competition effects (between RKN and aphids) interact to influence

plant biomass.

2- RKN fitness will be influenced by above-ground herbivory mediated by

host plant genotype.

3a- IEEs between the focal aphid species and plant genotype that are generated

by RKN will alter the rate of reproductive success of the focal aphid species.

3b- Behaviour (on-plant micro-site feeding affinity) of the focal aphid
genotype will vary, mediated by the interaction between host plant genetics
and RKN.

3c- IEEs between the focal aphid species and plant genotype that is generated

by RKN will modify the level of competition between shoot and root

consumers. This effect will be dependent on plant genotype.
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Methods

Root-knot nematodes:

Meloidogyne hapla was used to induce a change in the root growth and the physiology
of the host plant that was expected to result in a clear indirect ecological effect (IEE)
in the form of a stress effect on above-ground herbivores (aphid species). The
nematodes were originally obtained from an agricultural laboratory at Reading
University, maintained in culture at The University of Manchester, and kept on the
‘Tiny Tim’ tomato cultivar within growth cabinets at 22°C and a 16:8 (L:D)
photoperiod. Tomatoes were planted in 3.5 pots (John Innes No. 3 compost). In order
to collect nematodes for our experiments we isolated galled tomato roots infested with
M. hapla through dissecting the roots using a dissecting-microscope kit. Galled roots
showing signs of egg masses were washed clear of soil, fragmented, left soaked in
diluted commercial sodium hypochlorite (0.5%) for few minutes, then dissected under
a fine-grid microscope to obtain free nematodes. The suspension of isolated
nematodes was filtered through a cotton-wool filter paper and incubated at 28° C for
two to three days in order to ensure any remaining eggs had hatched. Second stage

juveniles (J2) were collected daily and used to inoculate experimental plants within

48h.

Tomato cultivars:

We used six cultivars of tomatoes (Lycopersicon esculentum) that vary in a set of
traits including green colour intensity, architecture (e.g. indeterminacy), growth rate,
trichome density or type, and size of the yield (including truss size and number). Four
cultivars (genotypes), (San Marzano 2: G2, Tigerella: G3, Costoluto fiorentino: G5,

and Orange Berry: G6; hereafter respectively) were procured from Johnson’s Seed
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Company and two cultivars (Tiny Tim: G1, and Sweet melon: G4; hereafter
respectively) were provided by Reading University Agricultural Research Station. The
seventh cultivar (Moneymaker) was purchased from Barters Company and was used
exclusively to maintain and rear aphids prior to experimental work. This cultivar was
not used in the experiments in order to eliminate any preconditioning effects. All
cultivars are inbred lineages maintained for quality and uniformity through cultivation
as synthetics and thus not they do not exist naturally in the wild (see for example: Duc
1997, Hannan et al 2007). All cultivars used in this research were selected from
different inbreeding backgrounds. Therefore, they are likely to vary in their
susceptibility and resistance to aphids and the plant parasitic root-knot nematode

Meloidogyne hapla.

Aphids:
Green peach aphid: A clone of green peach aphid (Myzus persicae Sulzer) was
established from one individual collected from Glossop, Derbyshire, UK in summer
2010.
Black bean aphid: A clone of black bean aphids (Aphis fabae Scopoli) were
established from a single individual collected in Chorlton, Manchester, UK in spring
2009

In order to avoid any preconditioning effects, all aphids used in this
experiment were descendents of lines reared on a different tomato cultivar
(Moneymaker) than those cultivars used in our experiments. All aphids used in the
experiment were first or second instars in order to reduce maternal effects. Numbers

of first and second instars were balanced across treatments.

217



Plant preparation and conditioning: The six tomato cultivars were germinated from
seeds in 3.5” pots containing perlite. Seedlings were transferred after fifteen days to
vapour sterilised loam-based compost (50g John Innes No. 3 in 3.5” pots). Plants that
were exposed to RKN were inoculated by multiple pipette injections into the compost
near the roots. A total of 1ml of solution (containing 50 larvae/ml) was added to each
pot. All the nematode-infested plants were then left for 45 days to ensure the
establishment of nematode population on the host plants prior to aphid infestation.
Nematode infested plants were then split into two sets. The first six plants of each
cultivar were exclusively root-knot nematode infested plants (i.e. a no-aphid control)
while the remainder (10 plants) were infected with aphids according to the treatments
listed below. At this stage, all tomato plants were placed into plastic propagators with
fine mesh-covered openings for ventilation. Propagators were made from clear and
clean re-usable two-litre water bottles. Plants were maintained in growth cabinets at
22°C and a 16:8 (L:D) photoperiod. Through a detachable sealed-pore at the lower
third of the propagator, plants were watered using a squeezable bottle with a nozzle to
squirt water every two days or water and fertiliser [(100 ml of 1/4 strength Hoagland’s
solution) applied every 4 days throughout the experiment (Hoagland and Arnon 1950;
see Rowntree et al. 2011a)]. In order to stimulate induced change in the plant, plants
belonging to the treatments 2 and 3 were preconditioned to aphid attack by infesting
each plant with 40-50 adult Myzus persicae for 10 days. After 10 days (on day 55) all
aphids were removed from each plant. Plants were brushed off with a fine paintbrush,
washed several times to insure the removal of aphids, and left for two days to rest in

the growth cabinets.

Treatments: We used a total of five experimental treatments to test the hypotheses

outlined above. In all treatments that include aphids, aphids (starting from fixed
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number of first and second instars for all replicates) were left on the plants for
fourteen days. On day 14, the total numbers of aphids were counted and their locations
on the top, middle or bottom thirds of the plants and on stems or leaves were recorded.
Plants were then removed from pots, washed, measured for maximum root length and
shoot height, cut into shoot and roots, dried and placed in a drying oven at 60°C for
one week. After one week plant shoots and roots were weighed. Upon isolation of
roots, galls were removed in the same fashion as described above and the number of

mature females per gram of root was recorded.

Treatment 1:

These plants were the negative control group and had neither RKN nor aphids added
to them.

Treatment 2:

These plants were inoculated with RKN on day zero but had no aphids added to the
plants.

Treatment 3:

These plants were inoculated with RKN on day zero and then preconditioned to Myzus
persicae; M.p, hereafter) attack on day 45 in order to stimulate plant defensive
responses. On day 57 each plant was infested with four M.p instars and nine instars of
Aphis fabae; A.f, hereafter).

Treatment 4:

These plants were first disturbed by M.p attack and then on day 57 infested with four
M.p instars and nine A.f instars. More black aphids were used (9 black instars to four
M.p ones) to further disturb the focal green peach aphid species.

Treatment 5:

Only green peach aphids (M.p) were added to these plants on day 57.
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Analyses: Data were analysed as three separate experiments. All statistical analyses
were carried out in JMP 9 and illustrated using MS Excel 2003 and Inkscape (Ver.

0.48.01 under GPL).

Experiment 1:
In this experiment we examined the response of the host plants (six genotypes of

tomatoes) to herbivory by:

a- No herbivory (Treatment 1).

b- Herbivory by RKN (Treatment 2).

c- Herbivory by RKN, M.p and A4.f (Treatment 3).
d- Herbivory by M.p and A.f (Treatment 4).

The cultivar (genotype) effect (within-tomato genetic variation effect) was composed
of 6 cultivars of tomatoes. The analysis was run as a 2-way ANOVA with plant dry

weight and root-length:shoot-length ratio fitted using Ordinary Least Squares (OLS).

Experiment 2:
In this experiment we examined the response of RKN to competition with aphids and
to community genetic effects. The community genetic effect was composed of six
cultivars of tomato. The competition effect comprised 2 levels:
1) No competition with aphids (Treatment 2).
2) Competition with both 4.f and M.p (Treatment 3).
The analysis was run as a 2-way ANOVA using Ordinary Least Squares (OLS) fit.

We excluded from our analysis all plants where no RKN were found on Day 71.
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Experiment 3:
In this experiment we compared the response of M.p (in terms of growth rate and on-
plant distribution) to competition and community genetic effects. Six cultivars of
tomato comprised the community genetic effect. The competition effect comprised
three levels of competition:

1) No competition; M.p alone (Treatment 5)

2) Competition with both 4.f'and RKN (Treatment 3).

3) Competition with A4.f (Treatment 4).

The analysis was run as a 2-way ANOVA with growth rate fit as a normally
distributed variable using Ordinary Least Squares (OLS) and behaviours fit as
categorical variables in a nominal logistic analysis using Maximum Likelihood (ML).

We excluded from our analysis all plants where no M.p was found on day 71.
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Figure 1: The experimental propagators. (Setup used in all experiments).

Plants were housed individually in propagators. All possible experimental elements
are shown and were used as described in the methods. Six tomato genotypes were
subjected to three different herbivory treatments; 1) aphids only [black bean (4.f) and

green peach (M.p) aphids], 2) nematodes (RKN) only, 3) nematodes (RKN) and
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Results

Experiment 1:

Plant dry weight:

We found a significant influence of tomato cultivar (Fs ;5 = 11.942, P < 0.001), and
only a marginally significant effect of herbivory (F, ;13 = 2.918, P = 0.0586). There
was a highly significant interaction effect between herbivory and tomato cultivar
(Fro.118 = 6.299, P < 0.001) indicating that plant biomass depended not only on the
plant’s genotype, but also that cultivars responded differentially to herbivory (Figure
2, see also the appendix to this chapter for further illustration of plant biomass

differences across treatments).

Treatment (C ™, RKN only M , RKN+Aphids ', Aphids only M)

| 4 |
”\ il 4 4
- A0SR e 00k K

Tomato genotype

dry weight (g)
. &

Average tomato root and shoot

Figure 2: Average plant dry weight (g) of six genotypes of tomato under
four levels of herbivory. T1) Controls with neither aphids nor RKN (orange),
T2) RKN only, no aphids (blue), T3) RKN and aphids (green), T4) Aphids only

(M.p+A.f) with no RKN (purple).
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Root-length:Shoot-length index:

We found a highly significant effect of tomato cultivar (Fs ;13 = 6.305, P <0.001) but
no significant effect of herbivory (F, 115 = 0.889, P = 0.414). However there was a
marginally significant interaction between tomato cultivar and herbivory (Fio 115 =
1.992, P = 0.042) suggesting that root:shoot index of cultivars reflected a differential

response to the different types of herbivory we examined (Figure 3).

Shoot:Root Index of tomato plant vigour
(response to herbivory) across multiple treatments

including spatially isolated pests.

Tomato Genotypes

. G6 | G5 i G4 ] G3 | G2 | G1 |

100%

50%

Average percent root or shoot

0%

Treatment
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Average RKN abundance

Figure 3: Plant Shoot-length and Root-length percentages. The shoot-root
index details the proportional shoot length (green) and root length (brown) for
all six genotypes of tomato under four levels of herbivory; T1) Plants with no
herbivory, T2) Plants with RKN only, T3) Plants with simultaneous below- and

above-ground herbivory, T4) Plants with above-ground herbivory only.

Experiment 2:

We found that the number of RKN females per gram (plant dry weight) was
not significantly influenced by tomato cultivar (Fsgg = 1.389, P = 0.238) or the
presence of above-ground competitors (Fjss = 1.326, P = 0.253) but was strongly
influenced by the interaction of cultivar and the presence of competitors (Fsgs = 3.356,
P = 0.009, Figure 4). This indicates that the population growth rate of RKN is
influenced by competition but the direction of influence was dependent on the tomato

cultivar mediating the interaction.
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Figure 4: RKN abundance. (A measure of reproductive success).

The RKN fitness index was calculated by relating the estimated density of RKN
to the whole plant dry weight. The community genetics effect was composed of
six cultivars of tomato. The treatments included either RKN alone (Treatment 2;
blue bars) or RKN and aphids i.e. spatially separated interaction (Treatment 3;

yellow bars).

