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Foreword

While the twentieth century was the century when researchers tried to discover “the
general basic principles of organisms,” the twenty-first century is expected to be the
century when researchers try to understand “the evolution and diversity of organ-
isms” on the basis of such general principles of organisms by integrating various
disciplines such as morphology, physiology, and ecology.

The chief difficulty in studying “the evolution and diversity of organisms” lies in
the fact that we have to consider factors at various levels ranging from the genome
to the ecosystem. As taking various factors into account may cause a loss of focus,
traditional studies have been restricted to analyzing only one individual level or fac-
tor. However, unfortunately, the current research and education system based on
such a compartmentalized approach is inadequate for incisively studying “the evo-
lution and diversity of organisms.”

In order to solve these problems, we should strongly emphasize the necessity for
joint studies and integration of the education programs between micro-level biology
(genomic science, evolutionary developmental biology, genetic science, cell biol-
ogy, neurobiology, molecular physiology, and molecular evolutionary studies) and
macro-level biology (primatology, anthropology, ethology, environmental biology,
evolutionary taxonomy, and so on) to young biologists. We launched a new educa-
tion program in Kyoto University, called “Global COE program for Evolution and
Biodiversity Research” to promote such integrative studies at various levels, and
have succeeded in initiating novel currents of study of biodiversity that led rather
than followed those in the rest of the world. To this aim, we decided to publish six
books in “SpringerBriefs in Biology” which we hope will stimulate interest in such
novel approaches on the evolution and diversity of organisms in the world and
among young biologists.

In this book, we describe recent findings about how metagenomics studies are
revealing the previously unexplored hyperdiversity of tropical fungi, how herbi-
vore—plant interactions affect community/ecosystem genetics, and how diversifica-
tion and speciation occur in insects.



vi Foreword

First, we provide a literature review that not only includes patterns of fungal
diversity emerging from metagenomics but also summarizes methodologies that
will be of interest to readers who are studying mycology and ecology and are inter-
ested in this developing research field of biodiversity science. Previous studies of
fungal metagenomics using next-generation sequencing (NGS) techniques have
been carried out in temperate regions of Europe and North America. We describe
our research project which is unique in that it was performed in Asian tropical for-
ests that harbor an unexplored diversity of fungi. Canopy crane facilities were used
to access the canopy of tropical rainforests at heights of 30-50 m, and the data
obtained provide basic information useful for understanding the hyperdiversity of
tropical fungi.

Genetically controlled plant traits are well established as a fundamental determi-
nant of population, community, and ecosystem properties in terrestrial ecosystems.
For example, plant traits play an important role in determining above- and below-
ground community structure, litter decomposition processes, and nutrient cycling
(i.e., community/ecosystem genetics). It is important to recognize that herbivores
also play an important role in determining such properties through direct and indi-
rect interactions. Here, we review what is known about community/ecosystem
genetics and highlight how herbivores are important to modify the community and
ecosystem consequences of genetically controlled plant traits.

Insects account for more than half of the known species of organisms on our
planet, and the process of their diversification is a central issue of evolutionary biol-
ogy. Focusing on divergences in beetles’ ability to fly and in the reproductive season
of a moth group, we show that allopatric and allochronic speciation in insects can
be promoted by divergence in life-history strategy.

Kiyokazu Agata

Professor, Department of Biophysics, Kyoto University
Project Leader of Kyoto University Global COE program
“Evolution and Biodiversity”

Yoto ypivers



Preface

Understanding the present status of biodiversity and the evolutionary and ecological
processes creating enormous biodiversity on our planet is acutely important to con-
temporary biologists in the era of the biodiversity crisis caused by increasing human
impacts on natural environments. This book, Species Diversity and Community
Structure: Novel Patterns and Processes in Plants, Insects, and Fungi, deals with
three different approaches to contemporary issues in biodiversity research con-
ducted by three groups at Kyoto University. Because of the vast species richness and
the extreme complexity of biological interactions, biodiversity research includes
diverse subjects and methodologies.

First, revealing the precise species richness of different taxonomic groups, and
ultimately the total number of species on our planet at present, is an important
objective of biodiversity research. In this decade, DNA barcoding has become a
powerful tool to unveil species richness in various groups of organisms in lieu of
classical taxonomy based largely on morphological evidence. More recently, the
advances in high-throughput sequencing technologies have further accelerated the
speed of species inventory, especially for invisible microorganisms. Takashi Osono
and his colleagues at the Center for Ecological Research study species diversity and
functioning of fungi in Asian regions using metagenomic approaches. In Chap. 1,
Osono reviews the current status and methodological aspects of the fungal diversity
research, especially the metagenomic approach using 454 pyrosequencing. He dis-
cusses potentials and problems in the metagenomic studies of fungi.

Complex ecological and evolutionary interactions between plants and herbivo-
rous insects can affect community structures and ecosystem functioning. Recent
studies in community and ecosystem genetics shed light on these complex interac-
tions with novel approaches incorporating genetic perspectives. Hideki Kagata and
his colleagues at the Center for Ecological Research have conducted experimental
studies to reveal the interrelationship among herbivore traits, plant traits, and arthro-
pod community structure, considering genetic variation and phenotypic plasticity in
plant defenses against herbivores. In Chap. 2, Hideki Kagata, Yoshino Ando, and

vii
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viii Preface

Shunsuke Utsumi review various aspects of the study of complex interactions
between herbivorous insects and plants in the community and ecosystem contexts.

Lastly, the speciation process is a central topic in the study of biodiversity, as
species diversity on our planet cannot increase without speciation. My colleagues
and I in the Department of Zoology have studied various aspects of speciation in
insects related to adaptation through natural and sexual selection. Here I introduce
two of our recent studies on the speciation processes, which are related to particular
life history evolutions. First, the hypothesis that evolution of flightlessness in
winged insects can promote allopatric speciation is examined in beetles, one of the
most species-rich insect groups. Second, I demonstrate that climatic disruption of
reproductive period leads to allochronic speciation in a winter moth group and sug-
gest that temporal isolation provided by periodical climatic harshness in a seasonal
environment may have promoted diversification of insects. These aspects of specia-
tion through particular life history evolution may be important in diversification of
insect species in heterogeneous environments in space and time.

Kyoto, Japan Teiji Sota
on behalf of all the authors
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Chapter 1
Metagenomic Approach Yields Insights
into Fungal Diversity and Functioning

Abstract Recent advances in molecular biological methods have drastically
changed our understanding of the diversity, phylogeny, ecology, and evolution of
fungi. The purpose of this chapter is to address recent progress in our knowledge
about the biodiversity of fungi, with emphasis on the potential impact of pyrose-
quencing to estimate fungal diversity in environmental samples. Progress in DNA
sequence-based techniques notably enables us not only to overcome potential flaws
of traditional mycological techniques but also to evaluate fungal richness more effi-
ciently and reliably. Especially, the development of next-generation sequencing
technologies has revolutionized large-scale sequencing of environmental fungal
DNA. A number of papers have been published regarding metagenomic analysis of
fungal diversity in environmental samples, using Roche 454 pyrosequencing since
2009. The number of publications on fungal metagenomics will be accelerated, but
there are potential methodological difficulties that have not been solved yet. DNA
barcoding with universal genetic markers and high-quality sequence databases
becomes more important as reliable taxonomic affiliations of numerous MOTUs are
necessitated. Further studies are needed to test the applicability of pyrosequencing
to such hot spots of fungal diversity as tropical forests and to explore functional
aspects of fungal populations.

Keywords Biodiversity ® Fungi ® Metagenomics ® Next-generation sequencing
* Pyrosequencing

1.1 Introduction

Recent advances in molecular biological methods have drastically changed our
understanding of the diversity, phylogeny, ecology, and evolution of fungi. The purpose
of this chapter is to address recent progress in our knowledge about the biodiversity
of fungi, with emphasis on the potential impact of pyrosequencing to estimate

T. Sota et al., Species Diversity and Community Structure: Novel Patterns 1
and Processes in Plants, Insects, and Fungi, SpringerBriefs in Biology,
DOI 10.1007/978-4-431-54261-2_1, © The Author(s) 2014
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fungal diversity in environmental samples. This metagenomic approach will provide
light to guide future explorations of yet-to-be-discovered fungal diversity in biodi-
versity “hot spots,” such as the canopy of tropical forests, and may be useful for
investigating functional aspects of fungal diversity.

After briefly introducing fungal diversity, I summarize methods to study fungal
diversity and our current understanding of the global fungal inventory to highlight the
potential applicability of pyrosequencing to studying the biodiversity of fungi. Then I
synthesize papers on fungal metagenomics published since 2009 to show the broad
usefulness of pyrosequencing and DNA barcoding for the study of fungal diversity in
environmental samples and address methodological difficulties yet to be solved.
Finally, I discuss future directions related to the application of pyrosequencing for
assessment of tropical fungal diversity and of the functioning of fungal populations.

1.2 An Overview of Fungal Diversity and Functioning

Fungi are heterotrophic, eukaryotic microorganisms comprising molds, mushrooms,
yeasts, and lichens. They have remarkably diverse life histories that make indis-
pensable contributions to the maintenance of ecosystems and human life (Stajich
et al. 2009). According to the latest Dictionary of the Fungi (Kirk et al. 2008), fungi are
defined as those organisms without plastids, having absorptive nutrition (osmotro-
phic), never being phagotrophic, and lacking an amoeboid pseudopodial phase.
Fungal cells are microscopic and are mostly either hyphae that grow at their tips and
branch to produce multicellular mycelia, or unicellular yeast that duplicates by
budding (Jennings and Lysek 1999). The essential nutritional mode of fungal cells
is that they excrete a suite of extracellular enzymes that break down organic mole-
cules in the environment and thereby enable the absorption of substrates through the
cell wall for intracellular metabolism.

Fungi are diverse in terms of their phylogeny and taxonomy. The origin of fungi is
estimated to date back to approximately a billion years ago, give or take 500 million
years (Taylor and Berbee 2006). Ancestral fungi, possibly aquatic, unicellular eukary-
otes making sporangia containing zoospores (Cavalier-Smith 1987), have now diversi-
fied into several major branches, which are divided into two major groups, basal fungi
and dikarya, according to the Fungal Tree of Life project (James et al. 2006; Hibbett
et al. 2007). The basal fungi have several major clades, including Chytridiomycota,
Blastocladiomycota, Neocallimastigomycota, which were formerly classified into the
traditional Chytridiomycetes, and Mucoromycotina, Kickxellomycotina, Zoopagomycotina,
Entomophthoromycotina, and Glomeromycota, which were formerly classified into the
traditional Zygomycota. The Dikarya is a subkingdom embracing the two largest fungal
phyla, Ascomycota and Basidiomycota, which typically have cells with two nuclei
(dikaryons).

Fungi are diverse in their functioning, as interaction with other life is crucial for
the heterotrophic lifestyle. Fungal hyphae are an adaptive form that allows exten-
sion on the surface and penetration of the internal tissues of other larger organisms,
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such as plants, animals, and fungi themselves. Yeasts are suitable for dispersal and
reproduction in the liquid phase, such as the sap of plants and body fluids of animals.
Those fungi that live on living organisms are called parasites. Some parasitic fungi,
such as mycorrhizal and endophytic fungi, are regarded as mutualistic symbionts as
they provide net benefits to their hosts at the expense of costs of photosynthetic
assimilates supplied to the fungal parasites. Parasites that are harmful to their hosts,
such as rusts and smuts, are known as pathogens. In contrast, fungi are called sap-
robic when they live on dead organisms. Saprobic fungi have become equipped
during their evolutionary history with an array of extracellular enzymes, such as
ligninases, some of which are unique to the kingdom Fungi (Zamocky and Obinger
2010) and play crucial roles in the turnover of organic matter in soils (Sinsabaugh
2010). This supports the general notion that fungi are primarily effective decompos-
ers in ecosystems (Boddy et al. 2008). Lichens are composite organisms in a sym-
biotic association between a filamentous fungus (mostly in the Ascomycota) and a
microalga and/or a cyanobacterum, and are unique in that they are primary produc-
ers in terms of their functioning in ecosystems (Lutzoni and Miadlikowska 2009).

Because of their unique functions, fungi are an indispensable component of eco-
system services for human well-being. For example, saprobic activities of decom-
poser fungi ensure the transformation and accumulation of soil organic matter and
the recycling of essential nutrients in plant-soil systems, thus contributing to such
regulating and supporting services as primary production, carbon sequestration and
decomposition in soils, and purification of water through soil humus. Fungi account
for provisional services through the production of edible mushrooms and alcohol as
foods and drinks, the activity of transforming and detoxifying pollutants, and the
ability to produce pharmaceuticals and biochemicals as secondary metabolites.
Regarding the last of these abilities, bioactive natural products from endophytic
fungi (latent invaders of healthy-looking plant tissues) are attracting particular
attention (Aly et al. 2010). Fairy rings, naturally occurring rings or arcs of mush-
rooms, are a good example of cultural services that fungi provide, as they give spiri-
tual inspiration and play a prominent role in European folklore as places where
elves dance. Hence, fungi in natural ecosystems are diverse in their benefits to and
intimate associations with human beings.

