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Abstract

Insect pests often develop resistance to insecticides, and such resistance represents a
serious management problem. Devising methods that concurrently delay resistance and
minimize injury by insects to field crops and stored grain has long been a goal of Integrated
Pest Management (IPM). A centerpiece of IPM has been the combined use of biological
control agents and prudent application of chemical insecticides. Unfortunately, successful
application of IPM has remained a challenge. This chapter describes the use of emerging
genomic technologies that may lead to a “systems” perspective of IPM for the control of
pests of cowpea and other crops. This emerging field, which we refer to as “IPM-omics”,
builds upon recent advances in genome sequencing technologies and detection of large-
scale gene polymorphisms, which are becoming economically feasible for pest insect
systems. IPM-omics will also need to involve the use of information and communications
technologies both to collect critical information on pest populations and to deploy practical
IPM solutions. The information obtained on the temporal fluctuations, spatial distribution,
and ecological diversification within target, non-target, and natural enemy populations can
be overlaid on a geographic information systems (GIS) map to predict pest outbreaks and to
decide how to apply control measures. The “systems” perspective of organism communities
provided through IPM-omics may also facilitate the effective evaluation, modification, and
optimization of IPM strategies. However, any resultant IPM program for crop pests will also
require that extension agents, government agencies, and non-governmental organizations
(NGOs) have the ability to easily access and deploy the IPM research findings through
information and communications technologies. Thus, we also outline the need for an online
system that facilitates the sharing and peer review of practical IPM outputs. Many of these
tools are currently being developed to help farmers manage insect pests of cowpea in
West Africa.

Introduction

The Green Revolution, which introduced modern crop varieties and production techniques
(Khush 1995; Evenson and Gollin 2003), greatly affected insect pest control. It caused a
shift away from the use of crop rotation, field sanitation, flooding, and manual destruction
of damaging insects and/or insect-infested plants (Smith et al. 1976) toward the use of high
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intensity monoculture cropping systems that depended on chemical insecticides to suppress
pest insect populations. This shift began in industrialized nations in the 1940s and 1960s,
and the consequent reliance on synthetic insecticides led to insecticide resistance, the
suppression of beneficial insect populations, and the emergence of minor pests as major
pests (Norris et al. 2003). Pesticides can provide excellent crop protection, but in addition
to selecting for insecticide resistance, they have had numerous negative impacts on human
health and the environment (Singh 2000; Wilson and Tisdell 2001; Georghiou 1986). In
1962, Rachel Carson’s book “Silent Spring” raised concerns and public awareness of the
environmental and ecological impact of pesticide use, and toward the end of the 1970s,
this concern and awareness motivated efforts to develop lower impact crop protection
methods (Hassan and Bakshi 2005).

The term “Integrated Pest Management” (IPM) was first used by Smith and Van dan
Bosch in 1967 to describe concurrent application of multiple control measures to reduce
damage caused by insects to crop plants. The development of IPM led to dramatic
changes in the technologies available for pest management. Modern IPM approaches aim
to provide economically viable and sustainable control of insect damage by relying on
biological, chemical, physical, host-plant resistant, and cultural control tools. Conceptually,
IPM strategies recognize that many environmental factors interact and work in concert to
affect the abundance of insect pests. IPM strategies also strive to exploit the knowledge
of the insect pest’'s biology, location of alternate plant hosts, and natural enemies to
achieve more informed pest management decisions. Fundamentally, the application of
an IPM strategy involves an holistic or “systems” approach to pest management, where
interactions between pests and the community of natural enemies are evaluated in a tiered
approach once the scale of the system in question is set (for more detail see Wise and
Whalon 2009). The systems approach to IPM requires an in-depth knowledge of how
management practices affect the insect’s biology and other trophic interactions. It also
involves the monitoring of pest populations to identify appropriate control measures as well
as aids in making decisions as to how, when, and where to apply them.

Analogous to a systems approach for IPM applications, the genomics “revolution” has
led to efforts to understand an organism or community on a genome-wide scale. Recent
advances in genomics are now making it possible to better understand pest populations,
and are likely to provide new approaches for studying and managing insects. Despite the
decreasing costs of DNA sequencing and the development of affordable high-throughput
platforms, with which entire genomes can be rapidly sequenced, IPM has not exploited the
use of these genomic tools.