Experiment 3:

Aphid abundance: We found no significant main effect of tomato cultivar (Fsg, =
1.769, P = 0.132) but a significant effect of competition (F,5; = 10.045, P <0.001) on
aphid growth rate. We also found a significant interaction between cultivar and
competition (Fiog1 = 2.271, P = 0.024) indicating that the response of M.p to

competition depends on the genotype of the host plant M.p resides on (Figure 5).
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Figure 5: Aphid relative performance (reproductive success). The data
illustrated reflect the differential population growth rates of the above-ground focal
aphid pest (M.p) across six different cultivars of tomato through three scenarios:

1) M.p only: Treatment 5 (purple), 2) M.p vs. A.f in the absence of RKN: Treatment

4(green), 3) M.p vs (A.f+ RKN): Treatment 3 (red).

Aphid Behaviour: When comparing numbers of aphids on the top, middle and bottom
thirds of the plant, we found highly significant effects of tomato cultivar (¢ 1o =
521.26, P < 0.001), competition (+ 4= 158.88, P < 0.001) and a significant interaction
(o« 20 = 541.73, P < 0.001, Figure 6) on aphid distribution on the host plant. When
comparing numbers of aphids on the stems vs. the leaves of the plants we, found a
highly significant effect of cultivar (¢ s = 127.12, P < 0.001) and a highly significant
interaction (o 5 = 62.01, P < 0.001) but no significant effect of competition (¢ | =
1.45, P =0.228, Figure 7). The results indicate that the behavioural response
(preference regarding stem vs. leaf and preference for top, middle or bottom of the
plant) of M.p is contingent upon the interaction between the community genetic effect

(CQG) and the effect of competition (Figure 6 + 7).
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Figure 6: On-plant distribution (Top-middle-bottom) of focal aphid species M.p.
Micro-feeding site preference (congregation) of green peach aphid genotype M.p across
six tomato cultivars under three treatments is illustrated;

T5) M.p alone, T4) M.p vs A.f, T3) M.p vs (A.f+ RKN).

The vector-image of tomato illustrated is adapted from a free public-domain clipart

resource; URL: http://www.clker.com/clipart-29009.html
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Figure 7: On-plant distribution (stem vs. leaves) of focal aphid species M.p.
Micro-feeding site preference (congregation) of green peach aphid genotype across six
tomato cultivars under three treatments; T5) M.p alone, T4) M.p vs A.f, T3) M.p vs
(A.f+ RKN).

The vector-image of tomato illustrated is adapted from a free public-domain clipart

resource; URL: http://www.clker.com/clipart-29009.html
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Combining perspectives in a multispecies system:

If plant cultivars are ranked by either M.p growth rate or RKN abundance the
corresponding patterns of competitor abundance are strikingly varied.
This variation in response of the various competitors to the interacting competitors
and their common host is shown not simply in changes in the magnitude of response

but also in changes in the rank order of responses (Table 1).

Source DF F P
Tomato cultivar 5 12.736 <0.001
Competition 1 6.437 0.012
RKN 1 0.599 0.440
Cultivar * Competition 5 11.971 <0.001
Cultivar * RKN 5 3.131 0.010
Competition * RKN 1 0.654 0.420
Cultivar * Competition * RKN 5 1.292 0.270

Table 1: Effects of tomato cultivar (6 genotypes), presence/absence of a
competing aphid (A.f), and presence/absence of RKN (an IEE), and their
interactions on total abundance of the focal aphid (M.p).

There are strong effects of tomato cultivar, competition and their interaction.
While there is no main effect for RKN, there is a significant interaction between
RKN and tomato cultivar. The interplay between the indirect ecological effect

and competition is demonstrated to be moderated by tomato variation.
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Discussion

This work explored the influence of an IEE (indirect ecological effect) caused

by a below-ground pest of tomato (RKN) on plant vigour (plant dry weight) under
multiple scenarios of herbivory and across multiple tomato genotypes.
The study also investigated the differential reproductive success of RKN on six
different genotypes (cultivars) of tomato in the presence and absence of above-ground
competitors (clones of two aphid species: M.p and A.f). In addition, we examined the
effect of the RKN on survivorship and behaviour (on-plant feeding site selectivity) of
a focal aphid genotype (green peach aphid, M.p) when mediated by within-tomato
phenotypic variation (community genetic effect). The performance (reproductive
success) and on-plant distribution of the focal aphid genotype were also demonstrated
in the presence and absence of the other aphid species and RKN competitors. These
results may allow a better comprehension of the dynamics of multi-trophic systems
within agro-ecosystems.

We found that the fitness of each species in our model system was influenced
by interactions between community genetic effects and competition or IEEs. This
clearly demonstrates that community genetic effects can significantly alter above-
ground and below-ground interactions. As such, our findings have significant
implications for the field of community genetics and are directly applicable to agro-
ecosystem practices. This also implies that the community genetic effect of host plant
cultivar has quite a strong impact on the dynamics of the community of herbivores
sharing that host. This possibly occurs through the indirect interactions, between
herbivores, that the shared host plant mediates (Wootton 1994, Denno et al. 2000,
Wootton 2002, Denno and Kaplan 2007, Anderson et al. 2009, Kaplan et al. 2009,
Morrién et al. 2011).

Tomato host plant under pest attack
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Tomato dry weight and root-length:shoot-length ratio were significantly
influenced by the interaction of the plant’s phenotype and the communities of
indirectly interacting herbivores. Clearly, our measures of plant fitness here are only
correlates of reproductive output, although plant dry weight is a strong predictor of
plant fitness (Silim and Saxena 1992). Consequently, the biomass of the host
depended not only on the host genotype, but also on its interaction with the presence
of competition or RKN. The differential response of tomato cultivar to the influence
of single herbivory (above- or below-ground) can be attributed to the different change
each type of herbivory induces in the plant host. Metabolically, aphids differ in their
influence on their host plant in competition with root-knot nematodes (Williamson
and Gleason 2003, Bhattarai et al. 2007, Walling 2008). There is a good body of
evidence supporting the ability of species interactions to influence host plant and vice
versa (Bailey and Whitham 2006b, Bailey et al. 2006, Whitham et al. 2006, Haloin
and Strauss 2008, Rowntree et al. 2011a,b). It is possible that the additive effect of
spatially separated competition, where aphids and root-knot nematodes cohabit the
same host, explains the conditional waxing or waning in plant vigour or stress relative
to tomato genotype (White 1978, 1984, Price 1991; see also Lawton 1999, Bailey and
Whitham 2006a).

Our findings are concordant with those of Tétard-Jones et al. (2007) who
found a (G x G x E) interaction in a system where the aphid-plant interaction was
context dependent with regard to the presence or absence of specific rhizosphere
bacteria. In such systems, transfer of traits from aphid mothers to their offspring, as
well as reproductive success of an aphid genotype, will be influenced by host plant
genetic variation (e.g. Cronin and Abrahamson 1999, Underwood and Rausher 2000).
Moreover, positive feedback by the soil community will enhance the shoot consumers

to flourish while the reverse feedback may be negative (Morrién et al. 2011). Thus,
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the influence of community genetic effects (CG) may be extremely important in agro-
ecosystems within fields planted as monocultures, and also at the larger scale of a

mosaic of agricultural fields that are common across the globe.

RKN (IEE) x CG in the presence and absence of above-ground competition:

The performance of RKN was influenced by the interaction of the presence of
competing aphids and host cultivar. Our results also indicate that the mediating
community genetic effects of tomatoes influenced above-ground to below-ground
IEE. The abundance of RKN increased, decreased or remained relatively constant in
response to changes in competition in a manner that was dependent on which tomato
cultivar was acting as the host plant. The interaction between RKN and aphids can be
usefully visualised and interpreted through negative and positive feedback between
the shoot and root consumers (Masters et al. 1993, 2001). However, the model
articulated by Masters et al. (1993, 2001) does not account for the plausibility of a
community structuring role of competition via the induced changes in the shared host
(see Kaplan and Denno 2007, Kaplan et al. 2009). In this regard, it is also important to
take into account the additive negative and positive indirect ecological effects (see e.g.
Wootton 1994, 2002, Denno and Kaplan 2007, Kaplan et al. 2008 for elucidation on
the asymmetric effects among shoot and root consumers mediated by host plant).

Our work encapsulates additional complexity due to the genetic variation of
the tomato host plants, IEE (RKN) differential impact and the inter-specific
competition between above-ground pests (aphids) as well as competition between the
spatially separated herbivores (aphids and RKN).

Species such as root galling nematodes alter gene expression of the plant root
system and thus impose a re-differentiation effect on the plant root cells by modifying

them into utilisable RKN dietary sinks (Bird 1996, Jammes et al. 2005, Caillaud et al.
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2008). These differentially, genomically-altered plants also act as hosts for competing
female aphids and, over generations, the genetically identical offspring of these aphids
will find themselves involved in three types of competition. The first occurs when the
multiplied genotype is competing with itself (mothers, daughters and granddaughters)
within the clone on local depleting resources. In this type of competition, the capacity
to congregate (i.e. feeding site preference on the plant) may be selected for. The
second type is the competition between heterospecifics. The third type of competition
is a spatially separated competition between aphids and root-knot nematodes that
never meet but share one host (Kaplan et al. 2009). Under such types of interaction,
aphid mothers’ and daughters’ fecundity, plasticity and survival will be influenced by
the dilemma of simultaneous intra- and inter-specific types of competition in parallel
with kin selection and host exploitation (Hamilton 1964, West-Eberhard 1989, 2003,
Pfennig and McGee 2009, Tariq et al. 2010).

In our system (clonal RKN and aphids) herbivores are expected to undergo a process
akin to a ‘war of attrition’ (sensu Maynard Smith 1974) whereby each party is
engaged in the trade-off explained by the game of ‘wait or display’ [illuminated by
Krebs and Davies (1998)]. Instead of males competing for a female, here we have
herbivores competing for survival via their shared host by maintaining an adequate
proportion of the resource available (Red Queen Hypothesis; Van Valen 1973). The
competitors, highly sensitive and responsive to environmental change, are expected to
vary their host manipulation tactics; a process that constantly functions in tandem with
the host plant’s countermeasures (Dawkins and Krebs 1979, Rawal and Rajagopalan
2010). However, nutritionally, the process of obtaining an adequate proportion of the
shared resource will vary dramatically when the competitive relationship takes the
form of a co-evolutionary arms-race, occurring between the above- and below-ground

plant natural enemies (Dawkins and Krebs 1979, Rawal and Rajagopalan 2010). It is
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not clear, however, whether the two enemies will go into interference or exploitative
competition. In other words, the ‘enemy of my enemy’ here might not be a foe. This
means that it is possible that plants under attack from one species (pest) may actually
be easier to be exploited and manipulated by another species (see Price 1991 for a
review on plant vigour and resistance hypotheses).

This will also depend on plant resistance and response to attack (likely to vary
among cultivars). Nevertheless, all parties strive to maximise their survival chances.
The force behind the variation of scenarios can be the selfish gene effects (Williams
1966, Dawkins 1976, 1982; see also Hull 1980), or more likely a ‘hereditary suite’ of
genetic and non-genetic (epigenetic) routes as envisioned by Jablonka (2004). Note
that in both the widespread parthenogenetic aphids and RKN, the replicator (i.e. the
genes or hereditary suite) matches the vehicle (i.e. the genetically identical daughters)
and hence performs according to the doctrine of the selfish agenda of proliferation
(op. cit.). The fitter is the replicator that can ensure multiplication and protection of
offspring (Van Valen 1973; but see Bergstrom and Lachmann 2003). This also should
reflect the ongoing dance between ecology and evolution of the system components in
that natural selection is likely modifiable by the activities of the interactors (Odling-

Smee et al. 2003, Laland 2004, Marquet 2009, Pelletier et al. 2009, Schoener 2011).