1.3 Methods to Study Fungal Diversity

Several approaches have been proposed and adopted to study species richness of
fungi in various environments and are broadly divided into mycological and molec-
ular biological techniques (Fig. 1.1). These approaches have both usability and limi-
tations that have been documented repeatedly in the literature (Gams 1992; Hibbett
etal. 2011; Su et al. 2012) and are summarized here briefly.

Traditional mycological techniques to delimit, describe, identify, and enumerate
fungal species involve direct morphological observation of macroscopic and micro-
scopic structures of reproductive organs, such as fruiting bodies of macrofungi.
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Fungal Diversity

| |

| Mycological techniques | | Molecular techniques |
Direct Isolation & DGGE Next generation
observation incubation T-RFLP sequencing
ARISA
Clone library

Fig. 1.1 Representative methods to study fungal diversity

Microfungi present in soils and animal and plant tissues (e.g. leaves, stems, and
roots) are isolated from these substrata first, and then incubated on nutrient media to
induce the formation of reproductive structures, such as conidia and conidiophores,
before the identification. Morphological observations are essential for taxonomic
species identification but require knowledge and professional experience regarding
fungal taxonomy. Major flaws of mycological techniques include difficulties in
detecting cryptic species and uncultivable species, and the selectivity of nutrition
and culture conditions during the isolation and incubation.

Molecular biological techniques involve the measurement of biochemical mole-
cules representative of fungal taxa (i.e. biomarkers), such as amino acid composition
and deoxyribonucleic acid (DNA). Progress in DNA sequence-based techniques
now notably enables us not only to overcome potential flaws of mycological tech-
niques but also to evaluate fungal richness more efficiently and reliably. Common
DNA sequence-based approaches to the study of fungal diversity are denaturing
gradient gel electrophoresis (DGGE), terminal restriction fragment length polymor-
phism (T-RFLP), automated ribosomal intergenic spacer analysis (ARISA), and
clone library methods (Okubo and Sugiyama 2009; Goel et al. 2011). More recently,
the development of next-generation sequencing (NGS) technologies has revolu-
tionized large-scale sequencing of environmental microbial DNA. NGS employs
newer methods than the automated Sanger method, which is referred to as a “first-
generation” technology. A suite of NGS platforms is currently available (Glenn
2011), including Applied Biosystems SOLiD, Illumina Sequencing, and 454 Life
Science/Roche massively parallel pyrosequencing. The common primary advantage
of NGS over the “first-generation” method is the inexpensive and rapid production
of large volumes of sequence data. That is, NGS has drastically increased the
number of bases obtained per sequencing run and decreased the cost per base
(Metzker 2010). NGS is multipurpose and has been used for genome analysis (Voigt
and Kirk 2011), isolation of microsatellite markers (Malausa et al. 2011), and
metagenomics. Especially, NGS has greatly facilitated metagenomic studies of
microbes in environments, first for prokaryotes and recently also for eukaryotes
(Nowrousian 2010). Roche 454 pyrosequencing is the only platform yielding DNA
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templates [about 250 base pair (bp)] long enough to be considered for rigid use in a
species-level barcoding framework and suitable for fungal metagenomics of
environmental samples. The application and usefulness of 454 pyrosequencing for
fungal metagenomics was briefly summarized in Hibbett et al. (2011) and will be
reviewed in more detail in the next section of this chapter.

1.4 How Many Fungal Species on the Globe?

A number of estimates have been proposed for the magnitude of fungal diversity in
the world. Hawksworth (1991) is a landmark paper that proposed the commonly
referred to figure of 1.5 million (M) estimated fungal species. This figure was based
primarily on the observed ratio between the species richness of vascular plants and
fungi in countries where fungal inventories had been sufficiently well established
(e.g. one plant to six fungal species in the British Isles). The local plant-to-fungi
ratios were then extrapolated to a conservative number of known vascular plant
species worldwide to give the 1.5 M estimate of fungal richness. A decade later,
Hawksworth (2001) revisited this and other 14 global richness estimates (ranging
from 0.5 to 9.9 M) published since 1990 and argued that it is prudent to retain 1.5 M
as the current working hypothesis for the number of fungi on the earth. Hawksworth
(1991, 2001) discussed limitations and potential critiques of this “diversity ratio”
approach and suggested the need for further inventories at “hot spots” of fungal
diversity, such as live leaves on the canopy of tropical forests, which are believed to
harbor potential hyper-diversity of endophytic fungi (Blackwell 2011).

Using a similar “diversity ratio” approach, Schmit and Mueller (2007) estimated
the “lower limit of global fungal diversity.” This study combined individual esti-
mates of global species richness for major fungal groups that are better known in
terms of the inventory and geographic distribution (e.g. macrofungi, lichens, and
aquatic fungi) and took regional variations (e.g. temperate versus tropical area) of
plant-to-fungi ratios for these groups into account. Using conservative assumptions
at all stages of analyses, Schmit and Mueller (2007) reached 0.71 M as a minimum
number of fungal species.

The most recent study (Mora et al. 2011) used a different method to estimate the
global number of eukaryotic species and predicted the species richness of fungi to
be 0.61 M and that of all eukaryotes to be 8.7 M. Data of “valid” species available
in the database Catalogue of Life (as of 2006) were used in this analysis. Firstly,
asymptotic parametric regression models were applied to the temporal accumula-
tion curve (from AD 1750 to 2006) of each taxonomic rank (phylum, class, order,
family, and genus) for major taxonomic groups (e.g. Animalia, Plantae, Fungi) to
predict the asymptotic number of these taxa. Then, these asymptotic numbers were
regressed with the hyper-exponential function against their numerical ranks from
one (phylum) to five (genus), and the resulting regression model was used to extrap-
olate to the species level (rank=0) to obtain the estimated number of species for
fungi and other taxonomic groups. It is unclear whether the estimate (0.61 M) for
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fungi was an underestimate or not, but it appears to be preliminary for two reasons.
First, this calculation was based on data of 43,000 species that was rather limited, as
currently 97,861 (about 0.1 M) fungal species are described (Kirk et al. 2008).
Secondly, the fits of asymptotic parametric regression models for fungal family and
genus were low, probably because many families and genera are yet to be described.
This made the predictions of the asymptotic number of these taxa, and the extrapo-
lated number of fungal species as well, unreliable. Nevertheless, Mora et al. (2011)
is useful as it presented an alternative approach for the estimation of the global
number of fungal species.

How can recent advances in the analysis of environmental DNA contribute to the
global richness estimate of fungi? O’Brien et al. (2005) performed a clone library
method to evaluate soil fungal diversity in two temperate forests. A total of 863 fungal
ITS sequences were obtained and classified into 412 sequence types (threshold at
97 % similarity), which included unidentifiable sequence types at high rates. Then, the
ratios of ITS-based estimates of soil fungal richness to vascular plant richness of
the study sites were extrapolated to worldwide vascular plant species richness.
This yielded tentative estimates of global soil fungal species richness ranging from
3.5 to 5.1 M, which falls within the range summarized in Hawksworth (2001).

These estimated numbers of global fungal species richness (0.5-9.9 M) go far
above the number of fungal species catalogued so far (0.1 M, Kirk et al. 2008).
Using the number of described species and the current rate of description of new
species (1,196 species per year averaged for the last 10 years), Hibbett et al. (2011)
noted that it would take 1,170—4,170 years to describe 1.5-5.1 M fungal species.
Obviously, the pace of species description should be accelerated dramatically to com-
plete the global fungal inventory. This calculation led Hibbett et al. (2011) to argue the
need for formal naming of environmental fungal DNA sequences and possible options
for sequence-based classification systems of fungi, as the database of molecular
operational taxonomic units (MOTUs) obtained from environmental samples with
NGS is anticipated to expand soon (see the next section).

1.5 Fungal Metagenomics and Methodological
Considerations

A total of 24 papers have been published regarding metagenomic analysis of fungal
diversity in environmental samples, using 454 pyrosequencing (as of January 10,
2012; Table 1.1). The samples analyzed included plant roots and soils, as well as
plant leaves, indoor dust, oral rinse of humans, animal feces, and lake water. Most
of the publications came from temperate regions, while two studies were carried out
in tropical regions (Tedersoo et al. 2010; Arfi et al. 2012) and two studies comprised
intercontinental comparison (Amend et al. 2010b; Moora et al. 2011). The genetic
markers used were ITS1 (11 cases), ITS2 (six cases), SSU or 18S (nine cases), and
large subunit (LSU) or 28S (four cases) regions of nuclear ribosomal DNA (nrDNA)
(Fig. 1.2). As many as 300,000 DNA sequences per study and 50,000 per sample
were analyzed for fungal MOTU richness in these studies.
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Fig. 1.2 Schematic diagram of nuclear ribosomal DNA (nrDNA) of fungi. The nuclear multicopy
rDNA repeat codes for several ribosomal RNAs (rRNAs), such as small subunit (SSU), 5.8S, and
large subunit (LSU). The tandem repeat includes two spacer regions, the intergenic spacer (IGS)
and the internal transcribed spacer (ITS). The black arrow indicates a commonly used barcode
region spanning ITS1, 5.8S, and ITS2. Modified from Fig. 1.2 of Begerow et al. (2010)

A variety of pipelines and bioinformatic tools were used to check quality and
classify fungal DNA sequences into MOTUs, adopting the threshold of 95-98.5 %
sequence similarity (Table 1.1). Applying average values of intraspecific ITS vari-
ability of Ascomycota and Basidiomycota (97-98 % similarity; see below) and a
SSU or LSU variability of Glomeromycota (97 % similarity), each study encoun-
tered as many as 100 MOTUs for arbuscular mycorrhizal fungi, 1,000 MOTUs for
ectomycorrhizal fungi, 3,000 MOTUs for soil fungi, and 3,500 MOTUs for fungi
associated with aerial plant parts (Table 1.1). These MOTU numbers explicitly
illustrate the efficiency and usefulness of 454 pyrosequencing as a descriptor of
fungal diversity in environmental samples. Hibbett et al. (2009) referred to this situ-
ation as: “fungal ecology catches fire.”

The number of publications on fungal metagenomics will be accelerated in the
near future, but there are potential methodological difficulties that have not been
solved yet, such as the threshold level of MOTU similarity, the choice of genetic
marker, and the handling of singletons. Firstly, it is difficult to apply a single unifying
yet stringent upper limit for intraspecific variability to a mixture of fungal MOTUs in
environmental samples. Obviously, the number of MOTUs increases with the level
of threshold for sequence similarity. Tedersoo et al. (2010) and Lentendu et al. (2011)
showed that the number of MOTUs increased abruptly when the ITS1 barcoding
threshold exceeded 97 %. As shown in Table 1.1, the studies on arbuscular mycor-
rhizal fungi consistently used the 97 % criterion for SSU rDNA of the Glomeromycota.
However, the other studies varied in the threshold levels (Table 1.1), making the
direct comparison of MOTU richness difficult.

In fact, the degree of intraspecific ITS variability differs widely at the fungal
species level and at higher taxonomic levels. Nilsson et al. (2008) quantified the
intraspecific ITS variability in all fungi for which sequence data were available
through the International Nucleotide Sequence Database (INSD). Analyzing the data
of 4,185 species, the intraspecific sequence variability was found to range from
0.0 % (Filobasidiella neoformans, n=114) to 24.2 % (Xylaria hypoxylon, n=13),
with a grand average (+ standard deviation) of 2.51+4.57 % for 4,185 species.
The intraspecific variability was not clearly correlated with the taxonomic affiliation
or nutritional mode of the taxa. Species in the comparatively well-studied
Ascomycota (an average of 1.96 % for 2,509 species), Basidiomycota (3.33 %,
1,582 species), and Zygomycota (3.24 %, 60 species) stood out as less variable than
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those in Chytridiomycota (5.63 %, 11 species) and Glomeromycota (7.46 %, 23
species). The result of Nilsson et al. (2008) implies a necessity to apply different
threshold levels to delimitate fungal MOTUs that belong to different taxonomic
groups constituting fungal assemblages in environmental samples.

In another study, Hughes et al. (2009) measured the percentage base heterozy-
gosity (sequence divergence) of haplotypes of the ITS region derived from a single
fruit body of Basidiomycota to represent genetic variation within the same biologi-
cal species. The percentage varied from 0.17 to 3.27 % for 100 randomly collected
fruit bodies, 97 of the 100 fruit bodies had percentage <2 %, and 99 had <3 %.
The authors suggested similarity threshold 97-98 % for species in Basidiomycota
inhabiting their study site, which was similar to the grand average for Basidiomycota
in Nilsson et al. (2008). Still, it is difficult to relate MOTU richness directly to species
richness because the threshold of sequence similarity is not consistent across differ-
ent species (Nilsson et al. 2008).