Researchers must begin to define how such genomic tools can be used in an inclusive
manner with IPM to improve pest management decisions. In addition to the development
of genomics, a second parallel “revolution” that has occurred in the past two decades is
the ability to deploy pest management concepts through the electronic media. Many of the
control strategies that have been developed remain difficult to deploy to extension agents
and farmers in Africa and other developing regions because of the remoteness of the regions
and the low literacy rates among the farming communities. IPM strategies will have a large-
scale impact only if they can be coupled with effective educational deployment tools that
can be rapidly updated as new and practical control approaches emerge. We use the term
IPM-omics to describe the use of genomic (and other “omics”) tools to better characterize
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pest populations and to provide a greater depth of knowledge for the development and
deployment of IPM strategies. The remainder of this chapter describes how IPM-omics can
be used in the management of cowpea insect pests and how IPM-omics has the potential
to further cowpea IPM in West Africa.

Advent of the genomics era

Despite the apparent prominence of molecular biology methods within modern laboratories,
it is a relatively young discipline. Molecular biology techniques have made gene cloning,
sequencing, organism transformation, and genotyping of individuals almost commonplace.
Many of these techniques became accessible with the development of polymerase chain
reaction (PCR), which essentially is in vitro synthesis of millions of copies of defined
genome regions. The PCR procedure has been credited to Kary Mullis, and the technique
has now been adapted for many different applications such that PCR is now a fundamental
and indispensable tool of molecular biology (Bartlett and Stirling 2003).

The development of genomic practices depended on the ability to perform high-
throughput DNA sequencing at dramatically reduced costs along with an increased capacity
to analyze large data sets. The initial sequencing of DNA by chemical modification and
subsequent cleavage of specific nucleotides (i.e., Maxam-Gilbert sequencing; Maxam and
Gilbert 1977), and by incorporation of di-deoxynucleotides that resulted in truncation of
primer extension reactions at specific bases (i.e., Sanger sequencing; Sanger and Coulson
1975; Sanger et al. 1977) was time consuming. It also required expertise to separate DNA
fragments (via denaturing polyacrylamide gel electrophoresis) and to interpret the results.
Sequencing throughput was increased by the use of capillary gel electrophoresis platforms
that automated the separation of up to 384 individual reaction products at a time and
by the use of computers to analyze the data in the form of electropherograms. Despite
improving the scale at which DNA fragments could be sequenced, these technologies or
“platforms” were still not time- or cost-effective for the sequencing of entire genomes. For
example, the human genome project, which was launched in 1990, required more than
10 years to complete at a cost of about three billion USD (Venter et al. 2001). These
earlier sequencing platforms were also used to acquire whole genome sequences (WGS)
for insects, including the pea aphid, Acyrthosiphon pisum Harris (Hemiptera: Aphididae)
(The International Aphid Genomics Consortium 2010); the mosquitoes, Anopheles
gambiae Giles (Diptera: Culicidae) (Holt et al. 2002) and Aedes agypti Linnaeus (Diptera:
Culicidae) (Nene et al. 2004); the honey bee, Apis mellifera Linnaeus (Hymenoptera:
Apidae) (Weinstock et al. 2006); the silkmoth, Bombyx mori Linnaeus (Lepidoptera:
Bombycidae) (International Silkworm Genome Consortium 2008); the fruit flies, Drosophila
melanogaster Meigen (Diptera: Drosophilidae) (Adams et al. 2000) and D. pseudoobscura
Fabricius (Diptera: Drosophilidae) (Richards et al. 2005); the wasp, Nasonia vitripennis
Ashmead (Hymenoptera: Pteromalidae) (Werren et al. 2010); the red flour beetle,
Tribolium castaneum Herbst (Coleoptera: Tenebrionidae) (Tribolium Genome Sequencing
Consortium 2008); and the human body louse, Pediculus humanus humanus Linnaeus
(Phthiraptera: Pediculidae)(Pittendrigh et al. 2006; Kirkness et al. 2010; Pittendrigh et al.
2011).