Focal above ground aphid genotype across fluctuating environments:

We found clear evidence that tomato cultivar significantly interacted with
competition and altered the population growth rate and behaviour of M.p. This
indicates that plant genotype is significantly altering the response of the focal aphid
genotype to both types of competition (i.e. with heterospecific (black bean aphid) and
with RKN). Plant stress and a varying IEE on host cultivar due to the activity of RKN

caused all possible responses, that is, aphid numbers increased, decreased or remained
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unchanged depending on the tomato cultivar that was acting as a host plant. This
suggests that the community genetic effect of tomatoes has a significant mediating
effect on other ecological processes in this simplified agricultural model. Therefore,
the performance and behaviour of the focal genotype of aphid were influenced by the
interaction between competition and host plant cultivar. Consequently, our results
indicate that an IEE can modify competition among aphids even when the source of
the IEE is spatially separated.

Hong et al. (2010) demonstrated an impact of cyst nematode (in a soybean host
system) on aphid behaviour. We argue that the extent and amplitude of such effect
should be proportionally influenced by what Smith et al. (2008) proposed as a trade-
off occurring between the intra- and inter-specific modes of competition where
genetic variation of the host plant affects aphid vitality rates.

We also expect that concentration and availability of nutrients will differ
among host genotypes, particularly when subject to loads of pathogens or parasites as
seen in the changes to the plant root-system under RKN attack. Thus, host plants in a
field will vary in their dietary value to aphids, their attractiveness to aphids and their
effects on the reproductive success of aphids. This variation is likely superimposed on
the co-variation between susceptibility, resistance and suitability of the host plant to
the infesting pest. This mosaic, underlain by the genetics of the plant and in
correlation with the IEEs, can cause a facilitative effect for pests to flourish on
weakened plant hosts. In contrast, a conflict between plant enemies mediated by CG
and IEE would benefit the host plant, possibly via the induction of plant resistance
(Cooper and Goggin 2005, Cooper et al. 2005, Bailey and Whitham 2006a). This will
enhance a negative competitive effect among aphids, and between aphids and RKN
[similar to the findings reported by Denno and Kaplan (2007), Kaplan and Denno

(2007) and Kaplan et al. (2009)]. Interestingly, it can be argued that the species

236



activities leading to such consequences could be themselves mediated by the high
level of plasticity exhibited by the interacting species (genotypes), including the plant
host (Fordyce 2006, Pfennig and McGee 2009).

We found that the behavioural response (preference for stem vs. leaf and
preference for top, middle or bottom thirds of the plant) of M.p depended on the
interaction between the community genetic effect of tomato and the effect of
competition. Aphids examine the suitability of host plants, as well as the suitability of
specific parts of the host, before colonisation starts (Karban and Baldwin 1997,
Cooper and Goggin 2005, Powell et al. 2006). Root-knot nematodes trigger different
metabolic pathways of change than those induced by aphids (Bhattarai et al. 2007).
However, it can be argued that the inoculation with RKN in this study induced
changes in plant physiology (IEE) i.e. a change in specific plant phenotypic trait/s in
terms of palatability and resistance to aphids (Chapman 2003, Cooper and Goggin
2005, Powell et al. 2006; but see Goggin et al. 2006). Concomitantly, aphids will
apply a set of logistic and chemical pre- and post ingesting tactics in order to
manipulate the host and evade the negative feedback loop of induced resistance in its
hosts (Goggin et al. 2006, Powell et al. 2006, Walling 2008). Fine-tuning the
phenotype of daughters according to the change of context and suitability of the
shared resource, on which the mothers’ phenotype experiences the environmental
change, may be a mechanism for the response developed by aphids (Dixon 1987,
1998, Agrawal et al. 1999, Podjasek et al. 2005, Zehnder et al. 2007). Such change
and subsequent countermeasures are expected to shape the selection of the feeding
sites on the plant by aphids so that the uptake of essential nutrients can be optimised
(Powell et al. 2006).

The fact that the community genetic effect influenced the performance and

propensities of the above-ground interactor (M.p) suggests that community genetic
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effects may moderate not only simple ecological interactions but also the cyclical
interplay among members of the directly plant-associated communities and their
consequences on the interactors’ activities (Odling-Smee et al. 2003, Laland 2004).
This agrees well with the more diverse examples in the literature showing important
impacts of variation in host plant quality on the population dynamics of associated
insects (e.g. Karban 1992). This is also concordant with the studies reporting an
influence of plant genotype on species that are substantially separated from the host
plant in time or space (e.g. Whitham et al. 2003, Bailey and Whitham 2006b).
Furthermore, similar bottom-up effects of host plant in a multi-trophic system were
demonstrated by Johnson (2008) to be independent of the density-dependent factors in
their impact on the population growth rates of a focal phytophagous insect. However,
very few studies endeavoured to explore the interaction between genetic variation and
ecological relationships such as competition (Smith et al. 2008).

We speculate that the activities of the below-ground pests will result in
dynamic environments of fluctuating host health and resistance that are analogous to
the patterns proposed by Ernebjerg and Kishony (2011) and Khatri et al. (2011). Such
fluctuation in host well-being is expected to be ongoing due the constant manipulation
of the plant host by RKN (through genome-alteration effect and assimilate-sink effect;
Bird 1996, Jammes et al. 2005, Caillaud et al. 2008). The instability in plant induced
reactions will vary across host cultivars and is expected to shape the response of on-
plant distribution of aphids. In this environment it is possible that the shared
phenotype of the two clonal pests will emerge as either a ‘conflict avoidance’
mechanism or an evolutionary arms-race (Dawkins and Krebs 1979, Dawkins 1982;
but see also Aratijo et al. 2008, Juarrero 2010, Rawal and Rajagopalan 2010, and

Rajagopalan et al. 2010).
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Perhaps the most surprising result in our work is that cultivars varied not only
in the magnitude of their effect on the fitness of each herbivore, but also that the rank
order of effects was different for each of the herbivores we used. Given the varied
fluctuation levels in the environmental levels (plant vigour) and likely plant resistance,
it is notable that, even though A.f initially outnumbered M.p in our experimental
design, M.p performed well. This also occurred in spite of the presence of A4.f and
RKN which suggests that competition amongst plant invertebrate pests can be both
direct and plant mediated (Denno et al. 2000, Anderson et al. 2009). However, the
relative strength of such changes will vary in response to the induced effects by RKN

(the IEE).

Community genetics insights for agro-ecosystems:

In the agricultural arena, the conventional system is the practice of planting
areas with a single cultivar or genotype (Revilla-Molina 2009). This practice reduces
diversity in the landscape, promotes strong selection on plant enemies and results in
specific plant genotypes becoming host traps or host sinks for pests and pathogens
(Larson and Whitham 1991, Revilla-Molina 2009). Such man-made homogeneity
imposes negative consequences on economic crops that become prone to both
pathogen epidemics and pest outbreaks (Karban and Baldwin 1997, Revilla-Molina
2009). However, many elements add to the complexity of relationships in agricultural
systems: variation in resistance and usability of hosts, intimate relationships between
species, co-evolutionary dynamics between pests and hosts, competition between
plant-consumers and finally, interactions with natural enemies (Moran and Whitham
1990, Denno et al. 2000, Strauss et al. 2005, Kaplan et al. 2008; but see also Singer
2000). In such context, the IEEs (sensu Wootton 1994 and Bonkowski et al. 2001),

underlain and moderated by genetic variability (e.g. Astles et al. 2005, Bailey et al.
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2006), will moderate the magnitude of the diffuse co-evolution of hosts and host
consumers. Under these conditions changes in the phenotypic traits of the interacting
species will be correlated with the fitness and the activities of all the inter-players
(Strauss et al. 2005; but see also Dawkins 1976, 1982, Odling-Smee et al. 2003,
Laland 2004).

The significant community genetic effects observed in this work highlight the
potential importance of inter-cropping of multiple genotypes at a local scale. There is
an increasing body of evidence in the literature supporting the value of inter-cropping
(see Zhu et al. 2000, Revilla-Molina 2009). While we do not directly address this
effect here, our results suggest that there is significant merit in investigating this idea
in tomato agricultural systems. Moreover, our results demonstrate that performance
(reproductive success) and behaviour (on-plant distributions) of aphid species can be
altered by the IEEs (induced by the presence of root-knot nematodes) and
competition. The factors considered above can also account for the change in
competition strength amongst aphid species. In addition, a disruptive effect resulting
from variation in plant resistance and vigour or due to anthropogenic effect
(disequilibrium) can be influential in shaping the possible scenarios of interaction

within man-made arable plots (Ninkovic et al. 2002, Neuhauser et al. 2003).

Final remark

Our results directly address questions raised in the literature about the relative
importance of community genetic effects (Hersch-Green et al. 2011). Our findings
show that genetic identity can create important community genetic effects that can be
considered on a par with other ecological effects (e.g. competition, IEE). Differential
response of cultivars to herbivores is hardly surprising due to relative susceptibility

and resistance of tomato genotypes. However, the finding that combinations of
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spatially separated herbivores may increase as well as decrease plant biomass (and
hence productivity) has potential economic implications and deserves significant
further investigation. We have clearly used a simplified model system. Nevertheless,
we think this is reasonably representative of a proportion of the community
interactions found in agro-ecosystems. More importantly, our results show that
community genetic effects interact with other ecological effects and fitness outcomes
for all species involved are influenced by such interaction. The findings of this study
contribute to the efforts of amalgamating different perspectives to explain the
complexity of plant-insect interactions [(concordant with the picture envisaged by
Zheng and Dicke (2008)]. Our results highlight the importance of deciphering the
relationship between ecology, evolution and genetics of spatially isolated competing
plant enemies. This work sheds further light on the dynamics of pest-crop interactions

in agro-ecosystems.
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Appendix

Additional analyses

Plant biomass under multi-herbivory:

Tomato showed the biggest biomass values as follows:

Across cultivars: overall biomass with RKN only (T2) > overall biomass for tomato
only (T1) > overall biomass with RKN and aphids (T3) > overall biomass with aphids
only (T4). [No data available for (T5) in this regard. Data were for plant dry weight,
when cultivars were only infested with M.p, were discarded due to out-of-control
error].

Across treatments. overall biomass of G4 > overall biomass of G1 > overall biomass
of G6 > overall biomass of G2 > overall biomass of G5 > overall biomass of G3
Within cultivar: Intra-cultivar values for maximal and minimal biomass for tomato
were quantified and presented in (Table 1) indicating variable response of tomato

cultivars to the effect of above- and/or below-ground herbivory.

C1 C2 C3 C4 C5 G6
Maximal Biomass | A+RKN A RKN C A+RKN C
Minimal Biomass A RKN C A+RKN C A

Table 1°: Within-cultivar differences of biomass across treatments. This table
elucidates the highest and lowest values of total tomato biomass per cultivar across the
different four treatments. ‘C’: tomato negative control (T1), ‘RKN’: tomato inoculated
with nematodes only (T2), ‘A’: tomato infested with aphids (4.f and M.p) only (T4),
while ‘A+RKN’: tomato infested with both nematodes and aphids (4.f and M.p); (T3).