Secondly, use of different genetic markers leads to noticeable differences in
taxonomic composition of fungal communities evaluated with 454 pyrosequencing
(Lumini et al. 2010; Mello et al. 2011; Arfi et al. 2012). Lumini et al. (2010) com-
pared arbuscular mycorrhizal fungal diversity using two primer pairs, namely, NS3-
AMmix (a mixture of AM1, AM2, and AM3), which gave longer but fewer
amplicons, and AMV4.5NF-AMDGR, which gave shorter but more amplicons
(Table 1.1). The authors noted that a completely satisfactory primer pair was not yet
available and that the use of multiple sets was a good strategy for 454 pyrosequenc-
ing of arbuscular mycorrhizal fungi. Mello et al. (2011) used two genetic markers,
ITS1F-ITS2 and ITS3-ITS4, for amplification of the ITS1 and ITS2 regions, respec-
tively, and showed that the pair ITS1F-ITS2 was more specific for fungi (i.e., pro-
duced fewer non-fungal sequences) and produced a higher number of sequences
than the pair ITS3-ITS4 (Table 1.1, Fig. 1.2). The class composition changed
depending on the pair, and the relative proportions of Dothidiomycetes and
Eurotinomycetes were greater in the ITS2 than in the ITS1 regions. Arfi et al. (2012)
used two pairs of primers to amplify the ITS and SSU V5-V7 regions of rDNA and
sequenced the amplicon libraries from both their 5" and 3’ ends to obtain the ITS1
and ITS2 regions of the ITS amplicons and the V5 and V7 regions of the SSU
amplicons (Table 1.1). The resulting four datasets differed in several abundant taxo-
nomic orders, partly due to the difference in the data availability of reference data-
bases. Similarly to Lumini et al. (2010), Arfi et al. (2012) suggested that using
multiple primers is a way to enhance the quality of the description of the taxonomic
composition of fungal communities.

Thirdly, there is another difficulty in the handling of singletons. Singletons are
MOTUs consisting of only one sequence read. In any 454 dataset, singletons account
for less than a few percent in terms of the number of reads but for more than 50 %
in terms of the number of MOTUs (Table 1.1). The overwhelming richness of single-
tons prevents rarefaction curves from reaching asymptotes and makes the richness
estimation less reliable. This particularly holds true for fungal communities in soils
and in the phyllosphere especially where fungal hyper-diversity is expected
(Jumpponen and Jones 2009, 2010). Some authors regarded singletons as artifacts
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Table 1.2 Summary of elements that Nilsson et al. (2011) suggested all next-generation
sequencing studies of fungal communities should report in a clear and comprehensive way

Step Elements to report on
Filtering, denoising, and availability Raw sequence data file
of sequence data Filtering and trimming

Sequence denoising
Number of discarded and retained sequences

Sequencing depth
FASTA file
Analysis and taxonomic assignment Details of the genetic marker used
of sequence data Type and specifics of sequence clustering

Sequence data used for taxonomic annotation

Specification of the taxonomic reference database

Specification of the taxonomic annotation procedure

Handling of singletons and MOTUs with few reads
Post-clustering/taxonomic results Count of MOTUs recovered

List of MOTUs recovered

Taxonomic affiliations

Proportion of fully identified MOTUs

Phylum-level distribution

and excluded them from data analysis because they contained a strongly elevated
proportion of insertions compared with natural intra- and interspecific variation
(see Tedersoo et al. 2010). However, there has been no consensus as to whether, or
how many, singletons can be regarded as artifacts and thus biologically meaningless.

A few attempts have been made to compare the results between 454 pyrose-
quencing and other molecular biological methods (Fig. 1.1). Tedersoo et al. (2010)
examined the fungal diversity on ectomycorrhizal root tips in a tropical rainforest
with pyrosequencing and the traditional Sanger sequencing. Both methods yielded
qualitatively similar results, but there were slight, but significant differences in the
taxonomic composition of the fungal community. Ovaskainen et al. (2010) applied
both 454 pyrosequencing and DGGE to the fungal community in Picea abies logs.
More fungal species were successfully identified with 454 (30 sp.) than with DGGE
(9 sp.), with eight species being common to the two methods. To the knowledge of
the author, no studies have compared the fungal community between 454 pyrose-
quencing and mycological incubation-isolation methods (Fig. 1.1).

Nilsson et al. (2011) argued a need for a standardized procedure to describe and
publish NGS datasets of fungal communities and proposed elements that should be
specifically reported so as to deliver data and results in a clear and comprehensive
way (Table 1.2). This would make the data and results available to the scientific
community and would be useful for further comparisons of datasets from different
empirical studies (e.g. Unterseher et al. 2011). Unterseher et al. (2011) compared
the patterns of diversity of phyllosphere, ectomycorrhizal, and arbuscular mycor-
rhizal fungi examined with pyrosequencing and published in different papers.
The rarefaction curve for arbuscular mycorrhizal fungi displayed a long and stable
plateau, and four models of richness estimators predicted that the MOTU richness
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was saturated at about 10,000 reads. In contrast, phyllosphere and ectomycorrhizal
fungal communities were slightly to strongly undersampled, as the richness estima-
tors predicted 58-90 % and 85-97 % inventory exhaustiveness, respectively, despite
the analysis of 18,000—40,000 reads. Another caution that should be borne in mind
in the analysis of fungal communities sampled with 454 pyrosequencing is that
the number of 454 reads does not always reflect the abundance of templates of
particular MOTUs in the samples examined (Amend et al. 2010a) but can be
artificial due to PCR bias caused by mismatches and taxonomic affinities of primers
(Bellemain et al. 2010).

1.6 DNA Barcoding of Fungi

DNA barcoding refers to a mechanism for rapid and accurate species identification
based on a short standardized DNA sequence (usually 500—800 bp long) that cor-
responds to the same locus for all species included in particular taxonomic groups
(Valentini et al. 2008). DNA barcoding has remarkable potential as a tool to facilitate
identifying fungal species, as fungi are mostly inconspicuous or microscopic and
have morphologically very similar species (Seifert 2009). The applicability of DNA
barcoding has been confirmed for the identification of lichenized fungi (Kelly et al.
2011). The importance of DNA barcoding is becoming clear as the new high-
throughput parallel pyrosequencing of fungal DNA from environmental samples
becomes popular and as reliable taxonomic affiliations of numerous MOTUs are
consequently necessitated (Tables 1.1 and 1.2). The usefulness of DNA barcoding
of fungi largely depends on (1) the choice of genetic marker that is amplified with
robust primers for fungal groups of particular interest or with universal primers for
all fungal groups and (2) the development of high-quality sequence databases that
contain fully identified sequences (FIS).

Several DNA regions have been used as genetic markers of fungi, such as ITS
(including 5.8S) region, SSU, and LSU (including two variable subregions called
D1 and D2) of rDNA (Fig. 1.2), p-tubulin, elongation factor 1a (EF1a), actin, and
RNA polymerase II second largest subunit (RPB2). The difficulties of finding the
appropriate marker(s) have not been completely resolved, but the ITS region of
nrDNA is the preferred universal DNA barcoding marker of fungi commonly used
for the identification of both single taxa and mixed environmental templates. The
ITS region has such advantages as (1) it is easily amplifiable with universal primers
(Bellemain et al. 2010; Eberhardt 2010), (2) it has resolution at various scales (ITS1,
rapidly evolving; 5.8S, very conserved; ITS2 moderately rapidly to rapidly evolv-
ing) (Nilsson et al. 2008), and (3) a wealth of sequence data is available in databases
(Begerow et al. 2010, see below). On the other hand, the ITS region has disadvan-
tages of relatively short length of amplicons (500 bp on average; Seifert 2009) and
potential PCR biases (Bellemain et al. 2010). The LSU has been the standard marker
for identification of yeasts (Seifert 2009). Cytochrome ¢ oxidase subunit I (COI) of
mitochondrial DNA, a universal DNA barcode for animals and algae (Chase and
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Fay 2009), was shown to be appropriate only for a few fungal groups, such as
Penicillium (Seifert et al. 2007), and is believed to be unsuitable as a universal
marker because multiple copies and introns have been reported (Seifert 2009;
Begerow et al. 2010; Dentinger et al. 2011).

Previous studies are inconsistent with the usefulness of ITS as a MOTU identifier
for ecological and biogeographical purposes. Taylor et al. (2006) claimed that
molecular phylogenetic recognition of fungal species using an array of genetic
markers including ITS is generally useful in distinguishing multiple endemic spe-
cies within a single cosmopolitan fungal species complex defined by their morphol-
ogy. Contrary to this, Gazis et al. (2011) performed multilocus phylogenetic
analyses (gpd, ITS, and ref1) for fungal isolates of three endophytic fungal species
complex and demonstrated that ITS alone underestimated the number of MOTUs
predicted by the other nuclear loci and had low resolution to detect host specificity
and geographical distribution.

The sequence length of amplicons is crucial for the reliability of DNA barcoding.
Min and Hickey (2007) examined the effect of reducing the length of five fungal
mitochondrial genes on the utility of the data for DNA barcoding. The reduction in
sequence length diminished the accuracy of resulting phylogenetic trees but still
yielded accurate species identification. It is unclear whether the same holds true for
the sequence length of ITS amplicons.

Several databases are available online for fungal DNA barcoding (summarized
in Seifert 2009). The INSD [GenBank, European Molecular Biology Laboratory
(EMBL), and DNA Database of Japan (DDBJ)] is the major open repository for
sequence data commonly used for fungi. A total of more than 2.4 M fungal
sequences are deposited in the INSD, and ITS, SSU, and LSU of rDNA dominate
in terms of the number of sequences deposited (Begerow et al. 2010). The yearly
sequence submissions are increasing rapidly, especially since 2007. The INSD
contains FIS of the ITS region for about 13,350 species (Nilsson et al. 2009),
which corresponds to 13.6 % of the number of described species (0.1 M) and to
0.9 % of the hypothesized number (1.5 M) of fungal species. Specific databases or
barcoding projects devoted to species of, for example, economically important
fungi, such as Penicillium, Fusarium, and Trichoderma (Seifert 2009), European
ectomycorrhizal fungi (UNITE, Abarenkov et al. 2010), and indoor and quarantine
fungi (Groenewald 2009).

The low percentage of FIS of the ITS region indicates that insufficiently identi-
fied sequences (IIS) whose species affiliation remains unknown account for the
major part of the database (Ryberg et al. 2008). Nilsson et al. (2008) noted that
the deposition rate of IIS in the INSD now parallels (or exceeds) that of FIS.
The majority of these IIS originate from environmental samples, and it is obvious
that the increase of such IIS in the database decreases the chance of satisfactory hits
via the Basic Local Alignment Search Tool (BLAST) to a sequence of known taxo-
nomic identity (Hibbett et al. 2011). Consequently, there is a negative feedback
in which the flood of IIS from NGS technologies leads to unsatisfactory BLAST
hits to numerous IIS in the database. Development of modeling and bioinformatic
approaches to annotate 454 sequence sequences with reference to “high-quality”
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databases will be urgently needed as an alternative of BLAST searching (e.g.
Ovaskainen et al. 2010).

Unfortunately, the deposition rate of specimen-based FIS in the INSD is rather
low. Only 20—40 % of the new fungal species described each year have data of DNA
sequences of any locus in the database, whereas the remaining 60-80 % (600-1,000
new species each year) have no reference sequence data (Hibbett et al. 2011). In an
analysis of specimens deposited at the fungal herbarium of the Royal Botanic
Gardens of Kew (UK), Brock et al. (2008) reported that 69 % (192 of 279 sequences
from the herbarium specimens) were not yet represented in the INSD with >97%
sequence similarity, 19 % matched to FIS, and 12 % matched to IIS. The result of
Brock et al. (2008) suggested that fully identified specimens in fungal herbariums
could potentially contribute to the database for DNA barcoding, but many of them
remained to be sequenced, partly due to poor conditions of specimen preservation.
Nagy et al. (2011) pointed out the possibility that the unusually high number of
unidentifiable MOTUs in environmental samples can be, at least in some fungal
groups, ascribed to a lag in sequencing of type strain and specimen, rather than to a
high number of undescribed species. They claimed that analysis of DNA sequences
of reference collections would make a large contribution to the identification of
fungal environmental sequences. However, the result of Nagy et al. (2011) does not
exclude a possibility that many fungal species are yet to be described for other fungal
groups than their focal genus Mortierella (Mucoromycotina). It is obviously needed to
continue mycological observation, isolation, and description of novel fungal specimen
and isolates, especially those of unidentified MOTUs detected with environmental
DNA analyses. Further improvements of traditional mycological techniques, such
as isolation and incubation procedures, are inevitable for these purposes (Fig. 1.1).

1.7 Tropical Regions As a Hotspot of Fungal Diversity

Tropical regions are known for their wealth of biodiversity under optimal temperature
and moisture conditions for biological activities, and their long history of evolution
(Corlett and Primack 2011). Recent studies have shown that the species richness of
fungi is greater in warmer and wetter climates along climatic gradients for endo-
phytic (Arnold and Lutzoni 2007), saprobic (Osono 2011b), and indoor fungi
(Amend et al. 2010b), consistent with the general latitudinal gradient of biodiversity
(Hillebrand 2004) [but see Tedersoo and Nara (2010) for the reverse pattern of lati-
tudinal gradient of ectomycorrhizal fungal diversity]. Hawksworth (2001) stressed
the need for further studies on fungal inventories in tropical regions, as they are a
rich source of novel species. The hypothesized hyper-diversity and the mass of fun-
gal species yet to be discovered and described merit the application of metagenom-
ics and DNA barcoding techniques for the rapid and effective evaluation of tropical
fungal diversity. Projects to integrate DNA barcoding into inventory programs
for tropical biodiversity are ongoing for plants (Gonzalez et al. 2011) and insects
(Janzen et al. 2009; Janzen and Hallwachs 2011). However, tropical mycology
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addresses the description of the a diversity of major taxonomic and functional
groups (e.g. Watling et al. 2002a, b), and pyrosequencing of tropical fungal DNA
in environmental samples has just started (Table 1.1). To the knowledge of the
author, no publication is available regarding an inventory and DNA barcoding
project of tropical fungi.