More recently, sequence-by-synthesis technologies that use pyrosequencing reactions
to obtain DNA sequence data have been developed (Ronaghi et al. 1998; Morozova and
Marra 2008; Simon et al. 2009). Adaptations to high-throughput platforms have the capacity
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to generate millions of de novo DNA base sequences from a single run (Margulies et
al. 2005). These next generation sequencing (NGS) platforms have greatly facilitated the
collection of DNA sequence data and have been especially useful for genomic research on
non-model organisms (McCombie et al. 1992; Ellegren 2009). NGS has contributed to the
emergence of insect genomics through the accumulation of WGS data for the wasp species,
Nasonia giraulti and N. longicornis (Werren et al. 2010), and (in ongoing projects) for
Ixodes scapularis Say (Ixodida: Ixodiade), Rhodnius prolixus Stal (Hemiptera: Reduviidae),
Glossina morsitans Westwood (Diptera: Glossinidae), Phlebofomus papatasi Scopoli
(Diptera: Psychodidae), and Lutzomyia longipalpis Lutz and Neiva (Diptera: Psychodidae)
(Megy et al. 2009). Additionally, NGS has proven useful for the rapid resequencing of wild
strains of B. mori (Xia et al. 2009) and multiple Drosophila species (Hahn et al. 2007), as
well as expressed sequence tags (ESTs) (Vera et al. 2008).

EST libraries are collections of short Sanger sequencing- or NGS-derived read data
obtained from complementary DNA (cDNA). These sequences are representative of genes
that are expressed in a particular tissue, at a specific developmental stage, by a particular
phenotype, or under particular treatment conditions under which the libraries were
constructed (Adams et al. 1991; Gaines et al. 2002; Nagaraj et al. 2006), and are derived
from genomic regions that are actively transcribed. ESTs obviously provide information
about gene encoding regions and are considered as low-cost alternatives to a WGS project
(Rudd 2003), even though ESTs are subject to sampling bias. More specifically, cDNAs are
sampled from a larger pool of potential templates during the cloning and/or DNA sequencing
phases, where errors of omission can occur because of stoichiometric differences between
libraries (Liu and Graber 2006). Regardless, ESTs are recognized as an effective research
approach for discovering genes (Bonaldo et al. 1996; Audic and Claverie 1997), obtaining
gene expression information among tissues (Dimopoulos et al. 2000, Porcel et al. 2000),
discovering alternate splicing patterns (Gupta et al. 2004), and predicting novel mutations
(Coates et al. 2008). Moreover, the quantitative comparison of ESTs within and between
libraries is increasingly used for gene expression analysis (RNAseq; Simon et al. 2009; Fu
et al. 2009). For further information on these developing aspects of genomics research,
we direct the reader to the following review articles: Ungerer et al. 2008; Rokas and Abbot
2009; and Wheat et al. 2010.

The advent of NGS has also been paralleled by the development of molecular marker
screening technologies that offer precision and reliability for differentiating allelic variations
at single nucleotide positions. Precision and accuracy of allele calling also has been paired
with high-throughput capacity that allows for hundreds to thousands of genotyping calls to
be made within 24 h (Lyamichev et al. 1999; Tang et al. 1999; Kwok 2001; Tsuchihashi and
Dracopoli 2002). These molecular genotyping assays and associated platforms used for
detection rely on initial prediction of segregating mutations within individuals or populations
of individuals.

Core concepts underlying IPM-omics

IPM-omics, as we envision it, involves five major steps: (1) discover polymorphisms within
insect populations (Figure 1), (2) use the polymorphisms to answer critical questions about
these pest populations through detailed analysis of sets of individual insects collected from
the field (Figure 2), (3) overlay this information with other available data sets (e.g., GIS)
(Figures 3 and 4), (4) use the knowledge and outcomes to make better pest management
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decisions (Figure 5), and (5) use information and communication technologies to efficiently
extend these materials to the target communities (i.e., those involved in the control of
pests associated with the target crop) (Bello-Bravo et al.; this volume). These steps are
now possible because of the following current conditions. The advent of NGS allows one
to sequence genes from a large pool of insects from a given region in order to discover
polymorphisms within these populations. The polymorphisms can then be used in high-
throughput polymorphism detection systems to investigate details of pest populations. This
information on its own or in combination with GIS systems should give us the ability to gain
insights into pest populations that have not been previously possible, allowing for better
pest management decisions. Finally, the advent of the Internet and cell phones can be
used to communicate information on pest populations between farmers and researchers,
and these same communication technologies can be used to provide farmers with practical
pest management recommendations.