Shaded cells refer to repeated patterns such as maximal biomass on G4 and G6 where

all herbivores were absent. In contrast, minimal values under the same conditions were

recorded on G3 and G5.
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Chapter 5: Community genetic effects of tank-forming bromeliads on

associated invertebrates in a tropical forest ecosystem

*Statement of the nature and extent of my own contribution:

I designed the experiment, collected the bromeliads for the first year work and
established the protocols for future sampling. I also sampled and classified the
bromeliad-associated faunal communities for the first and second year of the study
(with hearty thanks to Dr. David Penney for his help in identifying morphospecies and
correcting classification errors). I conducted the first year’s molecular work and AFLP
analysis and participated in the second year. I completed the initial literature review
and was the primary author of the introduction and methods and I wrote the initial
outlines of the results and discussion. Dr. Sharon Zytynska conducted the year (2)
field and lab work. She re-ran the AFLP analysis for the whole set of samples,
performed the analyses for the complete data, provided interpretations, and produced
the final complete version of the paper in collaboration with myself, Dr. Richard
Preziosi and Dr. Ed Harris. Dr. Ed Harris provided instrumental facilitation for us to
run the DNA fingerprinting and sequencing through the molecular Ecology unit he

administers at Manchester Metropolitan University.
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Abstract

Within the area of community genetics there is an expanding volume of literature
demonstrating how within-species genetic variation in temperate trees can have
important effects on structuring animal and plant communities. The influence of
community genetic effects in relatively more complex ecosystems is only starting to
be appreciated. Within tropical forests, epiphytic bromeliad plants often grow high in
the canopy and create unique nutrient-rich microhabitats on which many invertebrate
and vertebrate species depend. We investigated the influence of within-species genetic
variation in the bromeliad Aechmea bracteata on the invertebrate microhabitat
community. We found that more genetically similar bromeliad plants were host to
more similar communities of juvenile-stage invertebrates, but not adult invertebrates.
We discuss possible mechanisms for this, including differential survival and active
female oviposition choice. Our work shows that the impact of within-species genetic
variation on associated ecological communities may be more general than previously
considered. These results agree with recent research suggesting that within-species
genetic variation may perform a supporting ecosystem service for maintaining

community and ecological processes.

Keywords: genetic interactions, species interactions, ecosystem conservation,

amplified fragment length polymorphisms
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Introduction

Determining the importance of within-species genetic variation on ecosystem
processes and function is a fundamental question in ecology and conservation biology.
Biodiversity within an ecosystem consists of multiple levels of diversity including
genetic, species, functional group and community levels. Within-species genetic
variation provides a basis for adaptation of a population to long-term change in an
environment, and can buffer stochastic events reducing the chance of random
extinction (Vellend and Geber 2005; Reusch et al. 2005). Recent conservation efforts
have placed emphasis on the delivery of ecosystem goods and services and conjecture
the importance of supporting ecosystem services, such as genetic variation, as they
can be tightly linked with the maintenance of ecosystem function (Luck et al. 2003;
Hooper et al. 2005). In addition, interactions between different species are integral to
the functioning of an ecosystem, for example predator-prey (Ives et al. 2005) or host-
pathogen relationships (Dobson and Crawley 1994). These interactions between
species can be mediated by within-species genetic variation, such that the outcome of
an interaction depends on the genotypic identity of both the interacting individuals
(Service 1984). This has coevolutionary implications for those involved in such
interactions (Carius et al. 2001), and can affect organisms involved throughout

complex trophic interactions (Zytynska et al. 2010).

There is a growing amount of evidence that within-species genetic variation can have
a cascading effect on associated ecological communities (e.g., Whitham et al. 2006;
Haloin and Strauss 2008; Zytynska et al. 2010; Rowntree et al. 2011; Hersch-Green et
al. 2011; Zytynska et al. 2011). Species interactions mediating community genetic

effects are considered intrinsic to the provision of ecosystem services (Bailey 2011),
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and thus understanding the ecological and evolutionary impacts such effects have is
paramount to understanding ecosystem functioning in order to maximize future
benefits. To date, many community genetic studies have focused on temperate
systems of limited (species) diversity, using dominant plants as the focal species. It is
expected that a dominant plant in a limited diversity ecosystem will have a
disproportionate effect on the surrounding ecological communities and, indeed,
genetic variation within a number of plant species has been found to influence
associated communities of invertebrates (e.g. Fritz and Price 1988; Dungey et al.
2000; Whitham et al. 2003; Johnson et al. 2006), understory plants (Iason et al. 2005),
endophytic fungi (Gaylord et al. 1996) and vertebrates (Bailey et al. 2004; Muller et
al. 2006). Recently, these community genetic effects have also been detected within a
tropical forest ecosystem (Zytynska et al. 2011). Zytynska et al. (2011) suggests that
within-species genetic variation of a common (but not dominant) tropical tree species
influenced the associated epiphytic plant and invertebrate community structure. This
highlights the importance that within-species genetic variation may have even in
complex ecosystems. Within a tropical forest, there is high species diversity and
typically few dominant species prevail, and as such the effects of genetic variation
within one species might be difficult to detect. However, recent thinking suggests that
species associations are an important component in maintaining tropical species
biodiversity and the genetic component of these interactions may be important but is,

as yet, relatively unstudied.

Tropical forests contain a relatively high diversity of habitats, partitioning available
resources into many dimensions. For example, epiphytic plants anchor onto trees in
order to escape the shady understory and grow higher in the canopy, nearer the

sunlight. These plants, themselves, provide unique habitats for other organisms. One

263



group of epiphytic plants, the bromeliads, have a rosette leaf-morphology such that the
radiating leaves overlap one another creating a ‘tank’ space that gets filled by falling
debris and rain water, forming nutrient-rich water bodies called phytotelmata (Frank
and Lounibos 2009). Numerous species use these plants for shelter and food, and
tank-forming bromeliads have been described as keystone species. Thus, in
combination with their associated communities, bromeliads provide an important
function in maintaining diversity and resilience in the communities they inhabit

(Nadkarni 1994; Stuntz et al. 2002).

To assess the importance of within-species genetic variation in a complex forest
ecosystem, the bromeliad-invertebrate system is ideal. Armbruster et al. (2002)
determined that 62% of the variation in invertebrate communities between different
bromeliads (involving three morphologically similar species) was explained by plant
traits, such as the volume of the plant, the number of leaves, the detritus content and
the volume of water held in the plant. Further work has shown that bromeliad-
invertebrate communities are highly characterized by the forest type the plants reside
within (Richardson 1999), thus it is likely that indirect environmental effects are also
important for bromeliad-arthropod community structure. Using artificial bromeliad
microcosms with one, three or six ‘leaves’, Srivastara (2006) showed that detrital
processing (linked to nutrient cycling) is affected by the structure and habitat
complexity of the plant directly, through detritivore action, and indirectly, via the
predator community. These studies illustrate that both environmental factors and plant
structure strongly influence, and probably interact, to determine bromeliad-arthropod
community structure. A component of variance in such communities, including
variation in the individual structure plants, factors such as flowering time, leaf

chemicals and water retention, is expected to hold some genetic basis. Therefore, it
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might be expected that genetic variation within these plants will partly explain
variation between the plants of the community of invertebrates, alongside a number of

environmental (microclimatic) factors.

In this study, we investigated the influence of bromeliad genetic variation on the
associated invertebrate community residing within the plants. By controlling for
geographic location and other variables, such as plant size, we directly examined the
proportion of variation within the invertebrate community that is due to genetic
variation in the plants. We predicted that phenotypic (e.g. plant size), genetic, and
environmental (e.g. plant height) variation would, in combination, significantly

influence the bromeliad-arthropod community structure.

Materials and Methods

Study site and system

The study site was located in a 4km”® area in central Belize near the Las Cuevas
Research Station (LCRS) within the Chiquibul forest, a mid-elevation (~550m)
broadleaf deciduous forest that is relatively undisturbed. We sampled the total
invertebrate community within Aechmea bracteata (Swartz) plants, a large epiphytic
tank-forming bromeliad. Sample collection occurred over three years (2008-2010), for

a period of two weeks per year during the month of July.

Bromeliad collection
Fifty-nine bromeliad plants were collected from trees located along permanent trails
situated around LCRS. The collections were therefore not random but sites were

chosen so as not to obtain a high degree of clustering across the sampling range. Tree
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host species was not identified in this study, and bromeliads were collected from the
ground up to a height of 17m. Bromeliad plants that were inaccessible from the
ground were collected by rope-climbing. Each plant was detached from the substrate,
the leaves were tied together with rope and the whole plant was placed in a robust
polyethylene bag, which was secured at the top with rope. If a plant was collected
using rope-climbing, the plant was carefully lowered to the ground and then all plants
were transferred to the field station in an upright position. The height on the tree at
which the bromeliad was growing (to the base of the plant) was measured, as was the
length of the longest leaf as a proxy for bromeliad size. Geographic location for each
bromeliad plant was recorded using a GPS unit. The GPS coordinates were converted
to digital coordinates, then converted to radians before using the spherical law of
cosine to calculate the distance between each pair of bromeliads:

Distance = acos[sin(/at,).sin(/at,) + cos(lat,).cos(lat,).cos(long, — long,)].6371

(1

Invertebrate sampling

Each bromeliad was dismantled completely within a plastic box to collect
invertebrates. All invertebrates above Imm in body size were collected and preserved
in 70% isopropanol for identification. Vertebrates inadvertently collected were
released at the site of collection. In the UK, the invertebrate samples were identified to
order (and family where possible), with additional data collected on the growth stage
(adult or juvenile). Distinct morphospecies were identified and these were used in the
further analyses of the data. To minimize the variation across the three years of
collection, we used only those morphospecies that were found to be present in

bromeliads from at least two of the three years. On comparison of results, this did not
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qualitatively alter our findings, but reduced the differentiation between the different

years of collection.

Genetic analysis

A leaf sample was collected from each bromeliad and preserved in silica gel (Chase
and Hills 1991). DNA was extracted using a modified CTAB method (Doyle and
Doyle 1987) and eluted DNA was cleaned using spin columns (Sigma-Alrich).
Amplified fragment length polymorphisms (AFLP; Vos et al. 1995) were used to
calculate Nei's genetic distance using TFPGA (Tools For Population Genetics
Analysis, M. Miller) between each pair of bromeliads in the study population. For the
AFLP genotyping we used EcoRl and Msel restriction enzymes with two selective
primer combinations (ACA-CAT and AAG-CAG) producing 115 scorable loci. AFLP
profiles were visualized using a Beckman-Coulter CEQ™ 8000 Genetic Analysis
System. A 5% error rate was used, which removes loci that produce bands in less than
5% of the samples and assumes a locus to be monomorphic if more than 95% of the
population produced a band; this ensures the differentiation between plants was not

overestimated.

Data analysis

Similarity indices were used to calculate the invertebrate community structure
similarity/distance between each pair of bromeliads in CAP4 (Community Analysis
Package 4, Version 4.1.3, Pisces Conservation Ltd., 2007). Jaccard’s (JA) similarity
index was used to measure invertebrate community similarity between each pair of
bromeliads, using presence/absence data (see Zuur et al. 2007; Zytynska et al. 2011):

a
a+b+c

)

JA =
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where a is the number of species present in both bromeliads, b and ¢ are the number of
species present in only one bromeliad. The JA index gives a range of results from 0 to
1, allowing ‘1-JA’ to be used as a dissimilarity index rather than a similarity index,
which is beneficial when comparing the results with plant genetic distance. For
abundance data, the Bray-Curtis dissimilarity measure was used (see Bray and Curtis

1957; Bangert et al. 2008):

i=n

2

BC= &

1

> (50 +55)

i=1

3)

S —Sin

s [

where, s;; and s, are the abundances of species 7 in samples 1 and 2 respectively.

We used Mantel and partial Mantel tests to statistically analyse the data in PASSaGE
(Pattern Analysis, Spatial Statistics and Geographic Exegesis; Rosenberg and
Anderson 2011). Mantel tests use pairwise matrices to test the correlative relationship
between two variables, and partial Mantel tests allow for one or more other matrices
to be kept constant in the analysis. Here, we analysed the association of genetic
distance and invertebrate community difference among the bromeliads whilst
controlling for geographic distance, bromeliad size and plant height from the ground.
Hereafter, the presence/absence (PA) data will be calculated as ‘1-JA’ to compute
community distance (dissimilarity) because JA is a measure of similarity ranging from
0 to 1. Abundance data (AB) directly measures community dissimilarity and thus will
be presented as the Bray-Curtis index (BC). In addition, we split the invertebrate
community by growth stage and separately analysed the adult and juvenile
communities. A significant positive correlation shows there is an association between

the matrices compared.
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Results

In total, 59 bromeliads were collected containing 1597 individuals from 52
morphospecies.