The author’s group currently conducts research projects aimed at revealing
fungal biodiversity and functioning in Asian regions. A core study site is estab-
lished in the mountainous area in the northern part of Okinawa Island, in southern
Japan (Osono 2011a). The subtropical forest in that area, called Yanbaru in
Ryukyuan languages, is one of the biodiversity hot spots in Japan (Biodiversity
Center of Japan 2010). Yanbaru is especially known for its richness in endemic
birds, frogs, and land reptiles. Biodiversity assessments are urgently needed for
microscopic organisms in this species-rich region, especially for fungi that play
crucial roles in ecosystem functioning and services.

The biodiversity of litter- and wood-decomposing, mycorrhizal, endophytic, and
soil fungi are investigated in the Yanbaru project (Osono et al. 2008; Fukasawa et al.
2012). Over the last decade, fieldwork has been carried out to collect fruiting bodies
of fungi and live and dead tissues of plants and animals for fungal biodiversity
assessments. The samples are taken back to the laboratory and used for the isolation
of fungi and molecular phylogenetic analyses. Pyrosequencing of environmental
samples such as live and dead leaves and soils have been performed for the last few
years to test if fungal metagenomics is applicable to the description of putative
hyper-diversity of tropical fungi. We are now analyzing more than 1.1 M fungal
DNA sequences that a Roche 454 has generated. One project concerns endophytic
fungi on healthy-looking live leaves of Castanopsis sieboldii and Schima wallichii,
the dominant tree species in the study area. Preliminary analyses indicated that
more than 190,000 reads of fungal ITS1 regions from the leaves were grouped into
350 MOTUs (with a threshold of 95 % similarity). Similarly, approximately 420,000
reads of fungal ITS regions retrieved from dead leaves, soils, and castings of earth-
worms were preliminarily grouped into 2,650 MOTUs, some of which showed phy-
logenetic affinity to mycorrhizal and litter-decomposing fungal species observed in
the study area. These results imply a hyper-diverse nature of the subtropical fungal
assemblage, compared to the MOTU richness previously reported in temperate
forests (Table 1.1). Further studies are needed to examine the applicability of DNA
barcoding of fungi and to reveal taxonomic aspects of fungal diversity in Yanbaru
and other tropical regions in Asia.

1.8 Linking Fungal Diversity to Functioning

Pyrosequencing of the ITS regions of fungal DNA from environmental samples
provides taxonomic profiles of the fungal diversity, but functional aspects of the
fungal diversity cannot be thus explored. Putative functions of MOTUs may be
inferred if their taxonomic positions are reasonably suggestive of specific functional
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groups, such as arbuscular mycorrhizal fungi in the Glomeromycota. However, there
is no means of assuring whether a particular MOTUyyg takes part in metabolism or
biological interaction in the environment, or is active or dormant. Because of the
inherent difficulties involved in studying the function of minute mycelia of multiple
fungal species in the environment, previous studies have estimated the functional
aspects either at the level of individual fungal species indirectly with manipulative
experiments using fungal isolates or at the level of entire fungal assemblages with-
out taking the activity of individual fungal species into consideration (e.g. Osono
2007). Analysis of fungal RNA (complementary DNA or cDNA) will be fruitful in
this respect as it can throw light upon the active component of fungal communities
and their expression patterns in environmental samples. Adopting functional gene-
encoding enzymes for specific metabolic pathways, such as heme peroxidases that
degrade lignin (Morgenstern et al. 2008; Kellner et al. 2009) or phosphatases that
hydrolyze phosphoric acid monoesters into phosphate ions (Sinsabaugh et al. 1991),
as genetic markers will be helpful in evaluating the functional aspects of fungal
diversity. Along with the molecular approaches to fungal functioning, future studies
are clearly needed to verify the functioning of individual fungal species (or MOTUs)
using fungal isolates.
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Chapter 2
Insect—Plant Interactions in Plant-based
Community/Ecosystem Genetics

Abstract Plant traits are fundamental for characterize population, community, and
ecosystem properties in a terrestrial ecosystem. Recently, there is increasing evi-
dence that genetically controlled plant traits play an important role in determining
community structure and ecosystem processes (i.e., community/ecosystem genet-
ics). On the other hand, we should recognize that herbivores modify plant traits and
greatly influence their impacts in determining such community and ecosystem pro
perties through direct and indirect interactions. Here, we review the accumulated
knowledge of community/ecosystem genetics, and highlight how herbivores are
important for modifying the community and ecosystem consequences of genetically
controlled plant traits. Our review clearly illustrates that genetically controlled and
plastically modified characteristics of plants are undoubtedly important determinants
of community and ecosystem properties. In particular, most such plant traits that
influence community and ecosystem properties are related to antiherbivore defense.
Therefore, not only genetically controlled defensive traits of plants but also plastically
modified defensive traits should be taken into consideration to understand the evolution
of antiherbivore defensive traits of plants in community and ecosystem contexts.

Keywords Antiherbivore defense ® Community structure ¢ Ecosystem process
* Herbivore-induced plant response

2.1 Introduction

Plants are the important key organisms that support food webs and material cycling
in terrestrial ecosystems. A critical role of plant characteristics has been classically
recognized in shaping community structures of associated arthropods (Feeny 1970)
and in regulating ecosystem processes (Aerts 1997). Recently, researchers have
tried to reveal the evolutionary process of such plant characteristics by focusing
on their genetic background, which reciprocally interacts with community and
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ecosystem properties (i.e. community/ecosystem genetics, Whitham et al. 2006).
On the other hand, there is accumulating evidence that herbivores can modify plant
characteristics through their feeding behavior (Ohgushi 2005). In this context,
herbivores have two important functions in determining the plant characteristics.
One is function as a selective pressure for evolution of the plant characteristics
(e.g. Agrawal 2006), and the other is a function as an inducer of changes in plant
phenotypes (e.g. Karban and Baldwin 1997). Furthermore, plant traits also depend
on soil nutrient availability (Bryant et al. 1983) which is potentially influenced by
herbivores through the direct effects of excretion of their waste products (Lovett
et al. 2002) and indirect effects of changes in the quality and quantity of plant litter
(Chapman 2006). This recent recognition strongly indicates that we should incorpo-
rate a role of herbivores into the perspective of plant-based community/ecosystem
genetics, to fully understand how plant characteristics link ecological processes in
community and ecosystem, and how community or ecosystem properties in turn
promote evolution of such plant characteristics.

In this chapter, we review the accumulated knowledge of plant-based commu-
nity/ecosystem genetics, and highlight how herbivores, especially insect herbivores,
are important for modifying the community and ecosystem consequences of plant
traits. First, we summarize the importance of herbivore-induced plant responses as
well as plant genotype in determining plant traits, and consequently the structure of
insect communities. Second, we review how inter- and intra-specific variations in
antiherbivore defenses of plants are important for determining ecosystem processes,
such as litter decomposition and nutrient cycling, through effects on the feeding
behavior of herbivores.

2.2 Community Consequences of Insect—Plant Interactions

2.2.1 Herbivore-Induced Plant Responses
and Their Genetic Variation

Organisms display phenotypic plasticity, which is an ability of a single genotype
to express multiple phenotypes in response to abiotic and/or biotic environmental con-
ditions such as temperature, drought, predation pressure, and competition (Agrawal
2001; Dewitt and Schiner 2004; Miner et al. 2005). Phenotypic plasticity is important
for adaptive solutions to cope with heterogeneous and unpredictable environments,
and is ubiquitous across diverse organisms. One of the important kinds of phenotypic
plasticity in a community context is trait change in response to species interactions.
This is because such plasticity in response to species interactions inevitably emerges in
community organization processes to a greater or less extent.

Terrestrial plants commonly develop a wide range of phenotypic responses to
attack by herbivores (i.e., herbivore-induced plant responses), and the herbivore-
induced plant responses as well as genetic variation in the host plants can play an
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important role in generating phenotypic variation (Ohgushi 2005; Utsumi et al. 2010;
Utsumi 2011). The herbivore-induced plant responses can shape the arthropod com-
munity structure through changes in resource quality and quantity (Van Zandt and
Agrawal 2004; Utsumi and Ohgushi 2009; Utsumi et al. 2009; Poelman et al. 2010;
Ando et al. 2011a).

On the other hand, accumulating studies have shown that the structure of plant-
associated arthropod communities differs among genetically distinct plants
(Whitham et al. 2006). Community consequences of herbivore-induced plant
responses and of host plant genetics for structuring plant-associated arthropod com-
munities are likely to be qualitatively similar in terms of the profound impacts of
plant characteristics on ecological communities. However, to date, these two aspects
have been explored separately, and thus their relationships are poorly understood.
Here, we aim to synthesize how induced plant responses and host plant genetics are
involved in shaping ecological communities. Specifically, we focus on a key role of
herbivore-induced phenotypic changes in terrestrial plants in creating variation of
arthropod communities among genetically distinct host plants. This provides some
insight into the mechanisms of the linkage between host plant genetics and associated
communities.

Herbivory triggers plastic responses in morphology, reproduction, and tissue
chemistry in plants by inducing resistance or susceptibility (Karban and Baldwin
1997; Ohgushi 2005). Such responses can be specific to a particular herbivore
species, as indicated by the differential responses of plants to attack by different
herbivores (McAuslane and Alborn 1998; Geervliet et al. 1997; Agrawal 2011).
For example, induced responses in a wild radish, Raphanus raphanistrum, exhibit
specificity for the type of herbivore, which shows differential induced resistance
following attack by four lepidopteran herbivores (Agrawal 2000), and minimal
induction following artificial clipping by scissors (Agrawal 1998; Agrawal et al.
1999). Responses to actual herbivory often differ qualitatively and/or quantitatively
from responses to artificial defoliation (e.g., Hartley and Lawton 1987; Krause and
Raffa 1992; Turlings et al. 1995; Stout et al. 1998). Several studies demonstrated that
application of herbivore regurgitant to artificially damaged plant tissues can simulate
more closely actual feeding, due to chemical elicitors present in the saliva (Lin et al.
1990; Alborn et al. 1997; Korth and Dixon 1997; McCloud and Baldwin 1997).

Plants also display tolerance: an ability to withstand herbivory with minimal
losses with respect to growth and reproduction (Stowe et al. 2000; Utsumi and
Ohgushi 2007). A compensatory response, which is regrowth and/or reproduction
following herbivory to compensate for damaged tissue (Strauss and Agrawal 1999;
Utsumi and Ohgushi 2007), is one of the most common and widespread plant toler-
ance strategies (Rosenthal and Kotanen 1994). The intensity of compensatory
responses following natural herbivory often differs from that following artificial
damage. Utsumi and Ohgushi (2007) showed that compensatory regrowth in lateral
shoots of willows was more strongly enhanced by boring of a swift moth caterpillar
than by artificial boring. Like plant resistance, plant compensatory responses may
be affected by factors relevant to natural herbivory, such as specific feeding features
or chemical cues in herbivore saliva (McNaughton 1983; Moon et al. 1994).
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The above evidence suggests that plants evolve fine-tuned adaptive reactions to
attack by a diverse array of insects. In fact, induced responses to insect herbivores
have been shown to be genetically variable and heritable (Zangerl and Berenbaum
1990; van Dam and Vrieling 1994; English-Loeb et al. 1998), although genetic
variation in induced responses to herbivory has been poorly explored. Juenger and
Bergelson (2000) demonstrated a significant additive genetic variation in changes in
flowering phenology and branch production of a scarlet gilia in response to herbiv-
ory. There was also a marginally significant additive genetic variance in fitness of
herbivore-damaged plants, but not in fitness of control plants. Agrawal et al. (2002)
reported additive genetic variation in inducibility of defensive traits (i.e., plasticity
of glucosinolate concentration) in wild radish and in induced resistance to a specialist
herbivore, Pieris rapae. These results suggest that herbivore-induced plant responses
are subjected to natural selection imposed by herbivores. Interestingly, Agrawal
et al. (2002) did not detect genetic variation in glucosinolate concentration under
undamaged condition, while there was significant additive genetic variation under
damaged conditions. They argued that plants might allocate little to constitutive
defense due to high costs, resulting in a lack of genetic variation in defensive traits
without herbivory. Juenger and Bergelson (2000) also reported similar results in com-
pensatory responses to herbivory. Genetic variation in induced plant responses may be
widespread in natural plant populations (Zangerl and Berenbaum 1990; van Dam and
Vrieling 1994; Agrawal et al. 2002; Bingham and Agrawal 2010; Snoeren et al. 2010).

Overall, plant traits should be ubiquitously controlled by genotype-by-environment
interactions (GxE), in which the presence or absence of a particular herbivore can
alter the mean and variance of a phenotype within and between plant populations
through herbivore-induced plant responses.

2.2.2 Community-Level Consequences of Genetic Variation
in Herbivore-Induced Responses

The induced plant response to herbivory is ubiquitous phenomenon in terrestrial
ecosystems. Furthermore, genetic variation in such responses is likely to be common
in natural plant populations. Thus, considering that herbivores affect plant pheno-
types through G x E (genetics x environment) functions, the effects of plant genetics
on ecological communities at higher trophic levels are more likely to be dependent
on genetic variation in herbivore-induced plant responses.