Mali, Burkina Faso,
Niger, Benin and Nigeria

AFRICA

CT

Samples are pooled and =2

AATIGT
cDNA library is made TTACIA
and sequenced Locus 2 @ -

Figure 1. Hypothetical representation of the pooling of insect samples from different
cowpea growing areas of West Africa for the construction of cDNA library (the arrows do
not represent exact current sampling locations for any given insect species). The insects
are taken from a diverse set of geographical locations, and the mRNA is pooled to create a
cDNA library. Alignment of subsequent DNA sequence forms a set of expressed sequence
tags (ESTs) potentially derived from the same locus, and thus representative of alleles at
a locus. The presence of polymorphisms among alleles in the form of single nucleotide
polymorphisms (SNPs) can readily be adapted for genotyping individuals with high-
throughput systems.
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Polymorphism detection
(e.g. at locus 2)

Figure 2. Representation of a hypothetical population genomics study within the scope of IPM-omics
in which individual insects from different locations (shown by the tubes) are collected from West
Africa. Polymorphisms are detected among individual insect samples with high-throughput system(s)
(shown as a blue plate), and are used to differentiate genotypes that are correlated back to geographic
location, host plant, ecotype, or other ecological characteristics described at the initial collection.
Polymorphisms detected between individual insects are indicated as the C/G to T/A differences at the
bottom of the figure.

Mali, Burkina Faso,
Niger, Benin and Nigeria

AFRICA

Figure 3. Hypothetical scenario of polymorphisms associated with the insect species in the
different agroecological zones in West Africa. Scenario (A) would indicate a longitudinal
movement pattern of an insect population, and scenario (B) would be consistent with the
hypothesis that the insect populations are endemic in both areas with no major longitudinal
movement patterns. These represent hypothetical situations in which polymorphisms could
be used to test hypotheses associated with large-scale insect movement patterns.
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Figure 4. Hypothetical use of molecular markers (short DNA sequences given in the blue and red
boxes) for the study of local population structure in a pest population in the dry (I) and wet (1l)
seasons. When two defined source pest populations remain in the dry season (A and B in 1), biocontrol
agents are released in the areas where the pest populations are endemic (lll) to suppress the pest
population in the wet season (IV). During the wet season (ll), the pest population without biocontrol
agents expands as indicated by the sets of red and blue rings around the A and B source populations.
In (IV), the biocontrol agents have reduced the pest population levels as indicated by the smaller and
more lightly colored red and blue rings around the A and B source populations.
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Figure 5. Hypothetical use of information gained from genomic studies of insect populations and how such
information could be used in decisions associated with deployment of IPM strategies. Two hypothetical
scenarios are illustrated: scenario A with biocontrol approach | and scenario B with biocontrol approach

II. In scenario A, the insects move from the south to the north in the rainy season, and biocontrol agents
are released in the south (in endemic regions) before migration for long-term suppression of the pest
population (biocontrol approach I); temporary control measures (e.g., neem sprays) may be required in
non-endemic regions if pest levels become too high. Apanteles taragamae is shown as an example of

a biocontrol agent. In scenario B, the pest is endemic in both regions, with no significant longitudinal
movement patterns. A possible pest control strategy in scenario B could involve the release of parasitoids
(in both the south and north regions) (biocontrol approach Il) as well as implementation of an education
program concerning the temporary control (e.g., with neem sprays) if pest levels become damaging.
Trichogramma eldanae is shown as an example of a parasitoid. The farmer in the figure is applying a plant-
based extract spray and thus does not require personal protection equipment; if a synthetic pesticide were
used in this extension material, the farmer would have to be shown with personal protection equipment.
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Application of genomic tools to the current pest situation in cowpea
Cowpea, Vigna unguiculata (L.) Walp. (Leguminosae: Papilionaceae), is an important grain
legume crop in the semi-arid and dry savanna areas of the tropics (Singh and van Emden
1979). Insect pests feed on and damage cowpea at virtually every crop developmental
stage and also feed on and damage the stored grain. The pest species that seriously
damage cowpea are numerous (Table) and in addition to causing direct feeding damage
to vegetative and reproductive tissues, Aphis craccivora Koch (Hemiptera: Aphididae)
also vectors plant viruses that further decrease crop yields (Singh and van Emden 1979).
Although all these insects cause serious damage to cowpea, the pod borer, Maruca vitrata,
Fabricius (Lepidoptera: Crambidae) is probably the most destructive (Jackai and Singh
1988).