The majority of morphospecies were classified in the phylum Arthropoda (47
morphospecies), and the remaining in Annelida (2), Mollusca (2) and Platyhelminthes
(1) (Table 1). Within Arthropoda, 29 morphospecies were classified in the class
Insecta and these accounted for 61.6% of all individuals collected. From these, the

most abundant taxa were in the orders Coleoptera and Diptera, which accounted for

30.3% and 14.9% of all the individuals sampled.

Table 1. Summary of the taxa collected, number of morphospecies within each

taxa and the developmental stages observed.
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Phylum Class Order Morphospecies | Stage
Annelida Oligochaetes 2 Adult
Arthropoda Arachnida Araneae 5 Adult
Opiliones 2 Adult
Pseudoscorpiones 1 Adult
Scorpiones 1 Adult
Chilopoda Lithobiomorpha 1 Adult
Scolopendromorpha 2 Adult
Crustacea Isopoda 1 Adult
Diplopoda Golida 1 Adult
Polydesmida 1 Adult
Insecta Blattodea 2 Juvenile
Coleoptera 15 Adult/Juve-
nile
Diptera 6 Juvenile
Hemiptera 2 Adult
Hymenoptera 3 Adult
(Formicidae)
Lepidoptera 1 Juvenile
Unknown 2 Juvenile
Mollusca Gastropoda 2 Adult
Platyhelminthes 1 Adult
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Morphospecies = number of morphospecies within each taxa. Juvenile includes both

nymphal and larval stages.

Effect of geographic location, size and height on tree

The mean size of bromeliad plant (longest leaf) was 1.83m (range: 0.50-2.84m) and
the mean height from the ground was 9.08m (range 0-16.86m). Mean morphospecies
richness within bromeliads was 9 (range: 3-21). Larger plants were found to contain a
greater number of morphospecies (Regression: Fs¢=4.15, P=0.047); however,
bromeliad size did not influence the structure of the invertebrate community for either
presence/absence of community members (PA Mantel test: r=-0.004, P=0.44) or
abundance of community members (AB Mantel test: r=0.029, P=0.25). In addition,
the height from the ground of bromeliad plants did not influence species richness
(Regression: F; 57=0.34, P=0.56), or the structure of the community (Mantel test: PA
r=-0.026, P=0.25; AB r=-0.03, P=0.19). While invertebrate community structure
within bromeliads was significantly associated with geographic location (Mantel test:
PA r=0.184, P=0.003; AB r=0.162, P=0.001, Figure 1), there was also a significant
association between genetic distance and geographical distance of bromeliads
indicating fine-scale genetic population structure (Mantel test: r=0.166, P=0.003).

Thus, geographic location was included as a controlled factor in further analyses.
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Figure 1. The association between geographic distance and the invertebrate
community dissimilarity (abundance) between each pair of bromeliads. BC = Bray
Curtis measure. Each grey dot represents one pairwise data point, and the black
triangles are the mean values for each bromeliad. Note that a Mantel test is used to

statistically analyse the data, to control for non-independence of the pairwise points.

Effect of bromeliad genetics

We found a significant association between bromeliad genetic distance and
invertebrate community similarity (Partial Mantel test: PA r=0.102, P=0.025; AB
r=0.107, P=0.01; Figure 2) and thus bromeliad genotype significantly influences the

structure of individual invertebrate community associations.
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Figure 2. The association between bromeliad genetic distance and community
dissimilarity (abundance.) BC = Bray Curtis measure. Each grey dot represents one
pairwise data point, and the black triangles are the mean values for each bromeliad.
Note that a Partial Mantel test (controlling for geographic distance) was used to

statistically analyse the data, to control for non-independence of the pairwise points.

Differences between the adult and the juvenile communities
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We identified 20 morphospecies for which the individuals were classified as juveniles
(nymphal or larval stages), and 32 morphospecies contained adult individuals.
Juvenile morphospecies resided within the orders Blattodea, Coleoptera, Diptera and
Lepidoptera within the Insecta (Table 1). We found that bromeliad size influenced the
community structure of juveniles (Mantel test: PA r=0.087, P=0.043; AB r=0.105,
P=0.021), and therefore include this (as well as geographic location) in further

analyses. We found no influence of bromeliad size on the adult community.

We found a significant association between bromeliad genetic distance and the
juvenile invertebrate community dissimilarity for the presence/absence data (Partial
Mantel test controlling for geographic location and bromeliad size: r=0.108, P=0.009);
however, there was a much weaker and only marginally significant association
between bromeliad genetic distance and community dissimilarity based on abundance
data (Partial Mantel test controlling for geographic location and bromeliad size:
=0.066, P=0.06). We did not find evidence of any association between the bromeliad
genetic distance and the adult invertebrate community dissimilarity (Partial Mantel
test controlling for geographic location: PA r=0.023, P=0.29; AB r=-0.014, P=0.34).
This suggests the influence of bromeliad genetics is largely on the juvenile rather than

the adult community (Figure 3).
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Figure 3. The links and influences of the different factors in the bromeliad-
invertebrate system. Bold arrow shows the main effect of interest, that of the
bromeliad genetics on the juvenile invertebrate community (presented statistical
values for this comparison are controlled for geographic location and bromeliad size).
Pie charts show the relative abundances of the different taxa within the invertebrate
communities. The adult community gives the different insect classes plus ‘Others’,
which includes Chilopoda, 6%; Oligochaetes, 3%, Gastropoda, 3% and
Platyhelminthes 0.5%. The juvenile community shows the different orders within the

class Insecta, as all juveniles were classified within Insecta.

Discussion
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This paper presents data to show that there is a significant association between
bromeliad genetics and the associated invertebrate community structure. We found
that genetically similar bromeliads host similar communities of invertebrates. We only
found this effect for the juvenile invertebrate community, as we found a significant
association between the genetic distance between bromeliads and juvenile community
distance but found no association between the bromeliad genetics and the adult
community. There was little overlap between the juvenile and adult communities, with
the juvenile community all classified in Insecta (Diptera, Coleoptera, Lepidoptera and
Blattodea) and the adult community exhibiting higher taxonomic diversity (see Table
1). The only taxonomic grouping to include both adults and juveniles were the
Coleoptera, which was also the most abundant group (making up 30% of all

individuals sampled).

As predicted, geographic distance between the bromeliad plants influenced
invertebrate community structure in our study, with more similar communities found
in plants that were located closer together. Bromeliad size has previously been found
to influence associated invertebrate communities (Armbruster et al. 2002; Aratjo et al.
2007) and we also found an effect of bromeliad size but only on juvenile communities
but not the adult communities. Aratjo et al. (2007) analysed a faunal community that
was dominated by Dipteran larvae and found that richness and abundance was highly
correlated with the volume of water held by plants (water held was correlated with
plant size). This combined with our findings suggest the bromeliad plants have a
stronger influence on the aquatic larvae (juvenile community) than on the leaf-
associated, or adult, community. The mechanism for such an effect is unclear,
although we have also shown evidence for an association of bromeliad genetic

variation on the juvenile invertebrate community structure. There are a number of
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possible mechanisms, including active female choice for oviposition sites (bromeliad
genotypes) or differential survival of offspring within different bromeliad genotypes.
Adult female choice of particular bromeliad genotypes will result in finding only
certain species within certain bromeliad genotypes and could lead to the patterns
detected within this paper. It is known that many invertebrates will only oviposit on
particular groups of host plants, due to the suitability for the offspring, but
differentiation between genotypes within a species has also been demonstrated for
oviposition preference (Anderson et al. 1999; Wennstrom et al. 2010; Glinwood et al.
2011; Zytynska and Preziosi 2011). Potential genetically-based mechanisms that could
influence active female oviposition choice for bromeliad genotypes could include
water quality (Laessle 1961), bromeliad structure (Srivastara 2006), colour perception
(Yanoviak 2001) or other chemical cues (Bentley and Day 1989). Additionally, these
factors could also influence the survival of the offspring leading to a passive
mechanism of host-association. For example, if the different plant genotypes produce
variation in water quality (nutrient content, pH) then this could have differential
effects on the development and survival of the larval stages of the various species

(Diesel and Schuh 1993).

The amount of variation in the juvenile invertebrate community across bromeliads
explained by the bromeliad genetic variation is small (about 1%). However, we
suggest that this is biologically significant due to the complexity of the tropical
ecosystem and the consequently low power to detect the effects of within-species
genetic variation. Also, we were unable to consider the identity of the tree host from
which the bromeliad was collected, and from previous work (Zytynska and Preziosi
2011) we might predict an association between bromeliad and host tree that could

influence the invertebrate community (i.e. indirect ecological effect or indirect genetic
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effect). Indeed, we expect that there are also other, non-genetic factors that influence
the community structure including geographic location (controlled within this study)
and abiotic factors caused by microclimatic differences. Random dispersal of
invertebrates due to debris collection resulting from plant structure is also a source of
variation (Richardson 1999). By analyzing bromeliad communities over several years,

we have tried to minimize these sources of variation.

The molecular markers used (AFLPs) are often considered as neutral markers, such
that there is an assumption that they will not be linked to any particular locus that is
under selection. This means that there is no expectation to find any link between an
AFLP genotype and an environmental trait. We found an association between the
bromeliad genetics and the invertebrate community suggesting that one or more of the
AFLP loci used in this study are linked to a gene(s) involved in the mechanism that

influences the invertebrate community structure of a plant.

Previous work has shown that within-species genetic variation in a tree species can
influence the associated epiphytic plant and invertebrate communities in a tropical
forest ecosystem (Zytynska et al. 2011). Thus, previous work and our findings here,
suggest that community genetic effects may be more general than previously thought.
There is now substantial evidence that genetic variation influences community species
structure in a number of different ecosystems (see reviews in Haloin and Strauss 2008;
Whitham et al. 2006; Rowntree et al. 2011). Exploring the relative influence of
within-species genetic variation on the surrounding community and ecosystem as
compared to other factors (e.g. intensities of species interactions, disturbance, trophic
complexity and the abiotic environment) has been cited as the next step in the area of

community genetics (Hersch-Green et al. 2011). It is research in this area that will
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determine whether community genetic effects can impact the functioning of the

whole-ecosystem or if they are just inherent ‘noise’ within a system.

A wider implication of community genetics effects on community structure is how
ecosystem processes may depend on genetic covariation amongst community
members and whether this is important to ecosystem conservation (Schweitzer et al.
2004). Whole-ecosystem conservation efforts can enhance ecosystem services through
the long-term maintenance of ecosystem function and stability. Another fundamental
question that has not yet been addressed is whether the pattern of biodiversity,
especially in spectacularly species rich habitats in the tropics, depends directly or

indirectly on community genetic connections.

Here, we show that bromeliad genetic variation influences the invertebrate
communities living within individual plants. This suggests that should bromeliad
genetic variation be reduced, then the overall species diversity of invertebrates would
decline. Loss of species richness in a system can be deterministic, and when this
disrupts functional diversity and community structure, ecosystem function can itself
be altered (Larson et al. 2005). The loss of genetic variation in a plant population can
have cascading effects on the associated communities and lead to reduced species
richness and potentially changes at the ecosystem level. The concept of the minimum
viable population (MVP), the minimum population census size required to minimize
the risk of extinction over some time period, has long been explicitly linked to the
quantity of genetic variation contained by a population (Shaffer 1981). More recently
this concept been adapted this to include the interacting community; the minimum
viable interacting population (MVIP) is the size of a population required to maintain

the genetic diversity at a level that is sufficient to maintain the populations of the
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interacting species (Whitham et al. 2003). This concept was first applied to dominant
species, where the conservation of genetic diversity within a common and non-
endangered species would have cascading beneficial effects on the biodiversity of
associated communities (Bangert et al. 2005). Here we studied a tropical forest
bromeliad-invertebrate system, but it might be expected that bromeliad genetic
variation would also influence higher trophic organisms (e.g., salamanders and frogs)
that are adapted to living and reproducing in bromeliad plants (Wake 1987; Kriigel
and Righter 1995). Furthermore, the unique habitat created by a bromeliad can also
have an impact on the presence of arthropod-borne disease, the control of which can
be of great socio-economic importance, for example malaria vectoring mosquitoes are

known to breed within bromeliad plants (Lounibos 2002; Frank and Lounibos 2009).