We can consider two scenarios of how plant genotypic effects and induced plant
response effects propagate to the community in (1) additive and (2) non-additive man-
ners (Fig. 2.1). If there is no genetic variation in inducibility in important traits relevant
to shaping communities, additive scenarios are predicted. If there is genetic variation in
the inducibility in functional traits, non-additive scenarios are predicted.

First, we explain the additive scenarios with one empirical example. Using a
hybrid system of three genetic classes of willows, Hochwender et al. (2005) con-
ducted a hand-clipping treatment to mimic browsing by mammals. Both effects of



2.2 Community Consequences of Insect—Plant Interactions 29

(1) Additive scenario

a/ﬁ 7 b/—\ &

»

Plant trait

Community space

m

| 66660

\ Absent  Present J = \, Absent Present /

(2) Non-additive scenario

T oN-@a4 O ) 4

Plant trait
Community space
Plant trait

Community space

\_Absent  Present J = \_ Absent Present) =

Fig. 2.1 Additive and non-additive scenarios for the interactions between effects of plant genetics
and environmental effects of presence/absence of a particular herbivory on arthropod communi-
ties. (1) In additive scenarios, in a case of no genetic variation in inducibility in plant traits relevant
to shaping communities, variation in arthropod communities among plant genotypes reflects the
genetically determined variation in other traits among plant genotypes. In this case, two outcomes
are predicted for community structure: (a) plant genotypes and herbivory additively influence plant
traits and community structure, and (b) plant traits and resultant community structure are deter-
mined only by plant genotypic effects. (2) On the other hand, when there is significant genetic
variation in inducibility, plant genetics and herbivory non-additively determine arthropod com-
munities. In this case, two outcomes are also predicted. Variation in arthropod communities among
plant genotypes can be (c) amplified or (d) mitigated by effects of herbivory, depending on a man-
ner of genetic variation in inducibility (see text for details). Different numbers indicate distinct
plant genotypes

genetic classes and clipping affected herbivore community structure additively.
The clipping treatment resulted in longer shoot length, but the trait change did not
differ among genetic classes. Non-significant genetic variation in changes in shoot
length may explain the additive effect of genetic class and clipping effect (Fig. 2.1a).
However, it should be noted that this study applied the artificial damage treatment.
Artificial damage often triggers plant responses that differ from those caused by
damage by natural herbivores, which are “real” agents of natural selection, and this
difference might account for the lack of genetic variation in the willow responses.
In addition, if plant traits important for shaping communities change to only a small
extent in response to herbivory, genetic effects should be constant regardless of the
presence or absence of herbivory (Fig. 2.1b). However, to our knowledge, no such
patterns have been reported.
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Next, we briefly introduce our ongoing field experiments to explain the
non-additive scenario. We have investigated the plant-associated arthropod com-
munity on tall goldenrods, Solidago altissima, in a factorial design using multiple
genotypes of tall goldenrod and aphid removal treatment. We genotyped tall gold-
enrods collected from the field, using amplified fragment length polymorphism
(AFLP; Ando et al. unpublished data), and clonally propagated them to create rep-
licates of the genotypes. On tall goldenrods, a specialist aphid plays an important
role as a keystone herbivore that determines arthropod community structure through
both ant- and plant-mediated indirect effects (Ando et al. 2011a, b). Aphid feeding
can induce changes in plant traits: an increase in production of lateral shoots and
new flush leaves and changes in plant quality such as nutrition traits (Ando and
Ohgushi 2008), resulting in great impact on temporally separated arthropod com-
munities. We found that tall goldenrods have genetic variation of resistance against
the aphid (Utsumi et al. 2011), and that community composition of arthropod
species significantly differed among plant genotypes in the presence and absence of
the aphids. However, genotypes and aphid removal interactively influence commu-
nity composition, and variation in community composition among plant genotypes
was larger in the presence than in the absence of aphids. We also detected genotypic
variation in aphid-induced plant responses, including lateral shoot production. There
was also an among-genotype difference in volatile compounds emitted in response to
leaf-clipping. Thus, the aphids may amplify variation in community composition
due to genotypic differences in herbivore-induced plant responses (Fig. 2.1c).
Furthermore, the genetic similarity in plant genotypes was closely related to the
similarity in herbivore community composition on aphid-exposed plants. In contrast,
no such relationships between plant genotypes and community structure were found
on aphid-free plants. This suggests that genotypic variation in plant traits involved in
induced responses to herbivory may be more important for variation in community
structure among plant genotypes rather than other plant traits. In other words, there
is a possibility that G xE amplified intraspecific trait variation among tall goldenrod
individuals and the aphid-induced plant responses extended the plant genotypic
effects to community-level through an aphid-induced indirect interaction web
(Ohgushi et al. 2011).

In contrast, even when there is variation in plant inducibility among genotypes,
trait values in some cases may converge to a similar level following herbivory. As a
result, plant genotypic effects on community structure may be masked and not
statistically detected (Fig. 2.1d). To clearly understand the relationship between the
effects of plant phenotypic plasticity induced by herbivory and the genotypic variation
among plants on the organization of arthropod communities, we need to accumulate
evidence on how intraspecific genetic variation in herbivore-induced phenotypic
plasticity can affect arthropod community structure among plants. However, to date
no studies have explicitly addressed the question of how intraspecific genetic varia-
tion in plants and herbivore-induced responses interactively influence community
properties. Only a few studies have shown much greater variation among plant
genotypes in effects of induced plant responses on a single herbivore species
than genotypic variation in other constitutive traits (Underwood et al. 2000).
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Our common garden experiment with Solidago genotypes and aphid manipulation
is also consistent with this pattern. Thus, a non-additive scenario may be more
plausible in nature.

Because only manipulating plant genotypes in experiments cannot identify
mechanisms by which plant genotypes influence arthropod communities, we need
to conduct a multi-factorial experiment with the manipulation of the presence/absence
of a particular herbivore species.

2.2.3 Insect-Plant Interactions Modifying Plant
Genetic Effects

In the above section, we synthesize how plant genetics and the presence of herbivory
interactively determine arthropod community structure. Furthermore, we discuss how
other biological conditions in plant-insect interactions can influence plant genetic
effects on shaping arthropod communities.

The spatial distribution and composition of plant genotypes can alter effects of a
particular genotype on associated communities through insect behavior. The local
genotypic diversity of plants affects herbivore movement, colonization, and emigra-
tion (Power 1988). Utsumi et al. (2011) showed that the synergistic effects of geno-
types of tall goldenrods increased aphid population size in a diverse genotype patch
more than expected from additive effects alone. As one possible explanation for this
pattern, they suggested a source-sink relationship among genotypes of tall goldenrods:
aphids move from genotypes with high reproductive success to genotypes with low
reproductive success. Hence, plant genetic effects on the arthropod community can
be greatly modified through interaction between the local plant genetic diversity and
herbivore movement.

Genetic variation within both a plant species and an insect species often alters
species interaction outcomes, leading to genotype-by-genotype interactions. Such
Gx G interactions can also be influenced by the presence or absence of the third
species, thus resulting in genotype x genotype x environment interactions (i.e.,
GxGxE, Thompson 2005). For example, there was a significant interaction effect
between aphid genotype and host plant genotype on the aphid abundance, while this
interaction was also dependent on the presence or absence of rhizosphere bacteria
(Tétard-Jones et al. 2007). Moreover, more recent studies have shown that different
induction levels of plant responses to initial herbivory cause evolutionary shifts of
traits of other herbivore species among populations (Utsumi et al. 2009; Utsumi
et al. unpublished data). Such trait evolution of herbivores can also influence arthro-
pod community structure through plant induced responses (Utsumi 2011; Utsumi
et al. unpublished data). Thus, the Gx G xE framework may provide insights into a
relationship between diffuse (co)evolution [i.e., selection or the response to selection
imposed by one species on another, depending on the presence or absence of other
species in a community (Strauss et al. 2005)] and shaping community structure.
Future studies should focus not only on GxE but also on GxGxE.
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2.2.4 Evolutionary Feedback to Induced Plant Defense

We have reviewed studies showing that herbivore-induced plant responses have
considerable impacts on structuring arthropod communities and have a key function
to link host plant genetics to associated communities. The reciprocal question of
whether changes in arthropod community structure affect the evolution of plant
traits remains unanswered.

In general, it is widely accepted that herbivores act as a selective force for plant
defense and inducibility of such defense can be favored because of the reduced
allocation of resources to defense when it is not needed (the allocation cost hypoth-
esis) (Simms 1992). Moreover, the context of the ecological communities of herbi-
vores may also favor inducibility, although this is not mutually exclusive with the
allocation cost hypothesis. Most plants are attacked by diverse herbivores and have
a high specificity of induced plant responses to herbivory. This specificity exhibits
specific elicitation, in which changes in plant traits are dependent on the identity of
the damaging agents, as we mentioned above, and also exhibits specific effects,
i.e., different herbivore species display differential responses to a particular plant
response (Utsumi et al. 2010; Agrawal 2011). Although there has been little explo-
ration of how such specificity has evolved, such specificity of elicitation and effects
may have evolved under selection imposed by communities consisting of a diverse
range of herbivores. In other words, if genetic variation in specific induced plant
responses commonly exists, it leads to shaping different community structures of her-
bivores among plant genotypes, which in turn, may impose selection for the induced
plant responses. However, colonization of initial herbivore species and the response
of herbivore communities could significantly vary year-to-year and site-to-site,
depending on biotic conditions, as discussed above. Such variability in arthropod
communities may lead to not only considerable ubiquity of induced plant responses
but also the maintenance of their high genetic variation.

Therefore, we advocate a focus on natural genetic variation in induced plant
responses and its community-wide consequences to study how variable arthropod
communities resultin diverse plant traits and how plant defense evolves. Synthesizing
genetics and phenotypic plasticity in plants will provide profound insight toward an
understanding ecological and evolutionary dynamics in plant-insect interactions.

2.3 Ecosystem Consequences of Insect—Plant Interactions

2.3.1 Insect Herbivores and Ecosystem Processes

Insect herbivores can influence ecosystem processes, such as decomposition and
soil nutrient dynamics, through several mechanisms in terrestrial systems (Hunter
2001; Hartley and Jones 2004). They include (1) deposition of excrement, (2) inputs
of cadavers, (3) changes in through-fall chemicals, (4) changes in quality and



2.3 Ecosystem Consequences of Insect—Plant Interactions 33

quantity of litter inputs, (5) changes in plant community structure, (6) changes in
root exudation, and (7) changes in soil microclimates. Coupled with soil biological
and abiological conditions, these mechanisms result in variable (accelerated, deceler-
ated, or neutral) effects of insect herbivores on decomposition processes and soil
nutrient dynamics (Stadler et al. 2004; Kay et al. 2008; Kagata and Ohgushi 2012).

The relationship between leaf palatability to insect herbivores and litter decom-
posability is one of the important factors determining the direction of effects of
insect herbivores on ecosystem processes (Bardgett and Wardle 2010). Several
studies have shown that plants with foliage more palatable to generalist herbivores
produce faster-decomposing litter (Grime et al. 1996; Schidler et al. 2003; Palkova
and Leps 2008; Kurokawa et al. 2010). Therefore, it is hypothesized that selective
feeding by herbivores results in slow decomposition of leaf litter, according to such
a positive relationship between palatability and decomposability (Hartley and Jones
2004; Bardgett and Wardle 2010). That is, highly palatable (= highly decomposable)
plants are selectively consumed by herbivores, subsequently poorly palatable (=
poorly decomposable) plants remain, and therefore, overall litter decomposition will
be slow. However, a few studies revealed that there are no positive relationships
between leaf palatability and litter decomposability in tropical and temperate forests
(Kurokawa and Nakashizuka 2008; Silva and Vasconcelos 2011; Kagata and Ohgushi
2011), indicating that a positive correlation between palatability and decomposabil-
ity is not always true in a wide range of plant-insect systems. The lack of a positive
relationship suggests that some differences in key factors determine palatability and
decomposability. In general, litter decomposability is largely dependent on the litter
quality, e.g. concentrations of nitrogen, phosphorus, tannins, and lignin (Gallardo
and Merino 1993; Aerts 1997; Kraus et al. 2003), although soil microclimate and soil
organisms are also important in determining the decomposition process (Seastedt
1984; Aerts 1997). In particular, tannins and lignin are critical chemicals that sup-
press litter decomposition (Kraus et al. 2003). These chemicals also have a function
as defensive chemicals against insect herbivores (Feeny 1970), and they result in a
positive relationship between palatability and decomposability (Bardgett and Wardle
2010). However, plants display various types of defenses against herbivores (see
below), and those defenses often co-occur in individual plants of the same species or
different tissues of an individual (Koricheva et al. 2004). Hence, the palatability-
decomposability relationship would display positive, negative, or no correlation,
depending on the types of antiherbivore defenses in plants.