The control of cowpea pests has relied largely on chemical insecticides but the
efficacy of this method is variable due to the evolution of resistance to multiple classes
of insecticides (Ekesi 1999). In addition, the insecticides are prohibitively expensive or
otherwise unavailable to low-income farmers in West Africa (Giga and Biscoe 1989; Alghali
1991; Bottenberg 1995; Alebeek 1996). The effective control of insect pests of cowpea has
therefore relied upon conventional methods (see Introduction), which have been enhanced
through the introduction of IPM strategies (Jackai and Adalla 1997). IPM-omics is currently
being used to identify possible genetic variations in populations of pest species and their
related natural enemies, and also to study their geographic distributions and movement
patterns. These data are critical for targeting and timing appropriate control measures in
the field as well for determining the coincidence of endogenous natural enemy populations.

Although the genomes of a number of insect pests have been sequenced, there is little
or no DNA sequence information for most of the cowpea pests. This scenario, however, is
quickly changing. Recently, Margam et al. (2011a) used mitochondrial DNA sequence data
and molecular genetic markers to determine that M. vitrata from West Africa and Puerto
Rico represent two distinct groups and even proposed that the samples are possibly a
complex of sibling species. Moreover, these data indicated that M. vitrata collected from
West Africa (Burkina Faso, Niger, and Nigeria), Taiwan, and Australia likely constitute a
single species. Previous field studies in West Africa also indicated that M. vitrata is more
abundant throughout the year in the southern region (Sudanian zone) of the cowpea
producing areas, where the rainfall is relatively high, than in the drier northern regions
(the Sahelian zone) (Ba et al. 2009; Margam et al. 2010). Furthermore, light trap studies
conducted in Burkina Faso (Ba et al. 2009) strongly support the hypothesis that M. vitrata
adults migrate to the northern drier regions from the south during the rainy season.

To study these movement patterns in greater detail, researchers are developing
additional molecular genetic markers from genomic sequence data. EST sequence data
were collected from the larval M. vitrata midgut and salivary gland tissues as well as from
whole adult tissues (Margam et al. 2011b; National Center for Biotechnology Information,
NCBI, dbEST accessions HS097571-HS099476). The assembly of these EST data into
3729 contiguous or overlapping contig sequences has also been used to predict the location
of ~ 1078 putative single nucleotide polymorphisms (SNPs). Preliminary genotyping data
have been collected from Burkina Faso, Niger, and Nigeria at 70 SNP loci, and resulting
analyses indicated genetic differences among populations. More specifically, individuals
from three sample locations in Burkina Faso (in an East—-West pattern of collection) were
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more genetically different than individuals collected from either Niger or Nigeria (collected
in a North—South pattern) (Pittendrigh, unpublished data). These results also suggested
that M. vitrata populations are isolated by distance in that sample sites most geographically
separated show the most genetic divergence. The current and ongoing application of IPM-
omics within West Africa has advanced the knowledge of the population structure for pest
insects and will likely be used next to investigate the contribution of alternate host plants to
the maintenance of population variability. Although cowpea pest dynamics are incompletely
understood, the rapid advances in IPM-omics are increasing our understanding. This
information should result in better decisions about which pest controls to deploy, and when
and where to deploy them.

Several parasitoids have been identified for the biological control of most cowpea insect
pests. Although some of these control agents are indigenous, whether they are or can
become sufficiently abundant to help control the pest populations is unclear. Non-native
species from Taiwan also have been identified as potential biological control agents, and
one example is Apanteles taragamae Viereck (Hymenoptera, Braconidae), which has
already been experimentally released in Benin (Tamo et al. this volume). To verify the
success of parasitoid releases, researchers could potentially study the parasitoid and pest
populations to determine whether the pests are being controlled by indigenous or exotic
parasitoids. Molecular markers with polymorphisms unique to the introduced populations
can potentially be used to determine whether parasitoids identified from the field (post-
release) are in fact those that were introduced by the biological control program.