In conclusion, we found that more genetically similar bromeliad plants are host to
more similar communities of juvenile-stage invertebrates in a complex tropical forest
ecosystem. This work complements previous work showing that the influence of
within-species genetic variation on associated ecological communities could be more
important than previously considered (Zytynska et al. 2011). The role of within-
species genetic variation as a supporting ecosystem service is beginning to be
appreciated to contribute both to the adaptive potential of individual species and for
the maintenance of biodiversity within the interacting communities. The relative
importance of within-species genetic variation compared to other factors (Hersch-
Green et al. 2011), and the link to ecosystem processes are still not fully understood. It

is here, we suggest, that future efforts should be focused.
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General Discussion

“It takes all the running you can do to keep at the same place” says the red
queen [(Lewis Carroll’s masterpiece ‘Through the looking glass’; adapted by Van
Valen (1973)]. Species, while striving to maximise their fitness, get involved in a
plethora of interactions on the intra-specific as well as the inter-specific levels. The
interaction can be direct or indirect, cooperative or antagonistic, but should be
contingent on the variability in the environment, availability of resources, and the
presence or absence of perturbation (e.g. Wiens 1977, 1991, Masters et al. 1993,
Wootton et al. 1994, Moore et al. 1997, Masters et al. 2001, Wootton et al., 2002,
Agrawal 2003, Wade 2003, Kaplan et al. 2009). Furthermore, a significant proportion
of the environment of every species can be considered as defined by the expressed
genomes of other interactors which are ecologically connected with such species
(Rowntree et al. 2011).

First articulated in 1992 by Antonovics, community genetics is a thriving
empirical as well as theoretical sphere of biology. Community genetics has provided
an innovative interpretation on the ramifications of intra-specific genetic variation of
focal species on the reproductive success, distribution, and survivorship of associated
communities (Whitham et al. 2003, 2006, 2008). Furthermore, a good body of
evidence has been provided through community genetics to support the concept of the
‘extended phenotype’ where the consequences of ‘within-species genetic variation’ of
a focal species (i.e. keystone species) can extend to affect other interacting species
beyond the level of the individual and population of that focal species (reviewed by
Agrawal 2003, Johnson and Stinchcombe 2007, Bailey 2011, Rowntree et al. 2011;
see also Strauss et al. 2005). It has been well demonstrated that the influence of intra-

specific genetic variation of keystone species can even extend across trophic levels to
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impact higher levels and hence influence an entire community or ecosystem (Whitham
et al. 2003, 2006).

The amalgamation of ecology, genetics, and evolution into the framework of
community genetics in both natural ecosystems and man-maintained agro-ecosystems
has become an irresistible demand for evolutionary ecologists and agronomists. This
is particularly applicable and useful for understanding the community dynamics of
ecological networks or communities subject to strong selective pressures (e.g. due to
anthropogenic impact; Neuhauser et al. 2003). That amalgamation is useful for
deciphering the complexity of species interactions as well as to further our current
understanding of the impact of genetic variation of focal taxa on species interactions
and vice versa (Hersch-Green et al. 2011, Rowntree et al. 2011). This is in addition to
exploring the plausible effects of intra-specific genetic variation on ecosystem
properties and services (Bailey and Whitham 2006a, Rowntree et al. 2011). However,
further research on economic crops and their herbivorous pests is needed. This is also
the case for contrasting community genetic effects with other ecological processes
such as competition in the presence and absence of environmental variation and
perturbation (Hersch-Green et al. 2011, Rowntree et al. 2011). For natural systems,
the impact of intra- and inter-specific variation on species associations in highly
complex systems such as tropical forests requires a better understanding of the
plausible linkage between genetic, species and geographic levels of diversity (e.g.

Zytynska et al. 2012).

An opinion on survival and phenotypic plasticity

Biological fitness basically entails the reproductive success and survival of an
organism and its offspring. Being fit correlates with being able to achieve adequate

reproductive success and successful transition from early developmental stages
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through to maturity. However, fitness presents a probabilistic concept because it
ripples between viability, fertility and fecundity (Jervis 2005, Rosenberg and
Bouchard 2010; see thesis appendix for a ‘potpourri’ of supporting definitions). As
such, plastic phenotypic traits should be favoured in order to encompass individual
versus group needs (Hamilton 1964, Dawkins 1982).

Phenotypic plasticity, by definition, describes the capacity of a genotype to
express a variety of phenotypes induced by environmental stimuli (Whitman and
Agrawal 2009). This capacity can be diverse, including adaptive responses in term of
ontogeny, physiology, morphology and behaviour. Furthermore, plasticity represents a
spectrum spanning continuous variation (standard plasticity) to discrete phenotypes
[polyphenism (i.e. extreme plasticity) such as alate production]; (Whitman and
Agrawal 2009). Such plastic response is observable in both the plant and animal
kingdoms; making the patterns of relationships between these two major groups
exceedingly complex (Sultan 2003, Borges 2005).

Aphids have highly versatile genomes fueling extensive morphological,
physiological and behavioural polyphenism (Moran 1991, Zera and Denno 1997,
Brisson and Stern 2006, Agrawala 2007). Thus, experience or preconditioning of an
adult can be transferred across generations to produce a range of highly plastic, and
thus adaptable, individuals (Dixon 1998, Dombrovsky et al. 2009). For example, in
response to declining host quality, aphid females are stimulated to produce plastic
offspring that can increase their chances of survival e.g. thrifty individuals that are
smaller in size and diligent in consumption of the available resource besides dispersal
morphs (Dixon 1977, 1987, 1998, Dombrovsky et al. 2009). A surprising observation
is that experience (behaviour) in this system can also be inherited as a trait to maintain

the ecological functionality of the specialised individual morphs within the clone
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(Dixon 1977, 1987, 1998, Dombrovsky et al. 2009; see also Odling-Smee 2007,
Odling-Smee et al. 2003).

To ensure longevity and continuity, an organism governed by trade-offs, is
expected to manage between evading enemies, maintaining reproduction and
sustaining the survivorship of juveniles (e.g. Dixon 1977, 1987, 1998; see also Eshel
et al. 1998). It is expected for genetically identical individuals of a specific lineage of
aphids to face a dilemma between intra- and inter-specific types of competition, where
changes in the negative interactions within the clone can become advantageous for the
population of a rival one (Smith et al. 2008). In this regard, the mathematical work
developed by Biirger (2002) may illuminate the premise that a putative interplay can
occur between additive genetic variation, competition and selection. Biirger (2002)
concluded that: “For equal effects, the equilibrium fitnesses of the genotypic values
exhibit disruptive selection if and only if competition is strong enough to maintain a
two-locus polymorphism. Interestingly, with unequal effects, disruptive selection may
be observed even if competition is not strong enough to change the equilibrium

maintained by stabilising selection alone”.

More on ecological interactions and ongoing change

In their efforts to replicate their genetic constitution species will develop a
changeable set of tactics and strategies while interacting with the environment they
populate. Consequently, species interactions, throughout the ecological networks they
comprise in both wild and arable systems, continuously induce changes in their
environment (biotic and abiotic) and, in turn, are changed by their environment. Such
actions will be responded to by the species sharing that selective environment and so
forth (Odling-Smee et al. 2003, Laland 2004, Juarrero 2010; see also Levin 1998).

The environment-modifying species are embedded within the environment they strive
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to modify (e.g. Juarrero 2010). Furthermore, the above mentioned cyclical relationship
encompasses positive and negative feedback loops between the selective environment
and the environment-modifying species a.k.a. ‘agents of change’ (Laland 2004,
Juarrero 2010). This can result in an endless co-evolution (e.g. Dawkins and Krebs
1979; but see Maynard Smith 1974).

The constant process of change and response to change correlates with the
entropy of the system (Mejer and Jergensen 1979, King 2003, Bonchev et al. 2005).
This process is also affected by the plasticity of the interactors and certainly the
genetic basis for their interactions (Antonovics 1992, Whitham et al. 2003, 2006,
Rowntree et al. 2011). This is also the case for systems where inter-players experience
strong or frequent interactions and escalating dependence on each other’s, or on the
genetics of a keystone species (e.g. host-parasite, plant-pest, epiphytes and their
associated invertebrate communities in the canopy; Moore 2002, Neuhauser et al.
2003, Whitham et al. 2003, Poulin 2006, Powell et al. 2006, Whitham et al. 2006).
Thus, a complex system could develop through which genetic variation within
ecologically important species will have a great influence on the productivity and
stability of the entire ecosystem (Whitham et al. 2003, 2006, Bailey 2011, Zytynska et
al 2012). In such systems simple relationships occur between species but may develop
in complexity, dependent on how adaptive or evolvable the interactions between the
species may be (Watts and Strogatz 1998, Yong and Miikkulainen 2001, King 2003,
Montoya et al. 2006, Yong and Miikkulainen 2007, Aratjo et al. 2008, Juarrero 2010,
Rawal and Rajagopalan 2010). In such a context, each party develops a response to
one or more other members of the community or ecological network. This should
depend on how complex and reticulate the ecological network is among the interacting
species (Montoya et al. 2006). Co-evolutionary interactions can occur between

community members, for example, between competitors or between hosts and
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parasites (Dawkins and Krebs 1979). However, one of the most pertinent requirements
for co-evolution to occur is genetic variation for phenotypic traits (e.g. Henter 1995,
Henter and Via 1995, Ferrari et al. 2006). This entails that a change in a trait will be
contingent on the presence or absence of, or degree in influence from, other
interacting species (Mauricio and Rausher 1997, Russo et al. 2005, Strauss et al. 2005;
but see Weiher and Keddy 1999, Ackerly 2003). It can also be argued that a portion of
the notable adaptive responses shown by aphids to the varying conditions they
experience can be attributed to the mutualistic symbionts they carry (e.g. Chen et al.
2000; see also McLean et al. 2011). However, it is not clear how the feedback from
symbionts can alter the evolution of the aphid clone (Alex et al. 2003).

Under these context-dependent conditions, community genetics is
progressively of heuristic importance for ecologists because this new frontier in
evolutionary biology provides an innovative toolkit of approaches in order to decipher
the complexity of species interactions under the influence of intra-specific genetic
variation (Agrawal 2003, Neuhauser et al 2003, Wade 2003, Whitham et al. 2003,
2006, Johnson and Stinchcombe 2007, Rowntree et al. 2011).

(See also the general thesis introduction for discussion of the prime perspectives of
community genetics).

The foregoing arguments demonstrate that fitness can vary depending on the
disparity of opportunities encountered by an organism or population (Watts and
Strogatz 1998, Araujo et al. 2008). It can be argued that parthenogenetic aphids
operate on the ‘selfish-gene’s agenda’ in that they display all the creative
combinations possible to ensure proliferation in order to remain fit and plastic
(Dawkins 1976). Genes have their own agendas when extending phenotypic
expressions and chances of proliferation of an organism, qua survival, beyond its

individual and population levels (Dawkins 1976, 1982). The effects may extend to
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influence entire communities and perhaps ecosystems (Whitham et al. 2003, 2006).
The gene’s goal is replication (i.e. continuity and survival). Whether the extended
phenotype of a gene increases the fitness (or not) of the individuals which carry them
in the short run is irrelevant. What does matter is how to extend the gene’s existence.
To do so, ‘replicators’ (sensu Dawkins 1982, Hull 1980, Jablonka 2004; see also
Laland 2004) can develop plasticity in morphology, physiology and behaviour to fulfil
their target of maximising their own fitness. This plasticity can be heritable, especially
in genomically versatile species such as aphids (Tagu et al. 2008). However, Jablonka
(2004) devised an extension to the gene’s eye concept of Dawkins by advocating a
‘hereditary suite’ of genetic, as well as alternative, routes [see also (Danchin et al.
2011)]. The ability of aphid clones to produce several environmentally stimulated
phenotypes that have the capacity to fine-tune their ‘repertoire’ (sensu Dombrovsky et
al. 2009) suggests that a set of shared (extended) phenotypes will emerge (Dawkins
1982).