2.3.2 Diversity of Antiherbivore Defense in Plants

Antiherbivore defenses in plants are primarily categorized into three types: physical,
chemical, and biotic defenses. Typical traits of physical defense include tough
leaves, trichomes, and spines, which generally deter herbivore feeding (Schoonhoven
et al. 1998). Chemical defenses employ plant secondary metabolites, and they
are further divided to quantitative and qualitative defenses (Coley et al. 1985).
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The quantitative defenses are characterized by high molecular weight compounds,
such as polyphenoles, tannins, and lignin (cf. carbon-based defense compounds),
which generally inhibit the digestion of herbivores (Harborne 1993). The qualitative
defenses are characterized by low molecular weight compounds, such as alkaloids,
glucosinolates, and cyanogenic glycosides (cf. nitrogen-based defense compounds),
which are strongly toxic (Harborne 1993). While the physical and chemical defenses
are direct defense systems by the plant itself, biotic defenses are indirect defenses
that operate by attracting natural enemies of insect herbivores (Heil 2008). There is
another classification for plant antiherbivore defenses, i.e., constitutive and induced
defenses. A constitutive defense is a defense strategy in which a high primary defense
level is maintained irrespective of the presence or absence of herbivores, whereas an
induced defense is a strategy in which the defense level is usually low but is rapidly
increased in response to herbivory (Schoonhoven et al. 1998). Furthermore, resistance
and tolerance are other classifications for plant antiherbivore strategy. Resistance is
a strategy to avoid or reduce the amount of herbivory damage, and tolerance is a
strategy to compensate for the negative fitness effect caused by herbivory damage, for
example, by compensatory regrowth (Nufez-Farfan et al. 2007).

Since the maintenance of multiple defense systems would be costly for a plant,
several researchers have suggested the existence of constraints on simultaneous
resource allocation to defense strategies, resulting in trade-offs between different
types of defenses (Koricheva et al. 2004). Such a concept of trade-off between anti-
herbivore defenses is the basis of most of the plant defense theories, such as the
carbon and nutrient balance hypothesis (Bryant et al. 1983), the resource availabil-
ity hypothesis (Coley et al. 1985), and the growth-differentiation balance hypothesis
(Herms and Mattson 1992). Several studies have found a trade-off between types of
antiherbivore defenses, for example, between physical and chemical defenses
(Twigg and Socha 1996), between chemical and biotic defenses (Eck et al. 2001),
and between qualitative and quantitative defenses (Stevens et al. 1995). However,
others did not detect trade-offs between different types of antiherbivore defenses
(e.g. Steward and Keeler 1988; Agrawal and Fishbein 2006). Meta-analyses also
examined whether there is a negative association between types of antiherbivore
defenses (Koricheva et al. 2004; Leimu and Koricheva 2006). They showed that
significant negative correlation was only detected between constitutive and induced
defenses, but no significant correlation was detected between the other types of
defenses, such as qualitative and quantitative defenses. Therefore, plant defense
theories that are based on a trade-off remain a controversial issue.

2.3.3 Relationship Between Antiherbivore Defenses
and Litter Decomposability

Antiherbivore defenses of plants determine not only leaf palatability to insect herbi-
vores but also litter decomposability. This is because characteristics of living leaves
are generally taken over to abscised leaves (e.g. Kurokawa and Nakashizuka 2008).
However, the relationship between types of antiherbivore defenses and litter
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decomposability has been poorly explored except regarding a few defensive strate-
gies. For example, quantitative chemical defense compounds, such as tannins, are
well known to decelerate litter decomposition, because these compounds generally
suppress the activity of microbial decomposers (Kraus et al. 2003). In addition, litter
from the plants that have regrown in response to herbivory is likely to be decom-
posed rapidly due to increased quality of the litter (Hunter 2001). The effects of
other defensive strategies, such as qualitative chemical defense, on litter decompo-
sition are poorly explored (but see Siegrist et al. 2010). Therefore, studies on the
relationship between types of antiherbivore defenses in plants and litter decompos-
ability are needed to obtain a general picture about the relationship between leaf
palatability and litter decomposability.

2.3.4 Intraspecific Variation in Palatability
and Decomposability

Most studies that examined the relationship between leaf palatability and litter
decomposability have focused on interspecific variation of plants in these two
parameters (Grime et al. 1996; Schadler et al. 2003; Pdlkovd and Leps 2008;
Kurokawa et al. 2010). On the other hand, a large number of studies have demon-
strated that the level of antiherbivore defenses and subsequent insect herbivory were
variable, depending on the phenotype and genotype of a plant (e.g. Osier et al.
2000). Moreover, there is accumulating evidence that litter decomposition differs
among plant genotypes (Schweitzer et al. 2005a; Silfver et al. 2007; Crutsinger
et al. 2009). These studies indicate that intraspecific genetic and phenotypic varia-
tion of plants is important in driving ecosystem properties (Whitham et al. 2006;
Post and Palkovacs 2011). However, few studies have explicitly examined the rela-
tionship between palatability and decomposability from the point of view of intra-
specific variation in plants. To date, two series of such studies have revealed a
relationship between leaf palatability and litter decomposability in this context.
One examined a poplar-beaver system (e.g. Whitham et al. 2006), and the other
concerned a pine-insect herbivores system (e.g. Chapman et al. 2003; Classen et al.
2007); (1) Poplar-beaver system— Concentration of condensed tannin in bark and
leaves differed among genotypes of poplar trees (Driebe and Whitham 2000).
Beavers avoided harvesting the poplar branches with higher levels of condensed
tannin (Bailey et al. 2004), and this behavior left a larger proportion of poplar trees
with higher levels of condensed tannin (Whitham et al. 2006). Litter from poplar
trees with rich condensed tannin showed slower decomposition and nitrogen miner-
alization (Whitham et al. 2006), indicating a positive correlation between palatabil-
ity to beavers and litter decomposability through intraspecific variation in
condensed tannin levels. Therefore, beavers are likely to decelerate nutrient cycling
in an ecosystem dominated by poplar trees, and poplar genotypes with higher levels
of condensed tannin may be selected to display adaptations to cope with poor nutri-
ents due to the decelerated nutrient cycling (Post and Palkovacs 2011). (2) Pine-
insect herbivores system—There are distinct resistant and susceptible trees to pine
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needle scale or stem-boring moth in pifiion pine, and these traits are genetically
determined (Whitham and Mopper 1985; Cobb and Whitham 1993). Nitrogen con-
centration in needles differed, but lignin and tannins concentration did not differ,
between the resistant and susceptible trees (Chapman et al. 2003). Needle litter
decomposition was not affected by herbivore-susceptibility (Classen et al. 2007).
This indicates that there is no positive correlation between needle palatability to the
two insect herbivores and litter decomposability. On the other hand, insect herbiv-
ory induced premature needle abscission, resulting in accelerated litter decomposition
and nutrient release (Chapman et al. 2003; Chapman 2006). These finding imply
that genetically based needle traits that are associated with palatability are less
important, and instead phenotypic plasticity of the traits induced by insect herbiv-
ory is more important, in determining the litter decomposition.

Thus, these examples clearly showed that the relationship between palatability
and decomposability is not always a positive correlation in terms of intraspecific
genetic variation, as well as interspecific variation, and that herbivore can be a driver
in determining plant characteristics that are based on genetic and phenotypic levels,
which affect litter decomposition and nutrient cycling.

In terrestrial systems, it is generally accepted that insect herbivores have a
relatively small impact on the fraction of energy and nutrients inputs in the decom-
position processes because of the low herbivory rate, i.e., less than 20 % (Cyr and
Pace 1993; Cebrian and Lartigue 2004). However, various insect herbivores can
potentially undergo outbreaks in which they reach extremely high density (Kamata
2002), as a result of which the insect herbivory and excretion of waste products
have a critical effect on the decomposition process and nutrient cycling (Hunter
2001; Lovett et al. 2002; Clark et al. 2010). Furthermore, chronic insect herbivory
would be one of the important selective forces in the evolution of antiherbivore
defenses in plants (Whitham and Mopper 1985). This is supported by evidence that
invading plants, which escape from native insect herbivores, lower their levels of anti-
herbivore defenses (Beaton et al. 2011). If insect herbivores function as a significant
selective force for the evolution plant characteristics, they have the potential to affect
ecosystem processes through evolutionary changes in plant characteristics, as well as
through phenotypic changes in plant characteristics (Fig. 2.2). Furthermore, changes
in the ecosystem processes may feedback to the plant characteristics because the level
and type of antiherbivore defenses can be influenced by soil nutrient status (Bryant
et al. 1983). The feedback through litter decomposition may be important in plants
with poorly palatable leaves because loss of leaf mass due to herbivory is expected to
be small. On the other hand, the feedback through insect excrement may become
more important in plants with highly palatable leaves because a larger amount of the
insect excrements is expected. In addition, the recent development of molecular tech-
niques will reveal the genetic basis of evolution of antiherbivore defensive traits in
plants (Anderson and Mitchell-Olds 2011). Coupled with knowledge of such a
genetic-base of plant antiherbivore defenses, an understanding of the relationship
between leaf palatability and litter decomposability in the context of intraspecific
variation would clarify the roles of insect herbivores in ecosystem processes through
the evolution of antiherbivore defenses in plants.
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Fig. 2.2 Ecosystem consequences of insect—plant interactions. (/) Insect herbivores can change
plant characteristics in both genetic and phenotypic levels. (2) Characteristics of living leaves are
carried over to abscised leaves, and therefore, (3) insect herbivores indirectly alter litter inputs, in
terms of quality and quantity, to a decomposition system. On the other hand, (4) plant characteris-
tics determine the leaf palatability to insect herbivores. (5) Insect herbivores excrete the waste
produced as consequence of leaf herbivory. (6) Plants indirectly determine inputs of insect excre-
ment to a decomposition system, since quality and quantity of insect excrement are largely deter-
mined by leaf characteristics. (7) and (8) Quality and quantity of leaf litter and insect excrements
influence their decomposition processes, and subsequently nutrient release to the soil. (9) Soil
nutrient status affects plant characteristics, and therefore, the effects of the insect-plant interaction
feedback to plant characteristics through ecosystem processes

2.4 Future Directions

Our review clearly illustrated that genetically controlled and plastically modified
characteristics of plants are undoubtedly important to determine community and
ecosystem properties. In particular, most of such plant traits that influence commu-
nity and ecosystem properties are related to antiherbivore defense. Therefore, eluci-
dating the evolutionary processes of antiherbivore defense of plants would be an
effective approach to the integration of evolutionary ecology with community and
ecosystem ecology. Phenotypes of antiherbivore defense of plants would be largely
influenced by plant genotype, type and level of herbivory, and soil nutrient avail-
ability (Bryant et al. 1983; Agrawal et al. 2002) (Fig. 2.3). Herbivore-mediated
processes that affect defensive traits are associated with diffuse co-evolution of
plant(s) and herbivore(s) (Janzen 1980), and soil-mediated processes are associated
with plant-soil feedback (Ehrenfeld et al. 2005). Although each of these processes
(diffuse co-evolution process and plant-soil feedback process) has yet to be rigor-
ously examined, integrating the two processes is a challenging and novel approach
to understanding the evolution of antiherbivore defenses of plants. For example, the
following questions are important to understand the evolution of antiherbivore
defensive traits of plants in the community and ecosystem context: (1) How does
community structure of herbivores influence ecosystem processes? (2) Which selec-
tive pressures from the diffuse co-evolution process and the plant-soil feedback
process are relatively strong in their effects on the evolution of plant defense traits?
(3) Do the selective pressures from the two processes result in the same, opposite,
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Fig 2.3 Evolution of anti-herbivore defensive traits of plants in community and ecosystem
context

or independent directions of evolution of plant defensive traits? (4) How is phenotypic
plasticity of plant characteristics in response to herbivory and nutrient availability
important in the diffuse co-evolutionary process and plant-soil feedback process? In
particular, the last question would provide novel insights about community/ecosys-
tem genetics that would clarify the evolutionary process of plant traits. Numerous
studies have demonstrated that the phenotype of antiherbivore defensive traits of
plants is strongly influenced by herbivory and soil nutrient availability, without
genotypic alteration (e.g. Karban and Baldwin 1997; Kim et al. 2002). Such pheno-
typic plasticity in plant defenses undoubtedly influences community structures of
plant-associated arthropods and ecosystem processes such as decomposition rate and
nutrient release (Nakamura et al. 2003; Schweitzer et al. 2005b). Therefore, not only
genetically controlled defensive traits of plants but also plastically modified defensive
traits should be taken into consideration to understand the evolution of antiherbivore
defensive traits of plants in community and ecosystem contexts.
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Chapter 3

Accelerated Diversification by Spatial
and Temporal Isolation Associated
with Life-History Evolution in Insects

Abstract Life history evolution may alter the mode and rate of the speciation of
a lineage. Recent studies on diversification processes associated with life history
evolution in insects are introduced here. First, the hypothesis that the repeated evo-
lution of flightlessness in winged insects may have promoted speciation through
reduced gene flow among local populations was tested for one of the largest group
of insects, the Coleoptera. A close examination of the geographic differentiation
and speciation rates in carrion beetles (Silphinae) in relation to flight capability
generally supported the hypothesis and suggested that evolution of flightlessness
contributed to beetle diversity. Second, an allochronic speciation hypothesis was
tested for a geometrid winter moth for which the reproductive period between early
and late winter is disrupted by severe midwinter conditions at high latitudes or ele-
vations. The formation of genetically divergent allochronic populations was widely
and repeatedly observed in habitats with severe winters, but not in habitats with
mild winters. This suggests that seasonal climatic harshness can act as a temporal
barrier leading to reproductive isolation and is a potentially important driving force
for allochronic speciation in insects. These novel diversification processes provide
new insights into species diversity and the speciation processes of insects in spatially
heterogeneous and seasonally variable environments.