Integrating IPM with genomics: IPM-omics

In the last 60 years, the technologies available for pest management have changed dramatically.
The previously described genomic tools provide IPM with new ways to understand and develop
insect pest control strategies. We are now entering a time when molecular biology, or more
precisely the new field of genomics, has the potential to be integrated into IPM to allow
practitioners to make better decisions about pest control. The application of molecular genomics
to the study of insect population ecology (i.e., ecological genomics) will become increasingly
important as insect ecologists discover the power of these new tools (Sunnucks 2000). IPM can
increase the durability of chemical and transgenic pest management tools by decreasing the
selective pressure on pest populations to evolve resistance. Moreover, resistance management
may be enhanced further if other management tools impose fithess costs on insecticide-
resistant pests (Pittendrigh et al. 2008; Gassmann et al. 2009a). Fitness costs of resistance
arise in the absence of a control agent when those individuals with resistance alleles have lower
fitness than homozygous susceptible individuals. Recent research on insects with resistance to
insecticidal toxins produced by the bacterium Bacillus thuringiensis (Bt) indicates that ecological
factors can magnify the fitness costs of Bt resistance (Gassmann et al. 2009a). This is an
example of ecological negative cross-resistance (Pittendrigh et al. 2008). IPM agents that also
increase fitness costs of Bt resistance include entomopathogenic viruses (Raymond et al. 2007;
Sarfarz et al. 2010), entomopathogenic nematodes (Gassmann et al. 2006; Gassmann et al.
2008; Gassmann et al. 2009b; Hannon et al. 2010), entomopathogenic fungi, and host-plant
resistance (Raymond et al 2005; Bird and Akhurst 2007). Computer modeling indicates that IPM
agents that magnify fitness costs of resistance can delay or prevent the evolution of insecticide
resistance within pest populations (Carriére and Tabashnik 2001; Pittendrigh et al.
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2004; Gassmann et al. 2008; Gassmann et al. 2009b). IPM-omics could lead to more efficient
and broader application of ecological negative cross-resistance (Gassmann et al. 2009c). By
understanding the genetic basis of resistance, it may be possible to predict which IPM practices
will elicit the largest fitness costs, thereby maintaining pest susceptibility and preserving the
utility of newly developed pest management tools such as Bt crops and biopesticides.

The use of genomics for understanding pest populations can be broadly placed into two
categories, functional genomics and population genomics (the latter being a neologism of the term
population genetics). Functional genomics (and other related analysis tools such as proteomics,
metabolomics, and systems biology analyses) can be and have been used to understand the
detailed mechanisms of how insects respond to and evolve specific responses to challenges
that they experience in their environment, such as host-plant resistance factors and pesticides
(Pedra et al. 2004; Li et al. 2009). Unfortunately, functional “omics” tools are currently resource
intensive and are only used in the laboratory. The use of genomics for practical applications like
the development of new pesticides or the identification of new host plant-resistance factors is
predicted to occur in the future (Grimmelikhuijzen et al. 2007). Additionally, genes known to be
critical for insect survival may ultimately be target sites for the expression of RNA interference
(RNAI) constructs by transgenic plants. However, the use of transgenic plants expressing RNAI
specific to insect target genes for the control of pest insects is still in its infancy, and questions
concerning resistance management for this control strategy remain to be resolved. Although
little is known about potential RNAI resistance in insects, multiple resistance mechanisms to
dietary RNAi have already been identified in C. elegans (Winston et al. 2007). It follows that
practical insect control measures that may emerge out of functional genomics will probably not
occur in the short term.

One of the other challenges for functional “omics” is the general need for complete genome
sequencing, annotation, assembly of the genome, and categorization of the gene classes
observed. For many insect species, large genomes filled with a high number of repetitive
elements may in the short term make the sequencing of these genomes prohibitively expensive,
especially for crop pests, for which resources may be limited. Even when resources are
sufficient, however, genomes with a large number of repetitive elements may be difficult to
reassemble. An additional problem is that an increased availability of genomes will also reduce
the availability of individuals able to perform manual assembly and annotation.

With the advent of high-throughput sequencing, population genomics tools have the potential
to be useful in insect control in the short and medium term. Knowledge can be rapidly gained
about polymorphisms in insect populations, and this information can be used to understand
insect population structure and dynamics. Briefly, a large number of insects can be collected
from a target region to optimize the amount of polymorphisms observed in a given EST
sequencing run. Those polymorphisms identified in the initial sequencing runs can then be
used to answer detailed questions about those insect populations. One example within the
context of biological control is to use such molecular markers, in conjunction with traditional
pest population sampling, to help determine the source populations of the pests during the
seasons when the target crop is not grown. By determining the source of host plants or regions
where the pest populations originate (e.g., testing the hypothesis that M. vitrata migrates from
the south to the north during the rainy season), pest managers can decide where to release
biological control agents.
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Need for effective information sharing systems of polymorphism
data and cost-effective, long-term extension strategies

Finally, a mechanism will be needed to facilitate the flow of information in both directions
between those scientists who develop IPM-omics strategies and those end users who apply
the strategies. The scientists will need such information sharing systems to obtain the large
amounts of polymorphic data required to continually and efficiently build on previous efforts.
Extension agents will also require a centralized system for information exchange so that they
can access information about practical pest control strategies.