Therefore, the genotypes associated with higher fitness are expected to become
more common since they can be associated with advantageous traits in the organism
itself or extended phenotypes shared with other interacting species (Dawkins 1982,
Whitham et al. 2003, Brodie 2005, Whitham et al. 2006). It may take a substantial
amount of investment to maintain a position or fitness status (Red Queen hypothesis;
Van Valen 1973), although a slower runner could win at some feedback crossroads
(Red King hypothesis; Bergstrom and Lachmann 2003). A continuum between
cooperation ie. conflict avoidance (e.g. Rajagopalan et al. 2010, 2011) and
antagonism (e.g. an evolutionary arms-race; Dawkins and Krebs 1979; see also Rawal
and Rajagopalan 2010) amongst the interacting species, when considered in

conjunction with community genetic effects, can perhaps help explain the complexity
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of the relationship between ecology and evolution (but see Pelletier et al. 2009,
Schoener 2011).

However, co-evolution is not only ‘pairwise’, but also can be ‘diffuse’ among
assemblages of species, and thus expected to be active within communities (Fox 1988;
see also Strauss et al. 2005). I advocate Stewart Brand’s comprehension of co-
evolution stating that: “Evolution is adapting to meet one’s need. Coevolution, the
larger view, is adapting to meet each other’s need.” [Quotation conveyed by Kelly
(1994)]. Such comprehension allows us to construe the causation for the emergence of
antagonistic as well as cooperative behaviours (Dawkins and Krebs 1979, Wade 2003,
Rajagopalan et al. 2010, 2011) and probable adaptations (Futuyma and Slatkin 1983,
Karban 1989, Kelly 1994; but see Nesse 2005).

As such, selection will favour the pay-off of the behavioural pattern opted for
(Dawkins and Krebs 1979, Abrams 1995, 2000, Weiblen 2003). On average, I tend to
adopt the opinion formulated on selection by Lewontin (1978): “...natural selection
over the long run does not seem to improve a species’ chance of survival but simply

enables it to ‘track’, or keep up with, the constantly changing environment.”

Community genetics vs. niche construction theory and eco-evolutionary dynamics;

integrity or contrast?

Niche construction (NC) represents a process where species go beyond
typological levels of interaction by modifying resources and conditions shared by
other species (i.e. environment), and hence engineering (altering) the selection
pressures (selection paradigms) imposed on themselves (Lewontin 1983, Odling-Smee
et al. 2003, Laland and Boogert 2008, Marquet 2009). While natural selection operates
through ‘Darwinian algorithms’ (Brodie 2005), niche construction activities, both

‘inceptive’ and ‘counteractive’, promote changes in states which in turn comprise the
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feedback loops which recalibrate the selective influence (Odling-Smee et al. 2003; see
also Brodie 2005). In parallel, these activities will fuse into a cyclical interplay with
selection (Laland 2004), fuelling and maintaining adaptation or maladaptation
(Lewontin 1978, Karban 1989, Ackerly 2003, Nesse 2005).

However, there is another school of thought close to that of NC; that is ‘eco-
evolutionary dynamics’ (Pelletier et al. 2009, Schoener 2011). The former and the
latter have coined their own terminologies, but they share several common factors in
theory and application, blurring the borders between these two sets of frameworks.

Niche construction can be considered synonymous with the term ‘ecosystem
engineers’ (Jones et al. 1994, 1997) and to some extent with the concept of natural
‘molecular geneticists’ (Bailey et al. 2004), where CG meets NC. Consider the impact
of'a beaver on a lake ecosystem, the indirect impacts of root-knot nematodes on plant
health/productivity and hence on plant associated communities (Odling-Smee et al.
2003, Whitham et al. 2003, Brodie 2005, Bailey and Whitham 2006b, Whitham et al.
2006, Kaplan et al. 2009). Moreover, interestingly, the articulation of EMGAs
(Environmentally Mediated Genotypic Associations; Odling-Smee et al. 2003) in NC
bears notable similarity with the ‘genetic basis of species interactions’ postulated by
CG researchers. The framework of NC also entails the concept of ecological
inheritance that implicates the maintenance of trans-generational functional,
ecological roles in response to specific environmental stimuli (Odling-Smee 2007,
Odling-Smee et al. 2003). This occurs through the transition of induced traits from
parents to offspring (in aphids usually from mothers to daughters) in order to increase
survivorship within communities (Odling-Smee 2007, Odling-Smee et al. 2003).
Ecological inheritance of NC in conjunction with genetic inheritance, form the most

complete picture (another basis where CG meets NC).

295



The perspectives proposed in NC and eco-evolutionary dynamics integrate
smoothly with those developed via community genetics regarding the functionality of
intra-specific genetic variation beyond the levels of species and population. However,
further research is needed to profoundly explore how species interactions affect
genetic variation and vice versa.

Furthermore, the general concept of the extended phenotype devised by
Dawkins (1982) outlines that the influence of a genotype (replicator) is not strictly
confined to the organism it represents [(see also the perspective devised by Hull
(1980)]. The ‘Cottonwoods research group’ formulated this concept into the platform
of community genetics by Whitham (2003, 2006, 2008) in order to describe how
genetic variation in keystone species can influence associated communities and
ecological processes and thus affect the entire ecosystem. Interestingly, this approach
led to the suggestion of community heritability (Dickson and Whitham 1996, Bailey et
al. 2006, Whitham et al. 2006), where functional associated ecosystems may be

‘inherited’ across generations (see the thesis introduction for further insights).

Final Remarks

My research in community genetics takes into consideration that part of each
organism’s biotic environment is the outcome of the interplay of the expressed
genomes of other organisms (Rowntree et al. 2011).

I ran experiments in simplified agricultural model systems and complex
tropical forest systems. The studies included the use of several genotypes (cultivars)
of two crops of global economic importance (the broad bean Vicia faba and the
tomato Lycopersicon esculentum). These species are important sources of food,
fodder, green manure, and also have industrial and medicinal applications. They are

grown in temperate regions in general and in Syria in particular. I also used important
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economic pests including generalist aphids, such as the pea aphid Acyrthosiphon
pisum Harris, the black bean aphid Aphis faba Scopoli, the vetch aphid Megoura
viciae Buckton, and the green peach aphid Myzus persicae Sulzer. In addition, the
root-knot nematode Meloidogyne hapla was used in a study on spatially separated
competition against community genetic effects and indifferent ecological effects
(IEEs). Root-knot nematodes (RKN) are a group of serious plant pests across the
globe (Bird 1996). These root-feeders are parthenogenetic and show a high level of
plasticity (Jammes et al. 2005). They manipulate their hosts through modifying the
genetics of the plant roots (Jammes et al. 2005). The infestation symptoms include the
formation of assimilate-sinks or knots (galls) in the infected roots, which serve to
maintain a food supply. These artificial sinks violate the normal plant metabolic
pathways and are considered to have tremendous effects on plant vigour and plant-
mediated effects (Kaplan et al. 2009).

Both the aphids and RKN used in the studies are considered amongst the most
noxious agricultural pests on the planet, which result in serious annual negative
impacts on crop yields, including in Syria (Oerke et al. 1994, Bird 1996, Blackman
and Eastop 2000).

The parasitoid wasp Aphidius ervi Haliday was also investigated as an aphid
natural enemy. Parasitoids show complex foraging and host manipulation patterns and
are proposed to show host preference (Godfray 1994, Shaw 1994, Quicke 1997,
Rehman and Powell 2010, Cheng et al. 2011). The relationship between parasitoids
and their aphid hosts is envisaged to follow a co-evolutionary arms-race trajectory
where each interactor strives to maintain the upper hand (Dawkins and Krebs 1979).
Recent studies advocated a genetic variation basis for the interaction (Henter and Via
1995, Ferrari et al. 2001). However, little is known about the effects of intra-specific

genetic variation on host manipulation by parasitoids and countermeasures displayed
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by hosts under attack. The elements of these systems, qualified in detail within the
chapters of the thesis, offer unique models for eco-evolutionary studies on the genetic
basis of species interactions at the crossroads between agronomy and community
genetics.

In tandem, composite field and lab work focused on the epiphytic tank-
forming bromeliad species Aechmea bracteata in the tropics (Belize). The aim was to
investigate the relationship between the genetics of bromeliads and the age-structured
species diversity of their associated invertebrate communities.

As such, my doctoral research provides clear support for the influence of
‘within-species’ genetic variation on species interactions. I also presented evidence for
a genetic variation basis for host manipulation by parasitoid wasps and demonstrated
the influence of community genetic effects on the above- and below-ground
interactions between sap feeding aphids and root-knot nematodes. My findings
support the emergence of shared (extended) phenotypes between the interactors
affecting potency of competition, behaviour and reproductive success of aphid species
and/or genotypes. Moreover, the indirect genetic effects displayed in my studies
across several cultivars of host plant have been rarely shown, particularly for the
interaction between aphids and root-knot nematodes that never meet but cohabit the
same plant. The findings also exemplify the genetic basis of the co-evolutionary-arms
race between the interacting species. In addition, they imply a probability for intra-
specific genetic variation to underpin the formation of guild (cooperative behaviour)
as an extended (shared) phenotype when competition effects and community genetic
effects modulate each other. The interpretations provided in each chapter-paper
highlight and provide mechanisms to understand the plausible shifts in the
antagonistic or synergistic nature of the relationships between species.

In conclusion, this doctoral research will increase our understanding of:
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a) The dynamics of Genotype x Genotype (G x G) and Genotype x Genotype x
Environment (G x G x E) interactions.

b) The fundamental basis of [Community Genetic effects (CG) x Competition].

b) The ecological genetics of the shared and extended phenotypes.

c¢) The genetic complexity of ecological interactions.

d) How pests and biological control agents (natural enemies) interact and co-evolve.
e) The relative impact of species assemblages on ecosystem properties and services.

f) The genetics of competition and Indirect Ecological Effects (IEEs).

Another facet of my research is to delve into the causation and teleology of the
paradigms observed. There is more than one explanation for a biological phenomenon.
A simple yet elucidating example in this regard is “why a bird migrates when winter
approaches”, well articulated by Mayr (1961); but see (Ariew 2003, Laland et al.
2011). Mayr (1961) dissected the causation of this phenomenon into ‘ultimate’ causes
(qua genetic and ecological causes) and ‘proximate’ causes (qua intrinsic and extrinsic
causes). As such, Mayr adopted Scriven’s definition of ‘cause’ to be “...a member of
a set of jointly sufficient reasons without which the event would not happen” (Mayr
1961, references therein). Surprisingly, such integration of elements for examining
and interpreting observations is unfortunately underused in evolutionary biology.
Nevertheless, the community genetics synthesis freely facilitates the use and
restructure of Mayr’s seminal work towards a much more inter-disciplinary
development of community genetics tools that can provide more maneuverability of
the investigation and interpretation of how intra-specific genetic variation affects
species interactions and vice versa.

Gradually, the research within the community genetics arena will allow us to
understand the genetic basis of the relationships among host plants, pests and natural

enemies. The community genetics toolbox of theory, empiricism and methodologies
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will also help in decoding the unknown facets of above- and below-ground plant-
mediated interactions. Thus, community genetics research helps evolutionary
ecologists and agronomists to establish collaborative modern laboratories that offer
un-paralleled possibilities for unravelling more threads of the interwoven interplay
between ecology and evolution (Rowntree et al. 2011).

I conducted further research on the influence of biotic heterogeneity on the
magnitude of community genetic effects besides a study on intra-guild competition at
the crossroads between community genetics and niche construction. In addition, I
accomplished an extensive study on aphid phenotypic plasticity and polyphenism
(induced plasticity by a wide spectrum of biotic and abiotic environmental stimuli).
The manuscripts for these experiments are still in preparation as time was insufficient
for their completion prior to submission of this thesis.