Keywords Adaptation * Allochronic speciation ® Allopatric speciation ¢ Dispersal
* Flightlessness ® Insect flight ® Speciation

3.1 Introduction

The understanding of speciation processes has recently been broadened by abundant
evidence for several different types of ecological speciation in the wild (e.g., Coyne
and Orr 2004; Dieckmann et al. 2004; Rundle and Nosil 2005; Sobel et al. 2009).
The role of ecological divergence in speciation is most clearly demonstrated in
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cases of sympatric or parapatric population differentiation (Coyne and Orr 2004).
Nonetheless, allopatric speciation processes may still have played a major role.
One aspect of allopatric speciation that has not been well explored is how it is
connected to the evolution of dispersal, which itself is highly relevant to the ecology
of speciation. The evolution of dispersal has been discussed theoretically (e.g.,
Southwood 1977), but the relationship between the evolution of dispersal ability
and speciation rate has not been well explored, despite the simple and intuitive pre-
diction that a low dispersal rate would promote allopatric speciation. Here, we intro-
duce our recent study of the relationship between the evolution of flightlessness and
diversification in beetles, and demonstrate how the loss of flight can promote beetle
diversification (Ikeda et al. 2012).

Unlike allopatric speciation, allochronic speciation (i.e., speciation due to tem-
poral isolation) has been considered to be much more difficult and thus rarer in
nature. However, insects in seasonal environments must stop development and
reproduction during the period of climatic harshness (such as a cold winter or dry
and hot summer). The period of climatic harshness can act as a barrier for gene flow
when it disrupts reproductive seasons. The resultant temporal isolation may facilitate
speciation between allochronic populations. This type of speciation was first pro-
posed by Alexander and Bigelow (1960), but convincing evidence has not yet been
provided. Here, we introduce our recent study on incipient allochronic speciation by
climatic disruption of the reproductive period for a winter moth lineage (Yamamoto
and Sota 2009, 2012). The two studies reviewed here have been conducted with my
colleagues during our term with the Global Center of Excellence Program: Evolution
and Biodiversity at Kyoto University.

3.2 Evolution of Flightlessness May Promote Allopatric
Speciation

Dispersal is the dominant life history strategy of organisms for coping with fluctuating
habitat conditions in space and time (Southwood 1977). Flight is the most powerful
method of dispersal, but among modern biota, only insects, birds, and bats possess
spontaneous flight ability. Insects are thought to have developed wings for flight as
early as 400 million years ago, and this evolutionary event could have promoted the
diversification of insects by facilitating the colonization of a variety regions and
habitats (Roff 1990; Engel and Grimaldi 2004; Grimaldi and Engel 2005). Flight
ability enables individuals to find mates and food over wider areas and assists with
colonizing distant habitats, thus increasing the chance of reproductive success (Roff
1986; Roff and Fairbairn 1991). Despite the benefits of flight, however, the loss of
flight ability has occurred repeatedly in various insect groups (Roff 1990, 1994;
Wagner and Liebherr 1992). The loss of flight ability in winged insects can occur
for several reasons, but a key factor in the evolution of flightlessness is the high cost
of flight in terms of resource investment, both structural and energetic (Roff 1991;
Lovei and Sunderland 1996; Zera and Denno 1997). This results in a reduction of
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resource allocation to reproduction and survival, and mortality increases during
dispersal by flight. The incidence of flightlessness in each insect lineage differs with
habitat type and generally tends to increase in stable habitats. However, generaliz-
ing the relationship between habitat stability and the incidence of flightlessness is
difficult because habitat stability is difficult to define (Roff 1990). Under persis-
tently favorable habitat conditions (i.e., in stable habitats), selection for flight ability
may be weakened by the decreased necessity for spatial dispersal, and the loss of
flight muscles or wings may occur due to the mutation of genes involved in the
formation of the flight apparatus. However, selection pressures for maintaining
flight ability may still exist under stable habitat conditions, e.g., for finding mates
(especially of non-kin) and resources of temporal and sporadic availability.

Dispersal promotes gene flow among local populations and tends to prevent local
populations from diverging genetically. Therefore, limitation of dispersal in either a
passive or spontaneous way should allow local populations to diverge (e.g., Zera
1981; Smith and Farrell 2006). In light of this general prediction, one may expect
that the reduced dispersal ability among winged insects due to the loss of flight ability
promotes genetic differentiation among geographic populations (Fig. 3.1), which
eventually results in allopatric speciation. Despite the potentially intimate connection
between the evolution of flight/flightlessness and the speciation rate of a lineage,
this relationship has not been examined in depth in empirical and theoretical studies.
We can expect that among related groups of insects, flightless lineages have attained
higher speciation rates, or possess higher potential for allopatric speciation, than
flight-capable lineages. Although the idea that lower levels of dispersal may result
in higher rates of allopatric speciation may not be novel (e.g., Hansen 1983;
Jablonski 1986), empirical examination of the consequences of flightlessness in the
evolution of insect species diversity is of great potential importance.
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3.2.1 Loss of Flight Promotes Beetle Diversification:
Hypothesis Testing with Carrion Beetles

Beetles (Coleoptera) are the most species-rich group of insects, with 0.35 million
known species comprising about 40 % of known insect species (Grimaldi and
Engel 2005). This high species richness has attracted the attention of biologists, and
adaptive radiation in angiosperm-associated beetles has been considered the major
factor driving this diversity (Farrell 1998). However, a recent comprehensive analysis
of beetle phylogeny revealed that most of the extant groups originated before the
Jurassic (i.e., preceding the radiation of angiosperms) and have continued to diver-
sify (Hunt et al. 2007). In addition, no significant differences in speciation rates
exist between those groups associated and not associated with angiosperms, con-
trary to Farrell’s (1998) assessment (Hunt et al. 2007). The secrets of beetle diversi-
fication may stem from mechanistic aspects based on the particular design of beetle
body (Grimaldi and Engel 2005). The beetle body is covered with a hard prothorax
and elytra, and the hind wings for flying are compactly housed under the elytra.
Unlike many other winged insects with exposed wings for flying, beetles can hide in
various protected places without damaging their fragile hind wings. Thus, the struc-
ture of the beetle body may have particular merits, whereby the importance of wings
for escaping from environmental harshness and natural enemies has been reduced in
favor of protected bodies, and the cost of having fragile wings (i.e., avoiding
damage) has been reduced by the innovative covering by the elytra. Overall, beetles
may have been freed from the strong selection for maintaining the flight apparatus
for survival compared to other winged insects.

The loss of flight ability occurs in various groups of beetles through degeneration
of wing muscles and hind wings. Wingless species comprise more than 10 % of
beetle species (Roff 1990), but the proportion of wingless species is higher in some
groups such as Carabidae (Darlington 1943). In addition, flightless winged species
exist that lack the flight muscles. Ikeda et al. (2012) hypothesized that flightless
lineages are more genetically diverged among local populations due to restricted
gene flow and hence have higher potential for allopatric speciation than lineages of
flight-capable beetles. This was tested using the carrion beetle group Silphinae,
which comprises both flight-capable and flightless species (Fig. 3.2).

We examined eight species of Japanese Silphinae, which consisted of five flight-
capable species, two flightless (wingless) species, and one species with dimorphism
in the flight muscles. Ecological correlates with flight ability and evolutionary and
phylogeographic aspects of flight loss have been studied for these species (Ikeda
et al. 2007, 2008, 2009; Ikeda and Sota 2011). First, we demonstrated that genetic
differentiation among populations was much higher in flightless than flight-capable
species using mitochondrial COI-II gene sequences (Table 3.1); flight-capable
species exhibited only a small divergence in gene sequence across the distribution
range. The same patterns were also revealed for two nuclear gene sequences,
although the molecular variances of these genes were much smaller than those of
the mitochondrial genes (Table 3.1). We then identified the number of demes (poten-
tial species) within each species, which can be treated as “species,” using the
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Fig. 3.2 Winged (left, Necrophila brunnicollis), wingless (center, Silpha longicornis), and winged
species with dimorphism in flight muscles (right, Necrophila japonica) of Silphinae in Japan.

Photo by Teiji Sota

Table 3.1 Genetic differentiation among populations of Japanese silphine species with

different flight abilities (after Ikeda et al. 2012)

Percent molecular variance among

Flight ability® populations® Number
Species COI-1I PepCK Wg of demes®
Flight capable

Dendroxena sexcarinata 5.6 -5.6 14 1(1)

Oiceoptoma subrufum 6.5 -24.8 -20.8 1(1)

Oiceoptoma nigropunctatum 34 10.5 18.6 1(1)

Necrodes littoralis -9.7 4.5 0 3(1)

Necrophila brunnicollis -1.7 0 0 1(1)
Dimorphic

Necrophila japonica 39.5%** 29.6%*%* 21.8%%* 1(1)
Flightless

Silpha longicornis 97.0%%* 86.3%*%* 90.8%%* 11(11)

Silpha perforata 70.1%%% -7.9 52.8%%% 3(2)
*#%P<0.001

“Flight capable, with wings and flight muscles; dimorphic, with wings and with or without

flight muscles; flightless, without wings and flight muscles
"Percent of molecular variances were obtained by AMOVA

“The numbers of demes (potential species) were obtained by the GMYC approach based on
COI-II data. Only the results using single thresholds for species delimitation are presented.

In parentheses are numbers corrected for overestimation

generalized mixed Yule coalescent (GMY C) approach (Pons et al. 2006; Monaghan
et al. 2009), which identifies demes based on a gene tree. As a result, the number of
demes was larger for flightless species (nominal species) than flight-capable spe-
cies. For the entire lineage of Silphinae with 106 nominal species, we estimated the
speciation and extinction rates for flight-capable and flightless conditions, and
found that the speciation rate for the flightless condition is twice that for the flight-
capable condition. These results confirmed our prediction that allopatric
differentiation and subsequent speciation are promoted by loss of flight.
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3.2.2 Effects of Habitat Continuity and Persistence/Stability

Another factor affecting genetic differentiation among geographic populations is
habitat discontinuity (e.g., Hastings and Harrison 1994; Brouat et al. 2003). If dis-
persal power is identical for two species, the one in a more discontinuous habitat
will have a lower rate of gene flow and thus a higher probability of allopatric
differentiation among geographic populations. Therefore, examining the effect of
flight ability on geographic differentiation must include an index of habitat discon-
tinuity. In addition, based on the generalization of dispersal strategy in relation to
habitat persistence or stability (Southwood 1977), Ribera et al. (2001) predicted that
genetic differentiation among local populations and the speciation rate will be
higher for lineages living in more persistent habitats, for which selection against
dispersal propensity results in lower gene flow among local populations (see also
Papadopoulou et al. 2009). This habitat type hypothesis of speciation rate is difficult
to test for the Silphinae because evaluating habitat stability for each species is com-
plicated; silphine beetles live in various types of habitats ranging from unstable
riverine sites to relatively stable forests, and a consistent difference in stability does
not appear to exist among species’ habitats.

Ikeda et al. (2012) took a different approach to assess the relationships between
habitat discontinuity and persistence and the potential for speciation (i.e., genetic
differentiation among populations). We conducted a generalized linear mode anal-
ysis to examine the additional effects of habitat discontinuity and habitat persistence
in a geological timescale in terms of predicted geographic distribution areas both
in the present and past (at the Last Glacial Maximum, LGM). The present and
past distribution areas of each species were predicted based on climatic data, and
the discontinuity of distribution areas was evaluated using an index of aggregation.
As a result, the flight ability and the discontinuity of the present distribution areas
were found to have a significant effect on the divergence of COI-II gene sequences,
whereas the discontinuity of the past distribution areas had no effect. In addition,
the number of GMYC-delimited demes was significantly affected by flight ability
but not by the persistence of the distribution areas from the LGM to the present.
From these results, we determined that flight ability is the primary factor determining
the level of genetic differentiation among populations, although discontinuity of the
present habitat also had a significant effect. Note that our evaluation of habitat
discontinuity was indirect (i.e., based on a geographic information systems approach)
and of a relatively large geographic scale (unit=1-km mesh), and hence we likely
have mainly detected the effects of large-scale dispersal by silphine beetles.

Although we have not studied the effect of fine-scale habitat continuity and
stability, flight-capable and flightless silphine species live in the same habitats,
and the evolutionary divergence of flight ability is based on their different diets
(vertebrate carcasses for flight-capable, terrestrial invertebrates for flightless;
Ikeda et al. 2008). Thus, we concluded that the flight loss hypothesis of the spe-
ciation rate is not directly related to the habitat type hypothesis, which implies the
intimate relationship between habitat type and flight ability (Ikeda et al. 2012).
Vogler and Timmermans (2012) argued that carcass feeding represents unstable
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habitat conditions, whereas soil animal feeding constitutes stable habitat conditions
for the silphine beetles, and habitat stability could be the ultimate factor affecting
the speciation rate in these beetles. They also introduced the example of flightless
darkling beetles (Papadopoulou et al. 2009) in which species using stable habitat
types exhibited higher genetic differentiation than those using unstable habitat
types, which suggests an association among the stabilities of habitat, organisms, and
speciation. In this case, however, the absence of flight-capable darkling beetles
precludes the opportunity to distinguish the effects of habitat stability and flight
ability (dispersal power) on genetic differentiation. Vogler and Timmermans (2012)
commented that flight is not the only way of dispersal and dispersal power in other
agents (e.g., walking) evolve in association with habitat stability. A link may exist
between habitat stability and dispersal propensity in general, and the speciation rate
would be more or less affected by habitat stability via its effect on the evolution
of dispersal. However, the notion of habitat stability is variable among species
with diverse life histories and resource requirements. Therefore, generalizing the
relationship between habitat type and speciation is difficult.