Geographic information systems (GIS)

The use of geo-statistics, GIS, satellite and photo aerial images, Geographical positioning
systems (GPS), and cellular technologies in combination with the latest advancements in
molecular genetic analysis have dramatically changed the level of resolution applied in insect
ecology and IPM. The spatial sciences combined with genetic studies of molecular markers such
as polymorphisms are now being used to understand the major factors affecting the distribution
of insects and to understand the mechanisms of dispersion and migration. These tools are
also being used to study the spatial and temporal flow of genetic material within populations
and to determine how biotic and abiotic factors along with selection-adaptation strategies may
contribute to the genetic structure of an insect population (Lushai and Loxdale 2004).

The use of genomics data requires the development of databases that integrate information
on genetic polymorphisms in insect pest populations with geo-referenced information such
as geographic coordinates of collected specimens, the time of collection, and environmental
conditions of the location. The information collected (or generated in the laboratory) is analyzed
using geo-statistical methods and processed into a digital platform or GIS. The information can
be displayed in multiple layers as synthetic maps where correlations are visually expressed
(Manel et al. 2003; Ribes-Dasi et al. 2005). The revolutionary application of these technologies
allows researchers to identify the insects that are being tracked and to track insect displacements
at different geographic scales while enhancing the genetic resolution such that the genetics of
an individual insect within a population could be characterized (Lushai and Loxdale 2004).
From a methods perspective, the use of geo-statistical analysis and GIS programs may simplify
the collection, transmission, and handling of large databases. Through the analysis and
manipulation of digital data, it is possible to generate scientific predictions based on a number
of possible scenarios. A series of thematic maps are usually elaborated. These maps are very
powerful application tools because they show values and correlations as visual variables, and
this makes them easy to understand by technical personnel, decision makers, and participating
producers (e.g., farmers).

If the current trends continue, our ability to access many polymorphisms across many loci
and many insect samples will require a data repository that can then be linked with geographic
and ecological data sets. These combined databases will allow researchers to answer important
questions about insect pest populations and their environment such as: Does the population
migrate? Is the population adapted to particular hosts? Is the population resistant to particular
insecticides? With the answers to these and similar questions, researchers, governmental
agencies, and farmers can make better decisions regarding human and environmental
protection through the application of more rational pest management strategies.

Proceedings of the Fifth World Cowpea Conference 243



Extension systems

Ultimately, the success of any IPM strategy will hinge on the development, adaptation, and
rapid deployment of educational materials that inform scientists and farmers about cost-
effective pest control strategies. These materials will be developed and used by various
stakeholders including scientists, development organizations (e.g., NGOs and Peace
Corps volunteers), extension services, farmer organizations, and farmers themselves.
For example, live-action videos have been created that describe the best practices for
rearing and deploying biological control agents. The sharing of these videos and similar
educational materials through the Internet will help institutions in host countries develop
effective biological control release programs (Bello-Bravo et al. this volume). Additionally,
as innovations in these programs arise, a centralized Internet-based system will be needed
so that groups can share these materials for peer review to assure quality and easy access
of content.

Acentralized Internet-based system is also needed so that practical pest control strategies
can be deployed directly to NGOs, extension agents, farmer organizations, and farmers.
To this end, an online peer-reviewed system (termed the Sustainable Development Virtual
Knowledge Interface) is currently in development to provide for an online platform for the
sharing of extension materials in an easily and widely accessible manner (Bello-Bravo
et al. 2010). For example, educational videos containing useful information for cowpea
farmers and designed for transmission and viewing with cell phones have already been
produced. The language of these videos can be easily changed to match the language of
the users. In addition, this centralized Internet-based cell-phone system can be used for
deploying text, Powerpoint®, audio, and PDF files. Thus, older extension materials can be
added to the centralized system and deployed by cell phone to the community of cowpea
farmers and extension agents.

Conclusions

Cost-effective educational strategies that produce tangible and useful educational
materials will be critical for the long-term sustainability of any IPM program. Such materials
will provide various stakeholders with the capacity to easily deploy such information into
their communities. It will also allow the end users to provide feedback on the educational
materials. Thus, IPM-omics programs will need to integrate not only genomics (to increase
the understanding of pest populations) but also GIS and other current tools that facilitate
the efficient collection, analysis, and exchange of IPM information.
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