My foreseen future directions are to complete and publish several additional
articles produced throughout the research of this doctoral thesis. I am also in
preparation to go back home to Syria, once I obtain my degree, in order to work on the
foundation of my own community genetics research laboratory at the University of
Damascus.

Last, but certainly not least, I believe that the theoretical, ecological and
applied aspects of this work have numerous applications and will influence the
development of our current comprehension of how nature functions and how the
genetic variation in one organism influences the reproductive success and behaviour
of other organisms through reciprocal mediation.

A journey of a thousand miles commences with a smile and a single step.
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Appendix

Additional supporting notes and definitions on ‘Fitness’

““survival of the fittest; Spencer (1864) and “the fittest survive”; Mills and Beatty

(2006).

e Fitness:
“Fitness is a measure of the survival and reproductive success of an entity. This entity

may be a gene, individual, group or population.”; Day and Otto (2001).

e Absolute fitness and Relative fitness:
The term absolute fitness refers to the absolute number of copies
(offspring/descendants) of an entity. Absolute fitness represents the differential
reproductive success within generations and between generations. Furthermore, the
fecundity and survival of the replicated/propagated copies vary according to the
environment, spatiotemporal effects, and age-structured differences within
populations (Orr 2009); see also (Engen et al. 2009). Such differential fecundity and
survival will also be relative to genotype i.e. genotypes differ in their reproductive
values (Fisher 1930, Carroll and Corneli 1999, Day and Otto 2001, Orr 2009, Engen et

al. 2009).

e Reaction norms:
Norms of reaction are 'functions' that explain the differential expression of a focal
genotype across environments through relating environmental variation to phenotypic

variation (Carroll and Corneli 1999, Carr 2004; see also Stearns 1989, Whitman and
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Agrawal 2009). Reaction norms vary according to genotype within and between
generations/populations (Whitman and Agrawal 2009). The reaction norms may differ
relative to environment [e.g. spatial effects (Orr 2009), stochasticity (Engen et al.
2009)], and can be plastic between inter-players with greater capacity, possibly
leading to a state of 'plasticity co-evolution' between the interactors (Whitman and

Agrawal 2009).

e Phenotypic plasticity:
Phenotypic plasticity is the ability of a specific genotype to variably alter its
phenotypic expression in terms of physiology, morphology and behaviour in response

to environmental change (Whitman and Agrawal 2009, Fusco and Minelli 2010).

e Polyphenism:
Polyphenism is an extreme type of phenotypic plasticity explained by the
production/expression of phenotypes that are discretely plastic, e.g. the production of
winged morphs in aphids and the phase-dependent extreme plasticity of ‘solitarius’

and ‘gregarious’ locusts (Whitman and Agrawal 2009, Simpson et al. 2011).

e Canalisation:
It can be argued that ‘buffering’ the genetic replication (a.k.a. homeostasis) against
both environmental change and the selective forces requires balancing robustness in
one trait (trait-stabilising) while displaying plasticity in another (Sultan 1987, Carroll
and Corneli 1999, Whitman and Agrawal 2009). Such canalisation should be
underpinned with plasticity (maintenance of the ‘buffer’ effect); (Whitman and

Agrawal 2009, Bateson and Gluckman 2011). Therefore, canalisation and phenotypic
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plasticity (morphological, physiological and behavioural) should act in tandem and/or

reciprocate (Whitman and Agrawal 2009, Bateson and Gluckman 2011).

e Behavioural traits:
Behavioural traits are complex, context-dependent and cost-sensitive i.e. adjustable in
response to environmental cues, and thus varyingly plastic and strategic in order to
cope with the ongoing changes in the environment (Slobodkin and Rapoport 1974,
Carroll and Corneli 1999, Odling-Smee et al. 2003, Odling-Smee 2007, Bergmiiller

and Taborsky 2010, Gardner et al. 2011).

e The phenotypic gambit:
“The phenotypic gambit is a simplifying assumption that phenotypes of biological
interest are controlled by a simple genetic architecture, such that evolution proceeds
on an essentially adaptationist basis without being upset by recombination between

epistatically-interacting loci and other such factors”; Gardner et al. (2011).

e Multi-agent ESP (Multi-agent Enforced Sub-Populations), Emergence of
Cooperation and Guild-Fitness Reward*:

The fitness reward of functioning as a guild with reduction of conflict can be, under
specific conditions, high if contrasted with the state of being selfish or an antagonistic
inter-player (agent). Arguably, the fitness reward, ‘frivolous’, for cooperation entails
that conspecifics and probably heterospecifics can develop a set of different strategies
to maximise fitness through indirectly perceiving changes in the shared environment
brought about by other interactors, and hence act accordingly. Thus, a network of
interactions can develop comprising a complex system that is conceived to be adaptive

or evolving (Iseda 1996, Rees 2004, Yong and Miikkulainen 2009, Lieberman et al.
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2009, Juarrero 2010, Levin 1998). Surprisingly, cooperation may not follow
Hamilton’s rule of thumb on kin selection i.e. cooperation can emerge amongst
unrelated individuals under specific conditions (Fletcher and Doebeli 2009, Gardner et

al. 2011).

* “These roles are assigned through simultaneous adaptive ‘niching’: as one agent
begins to converge to a particular behaviour, the other agents that behave
complementarily are rewarded, and themselves begin to niche into such roles. This
adaptation in turn yields a higher fitness, and all predators begin to converge into
cooperative roles. In this way, a stigmergic form of coordination between team

members quickly emerges.”; Yong and Miikkulainen (2009).
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Box 1: Fitness; a set of definitions

Direct fitness: “The component of fitness gained from producing offspring; the
component of personal fitness due to one's own behaviour.”; West et al. (2007).
Indirect fitness: “The component of fitness gained from aiding related individuals.”;
West et al. (2007, 2011).

Kin selection: “Process by which traits are favoured because of their beneficial
effects on the fitness of relatives... The way in which natural selection may be
separated into direct and indirect components.”; West et al. (2007, 2011).
Greenbeard: “A hypothetical gene that causes in carriers both a phenotype that can
be recognised by conspecifics (a ‘green beard’) and a cooperative behaviour towards

conspecifics who show a green beard”; West et al. (2007).

Box1: Fitness; a set of definitions.

The definitions provided in Box 1 are adopted from the significant works of West et
al. (2007, 2011); see also (Oli 2003, Griffin and West 2002). The ‘greenbeard’ effect
entails relatedness through the function of ‘role’ rather than the effects exerted by a
neighbour (kin); (Queller 1985, Odling-Smee et al. 2003, Odling-Smee 2007,
Bergmiiller and Taborsky 2010, Gardner et al. 2011; but see below the ‘Neighbour-
modulated fitness’.

The concepts defined above shed light on further facets of the intricacy of fitness as a
concept. This set of definitions is pertinent to the supportive parts on fitness within
this appendix and in general discussion besides chapters one and two. Together, they
illuminate the term (fitness) as well as heighten the need to devise an amalgamated

approach in order to help further our understanding of the interaction between ecology
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and evolution. In this regard, I advocate community genetics a promising synthesis
that helps bridge the gap between theory and application in evolutionary biology.

e Neighbour-modulated fitness:
This term refers to the reproductive success due to ‘self*, and reproductive success due
to help from other interactors i.e. neighbours (Hamilton 1964a, Iseda 1996, West et al.

2007, Rosas 2010, West et al. 2011).

e Kin selection:
“Kin selection is the name of a process, parallel to Darwinian selection or natural
selection, that causes individuals to behave differently (and generally more
favourably) towards more closely than to less closely related conspecifics”; Graften

(2009); see also (Maynard Smith 1964) and Box 1 above.

e Inclusive fitness:
Hamilton (1964a,b, 1970) formulated a novel concept that is considered to be an
expansion for the current understanding of individual fitness. In his theory of kin
selection and the lesser known theory of “Neighbour-modulated fitness” (Iseda 1996),
Hamilton proposed that genes duplicate/replicate themselves through generations in
two ways:

1) Replication of the holder (self).

2) Increasing the chances of kin survival (replication of the relatives, i.e.

individuals that share varying portions of their genome).

As such, “inclusive fitness is the sum of direct and indirect fitness”; (Hamilton
1964a,b, Griffin and West 2002, Oli 2003, West et al. 2011). Hamilton’s theory of kin
selection should not be in conflict with the Darwinian perspective of natural selection.

This is because what appears to be suboptimal or fitness-minimised in the short term
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for a specific ‘kin’ (due to context-dependent conditions), can end up to be fitness-
optimising in the long term (see Dawkins 1979, Iseda 1996 and Graften 2009). This is
especially conceivable, as well as observable, in parthenogenetic aphids where
genetically identical copies, which occur solo or mingled with other congeners,
comprise populations of copies of ‘oneself’ (for each specific clone). In this regard, it
is no surprise that the gene’s eye view of evolution known as the ‘selfish gene agenda’
(sensu Dawkins 1976) including the expansion of the concept by Jablonka (2004), can
be considered with kin selection theory, to represent two opposing faces of a coin
(Iseda 1996, Lieberman et al. 2009; see also Dawkins 1979, 1981, 1982). Genes or
‘hereditary suites’ (sensu Jablonka 2004) strive to replicate and pass through

generations via different genetic and epigenetic routes.

e [Epigenetics:
“Epigenetics is the study of emergent properties in the origin of the phenotype in
development and in modification of phenotypes in evolution” as defined by

Hallgrimsson and Hall (2011).

e Note:

Genetically identical individuals comprise the clone in the case of
parthenogenetic aphids under preferable conditions, and obligatory parthenogenetic
aphids (i.e. aphids that display anholocyclic or incomplete life cycle); (Van Emden
and Harrington 2007). The more copies a genotype can produce, and the greater the
degree of plasticity in morphology, ontogeny, physiology and behaviour are
maintained, the fitter the genotype is, in such populations with high levels of

relatedness (e.g. Mondor and Messing 2007).
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Concluding remarks

The fitness of a focal genotype (aphid clone) can be explained by the number
of copies propagated (reproduction) and the survival of these copies (Crow and
Kimura 1970, Grant 1977, Sober 2006). Aphids increase the chances of their
reproductive success through:

a) Higher exponential rates of reproduction [viviparity and telescoping of
generations; (Dixon 1985, 1987, 1998)].

b) Intensive plasticity (morphological, ontogenetic, physiological and
behavioural); (Agrawala 2007, Whitman and Agrawal 2009).

Although certain expressed phenotypes such as alates are less fecund when
compared with apterae, alates are dispersive and therefore increase the chances of
survival of the clone when it is threatened by the presence of natural enemies or
resource depletion. What appears to be suboptimal from one perspective, may actually
be optimal from another, e.g. where alates, through dispersal, increase the fitness of
the clone and their wingless sisters concurrently. The same principle applies for
altruistic aphids, which commit suicide under parasitoid attack in order to increase the
probability of kin survival (McAllister et al. 1990; see also Hamilton 1964b). Another
key example in aphids is the development of abdominal cornicles, proposed by
Mondor and Messing (2007) to be determined by both direct and inclusive fitness, and
to be more pronounced under parthenogenesis. Similarly, based on the observations
made by Inbar and Wool (1995), it is probable that the length of stylets in gall aphids,
under competition, is shaped by both direct and inclusive fitness in order to maximise
resource utilisation, and hence reproductive success and survival.

In this sense, fitness can be interpreted as a “propensity” as proposed by Mills
and Beatty (2006). These authors elaborated on the ‘propensity’ qualification of

fitness by suggesting: “The fitness of an organism explains its success at survival and
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reproduction in a particular environment in the same way that the solubility of a
substance explains the fact that it has dissolved in a particular liquid. When we say
that an entity has a propensity (disposition, tendency, capability) to behave in a
particular way, we mean that certain physical properties of the entity determine, or are
causally relevant to, the particular behavior whenever the entity is subjected to

appropriate ‘‘triggering conditions.”’
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