3.2.3 Flight Capability and Speciation Rate
in a Broader Context

Our hypothesis of a higher speciation rate with flight loss was examined for only
one group of beetles and is far from sufficient. To compensate for the weakness
of our evidence, we conducted a meta-analysis for the geographic differentiation
patterns of various beetle groups (51 species from 15 families) based on a literature
survey (Fig. 3.3; Ikeda et al. 2012). As for the population genetic analysis for
Silphinae using COI-II genes, we examined the percent molecular variance of
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mitochondrial gene sequences (COI-II and its adjacent gene regions) among
populations in a total molecular variance including within and among populations.
In this analysis, we found that data for flight-capable species were collected from
wider geographic areas than those for flightless species. This should reflect that
flight-capable species had wider distribution ranges than flightless species. When
adjusted for the distribution range size, the proportion of molecular variance among
populations (Va) was larger for flightless than flight-capable species. In this case, Va
tended to increase with increasing habitat range in flightless species, suggesting that
range expansion per se increases the chance of allopatric differentiation.

The relationships among flight (dispersal) power, distribution range size, and
speciation (and extinction) rate(s) should thus be compared among different lineages.
Although some insect groups completely lack wings, the overall proportion of
wingless species of insect is around 10 %, suggesting that the loss of wings does not
provide an overwhelming advantage. The evolutionary dynamics of flight-capable
and flightless lineages with respect to speciation and extinction rates requires more
careful consideration. Flightless species may be vulnerable to unpredictable habitat
disturbance and catastrophes compared to flight-capable species, and hence overall
species richness in a flightless lineage may not be high despite a potentially high
speciation rate if the extinction rate is high. However, vulnerability to disturbance
and catastrophes at a regional scale, rather than very small local scales, may not
differ much between flightless and flight-capable species. The stability of habitats
likely greatly affects the survival of both flightless and flight-capable lineages, but
generalizing the relationships among habitat stability, flight ability, and the extinction
probability of species is very complicated.

Evolutionary loss of flight may decrease or eliminate the possibility of colonizing
new regions that had not been previously occupied by the lineage. However, in the
long term, the dispersal power of flightless lineages may not necessarily be low even
across seemingly discontinuous topologies, such as those separated by large rivers
or oceans. In fact, some flightless insects or weak flyers have reached even oceanic
islands (e.g., by rafting, wind-borne dispersal) and achieved speciation. Thus, the
dynamics of the number of species from lineages with and without flight abilities
would be affected by multiple factors and needs to be examined more theoretically
and empirically using enhanced methodologies for phylogeographic analyses.

3.3 Allochronic Speciation by Climatic Disruption
of the Reproductive Period

The idea that climatic disruption of the reproductive period within a population will
result in temporal reproductive isolation and eventually speciation was first invoked
by Alexander and Bigelow (1960). They postulated that in a pair of field cricket
species, disruptive selection for alternative cold-resistant overwintering stages
resulted in segregation of the reproductive period, and divergence into two species
with different seasonal cycles occurred in sympatry. Mayr (1963) argued that
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allochronic populations of the crickets could be formed by secondary contact of
species, which were formed in different regions with different methods of selection
favoring alternative life cycles. As a later phylogenetic study revealed that these
crickets were not sister species (Huang et al. 2000), the divergence of these crickets
may not have occurred as Alexander and Bigelow (1960) supposed. Nevertheless,
their idea about speciation due to climatically induced temporal isolation is worthy
of more detailed examination given the diversity of organisms living in seasonal
environments.

Indeed, several recent studies have reported possible cases of allochronic specia-
tion in insects (Filchak et al. 2000; Simon et al. 2000; Abbot and Withgot 2004;
Santos et al. 2007, 2011) and other organisms (Friesen et al. 2007; Papa et al. 2007,
Tomaiuolo et al. 2007; Devaux and Lande 2008). In some of these cases, however,
the temporal isolation is caused by differential ecological adaptations, and the diver-
gence of allochronic populations is a by-product of adaptation to resources with
different seasonality. A well-known example is sympatric speciation in the apple
maggot Rhagoletis pomonella, for which adaptation to different hosts (hawthorn
and apple) is associated with differences in mating site and time (Filchak et al.
2000). Speciation due to by-product temporal isolation is not considered allochronic
speciation. No clear case of climatic disruption of allochronic populations has been
observed since Alexander and Bigelow (1960) first proposed the mechanism, and
whether/how often temporal isolation can occur without ecological adaptation to
different resources has been questioned.

3.3.1 Incipient Allochronic Speciation in a Winter Moth

A winter geometric moth Inurois punctigera (Fig. 3.4) in Japan is known to have
two separate flight periods in early and late winter at some localities (Nakajima
1998). Because adult moths live for only 2 weeks, the moths occurring in early and
late winter obviously represent different cohorts. Satoshi Yamamoto, who started as
a graduate student at Kyoto University in 2005, was interested in this phenomenon
and hypothesized that I. punctigera populations are being disrupted by midwinter
harshness and undergoing allochronic speciation. Since then, he has conducted
extensive field sampling and phylogenetic analysis to test his hypothesis.

L. punctigera occurs throughout the main islands of Japan, from Hokkaido to
Kyushu. The flight season shifts from a typical disrupted pattern (early and late
winter) to a continuous pattern (single period) with increasing average temperature
during the winter (Fig. 3.5). Localities with the disrupted flight periods have been
found throughout Japan, not only at high latitudes but also at high elevations at rela-
tively lower latitudes. Inurois larvae are generalist feeders on deciduous broadleaf
trees. Larvae of early and late winter moths occur simultaneously in the spring and
pupate by early summer. They differ in the length of pupal period and emerge as
adults either in early or late winter. Adults do not eat, and no difference in ecologi-
cal requirements appears to exist between early and late winter moths. Thus, the life
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Fig. 3.4 Copulating female (upper) and male (lower) winter geometrid moth Inurois punctigera.
Photo by Satoshi Yamamoto
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Fig. 3.5 Emergence patterns and life cycles of Inurois punctigera. On the left, the dates of the
appearance of males are plotted against the mean temperature of the coldest month at the locality.
Corresponding life cycles for mild winter (only one population) and severe-winter habitats (two
allochronic populations) are shown on the right. A adults, E eggs, L larvae, P pupae. Modified from
Yamamoto and Sota (2012)

cycles in I. punctigera are not related to adaptations to seasonally different resources
(Yamamoto and Sota 2009).

Phylogenetic analyses using mitochondrial gene sequences revealed that the
early and late winter moths have diverged genetically (Yamamoto and Sota 2009).
A closer examination of four localities with both types of moths in Honshu using
mitochondrial gene sequence and amplified fragment length polymorphism (AFLP)
markers revealed that populations of each temporal type were closely related to one
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another, but sympatric populations of the two temporal types were not closely
related to each other (Yamamoto and Sota 2009). This indicates that the allochronic
lineages have originated with limited opportunities in the past and have spread to
various places.

Additional important insights have come to light by examining the genetic
differentiation between temporal cohorts in a habitat with a relatively mild winter
and an extended emergence period (Yamamoto and Sota 2009). In Kyoto, the flight
period extends from December through March, and moths would be replaced gradu-
ally because each adult lives for 2 weeks at most. Examination of the genetic diver-
gence between weekly cohorts revealed the “isolation-by-time” pattern (Hendry
and Day 2005) in both mitochondrial and AFLP markers (Fig. 3.6). This finding
suggests that the Kyoto population maintained some genetic variation regarding the
timing of emergence, and that genetic variation is based on some additive factors.
The present Kyoto population may have formed through a secondary contact
between early and late winter moths due to global warming, as the mean January
temperature has increased by about 2 °C during the past 100 years and the climatic
conditions of Kyoto are not much different from that of Gifu with allochronic moth
populations (Yamamoto and Sota, unpublished). Therefore, the genetic variation in
the timing of emergence might have resulted from the hybridization of early and late
winter genotypes.

Because changes in climatic conditions, unlike changes in biological conditions,
would affect organisms in different regions in a similar way, the development of allo-
chronic winter moths within . punctigera could occur repeatedly in different regions
of Japan. This has been found in a subsequent survey (Yamamoto and Sota 2012).
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Fig. 3.7 Phylogeny of COI haplotypes of Inurois punctigera with five clades (a) and the geo-
graphic distribution of clades (b). In (a), E refers to the early winter moth and L to the late winter
moth. Modified from Yamamoto and Sota (2012). Only C and E haplotypes were found in Kyushu.
C haplotypes were possessed only by late-winter moths in Honshu but by both early and late winter
moths in Kyushu, suggesting a shift from early to late winter moths in Kyushu

We focused on the divergence of early and late winter moths in Kyushu, which could
be an occurrence of allochronic divergence independent of that in Honshu (Fig. 3.7).
In mitochondrial COI haplotypes, I. punctigera in Honshu exhibited five haplotype
clades (A-E), all of which were present in late winter moths, whereas only A and E
were present in early winter moths. In Kyushu, only clade C and E haplotypes were
found, and most moths (both early and late winter) possessed haplotypes of C clade,
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which was exclusively the clade of late winter moths in Honshu. Therefore, early
winter moths in Kyushu are considered to have evolved independently from late
winter moths with a clade C haplotype. In situ divergence in Kyushu was also indi-
cated by AFLP data, which showed a sister relationship of the early and late winter
moth populations in Kyushu.

3.3.2 An Extended View of Allochronic Speciation

Speciation by temporal isolation has almost exclusively been discussed within a
framework of sympatric speciation (Alexander and Bigelow 1960), and evidence
for the occurrence of allochronic speciation has been sought for sympatric pairs of
allochronic populations. Nevertheless, temporal barriers causing reproductive isola-
tion between individuals of a species do not preclude the formation of allopatric and
temporally isolated adjacent groups of individuals. This can be the case for small
insects with limited dispersal abilities and the action of a climatic barrier, such as a
cold winter or hot and dry summer that affects activity. During a climatic change
with the increasing strength of such a temporal barrier, the reproductive period of an
insect population may shift to before or after this barrier, or may be disrupted into
both. However, how the “before” and “after” groups (populations) establish may be
subject to demographic stochasticity or may depend on the genetic constitution of
the life cycle timing of the original populations. As a result, in an area with similar
climatic conditions, one location may harbor both the “before” and “after” individu-
als, but other areas may harbor either the “before” or “after” individuals (Fig. 3.8).
In addition, movement of individuals between locations will cause a temporal
change in life cycles at each location. Thus, allochronic speciation, if it occurs, is
not restricted to sympatric species. In a broad sense, the divergence of allochronic
populations in a region by a common temporal barrier (such as winter cold) can be
classified as allochronic speciation irrespective of strict sympatry.

3.3.3 Potential Importance of Temporal Isolation By Climatic
Disruption in the Divergence of Insects

Our study of 1. punctigera suggested the potential importance of temporal isolation
by harsh winter conditions as a speciation mechanism in other winter moths. The
genus Inurois occurs in Japan and the East Asian mainland, and consists of both
early and late winter species (Beljaev 1996), and the divergence of early and late
winter species seems to have occurred repeatedly (Yamamoto and Sota 2009).
Moths with a winter emergence appear in several different subfamilies within
Geometridae and other families of moths (Yamamoto and Sota 2007). Therefore,
similar cases of disruptive divergence by winter harshness may exist in different
group of winter moths.
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Univoltine insects in seasonal environments tend to diverge in reproductive
season either in spring or autumn, avoiding harsh climatic conditions such as during
the cold of winter and hot and dry midsummer (Tauber et al. 1986). Divergence in the
timing of reproduction before and after the climatic harshness will cause allochronic
speciation. However, the change in reproductive timing between spring and autumn
with a definitely unfavorable midwinter would be difficult because this change
requires different kinds of adaptation (e.g., in diapause, resource use) and is unlikely
to occur frequently in most groups of insects. The repeated occurrence of allo-
chronic divergence in I. punctigera was possible because this moth was originally
adapted to reproduction in winter and required changes in life history were minimal,
requiring only changes in the timing of adult emergence. For most insects, the diver-
gence of spring/autumn reproduction by winter disruption may have occurred rarely
in association with the colonization of different climatic zones or global climatic
changes. Therefore, analyzing the phylogenetic pattern of divergent reproductive
timing in various insect groups is important to understand how such life history
changes have occurred and contributed to species diversification.
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3.4 Conclusions

Our recent studies on speciation processes in space and time have been introduced.
The high species diversity on our planet is undoubtedly caused by the high hetero-
geneity and discontinuity of environments in space and time and the variety of life
history tactics that each organism can make to adapt. The diversity of strategies by
which organisms cope with environmental heterogeneity spurs the diversification of
organisms. Revealing the various mechanisms of diversification is an important task
for biodiversity studies and will be useful for maintaining the diversity of living
organisms on our planet.
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