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ABSTRACT 

 

ECOLOGICAL GENETICS OF ADAPTIVE LIFE-HISTORY PHENOTYPES  

IN THE CRICKET ALLONEMOBIUS SOCIUS 

 

 

Diana Lea Huestis, Ph.D. 

 

The University of Texas at Arlington, 2008 

 

Supervising Professor:  Esther Betrán 

 As many organisms inhabit unstable environments, the ability to respond to changing 

environmental conditions is highly adaptive, and results in the evolution of phenotypic plasticity. 

Thus, identifying the genetic basis and evolutionary origins of adaptive life-history phenotypes, 

such as phenotypic plasticity, is an active and important research area within the field of 

evolutionary biology. In the last two decades, gene-expression techniques have been developed 

which allow genes to be identified and gene-expression levels measured in a range of species, 

reducing dependence on classic genetic model systems and allowing an array of species with 

interesting ecological phenotypes to be used as models to study the evolution of adaptive traits. 

Here, I first provide an overview of gene-expression techniques, both classic and more 

modern, which can be used to identify genes and their expression levels in a range of species, 

including both classical genetic model systems and any species of interest. This chapter provides 

details of the use and specific applications for many common (and some less common) gene-

expression techniques, provides information about the specific laboratory methodology used to 

perform each technique, whether a given technique can be used in any system or is restricted to 
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genetic model systems, and finally what follow-up experiments are needed to confirm differential 

gene expression. This chapter is intended to be a resource for any biologist interested in learning 

more about what gene-expression techniques may be useful in their particular system to address 

a given biological question. 

Second, I use one of these gene-expression techniques, suppression subtractive 

hybridization (SSH), to identify gene-expression differences between developmental phenotypes 

in the cricket Allonemobius socius. Specifically, I looked at expression differences between 

diapausing and direct-developing embryos. The ability to break diapause in response to changing 

environmental conditions is an adaptive trait, yet little is known about its genetic basis in egg-

diapausing species. Several genes were identified as being upregulated in eggs which had 

broken diapause, relative to their diapausing counterparts, and other genes were identified as 

expressed in diapausing eggs but not in direct-developing eggs. 

Next, I explore population-level variation in the plasticity of the diapause response within 

twelve geographically-diverse populations of A. socius. I also use the amplified fragment-length 

polymorphism (AFLP) technique to look for genetic correlates of mean diapause frequency and 

plasticity among these twelve populations. I found significant variation within and among 

populations for both mean and plasticity of diapause. Additionally, different components of 

genetic variance appear to underlie the mean and plasticity of the diapause response, indicating 

that these two components may be able to evolve independently in this species. 

Finally, I explore the possible evolutionary origins of a cline in allele frequencies at the 

isocitrate dehydrogenase-1 (Idh-1) locus in A. socius. Differences in enzyme kinetic performance 

appear to underlie the natural geographic distributions of two alleles at this locus, indicating that 

natural selection may have shaped the distribution of Idh-1 alleles in this species. This chapter 

serves as a case-study for the type of additional follow-up experiments which can be performed 

once a gene of interest associated with a particular adaptive phenotype is identified using a 

combination of phenotypic screens and genetic techniques. 
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CHAPTER 1 

FROM GENE EXPRESSION TO PHENOTYPE IN INSECTS: 
APPROACHES FOR THE MASSES 

 

1.1 Abstract 

 Transcripts and their expression levels link an organism‟s genotype and phenotype; 

thus understanding this relationship is critical to our understanding of phenotypic evolution. The 

emerging field of functional genomics links the study of allelic and gene-expression variation to 

observable, biologically-relevant phenotypes. Insects are particularly well-studied in this area, 

because they are both good laboratory systems and of interest because of their incredible 

biodiversity
 
and agricultural importance. New technology now allows for gene expression 

studies in any insect system, advancing the fields of functional and ecological genomics beyond 

traditional genetic model systems. Here, I provide an overview of commonly-used gene 

expression techniques in insect systems and review several empirical studies utilizing each 

technique. I also discuss RNA interference (RNAi) as a means to test the link between gene 

expression and phenotype for candidate loci. I end with a discussion of how new sequencing 

methods are advancing the field of functional genomics. 

1.2 Introduction 

Insects are at the forefront of the burgeoning field of genomics, as more than a quarter 

of the animal genomes that have been or are currently being sequenced are from insects (i.e., 

40 of 147 animal genomes; www.ncbi.nlm.nih.gov/genomes/static/gpstat.html). This focus on 

insects is easy to understand given their incredible biodiversity and role as human and 

agricultural pests. Advances in high-throughput sequencing technologies like pyrosequencing 

(Margulies et al. 2005, Emrich et al. 2007) will enable researchers to sequence their insect 
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genome of choice, at a minimal cost (<$100K USD), within the next five years or so. Therefore, 

entomologists and other researchers utilizing insects will soon have all the genomic information 

they need to tackle questions ranging from “what genes control speciation?” to “what genes 

should be targeted for pest management?”. However, just sequencing large numbers of 

genomes is not enough to answer these types of questions; researchers must also be able to 

link genotype to phenotype. This link, which constitutes the area of functional genomics, will be 

one of the most active areas of study over the next half century. 

An organism‟s genome is composed not only of genes and their regulatory regions, but 

also pseudogenes, repetitive elements, and other non-coding sequence elements. Additionally, 

all genes in the genome are not expressed in every tissue or at all times in an organism‟s 

ontogeny. Therefore, even having an entire sequenced genome is not enough to link genes and 

phenotype. Within cells, messenger RNA (mRNA) is transcribed from the genome, and these 

transcripts are then translated into proteins; mRNA, therefore, is the critical bridge between the 

genotype and the phenotype. 

Whole-tissue or cell-specific studies of gene expression focus on identifying and 

quantifying the mRNA transcripts that are present at a particular time and place (Donson et al. 

2002, Gracey et al. 2003, Tittiger 2004). These mRNA transcripts are a direct by-product of 

gene transcription and encode the information to be translated into proteins; thus mRNA 

transcripts provide a way to assess genome products as well as a genome‟s response to 

environmental cues (whether those cues concern mating, foraging, temperature regulation, 

photoperiod, etc.). The entire pool of mRNA transcripts in a given cell- or tissue-type is 

generally referred to as a transcriptome. For example, if we were interested in aphid feeding 

behavior, then we might want to study the salivary-gland transcriptome, as these would be all 

the salivary gland mRNA transcripts that might be involved in successful foraging. 

    The first transcriptome-wide studies in insects were published in 1995. Since these first 

publications, transcriptome-wide studies have usually focused on one of two goals: (1) 
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identifying all the genes that are expressed in a given cell or tissue or (2) identifying the 

differences in gene expression that are associated with particular phenotypes or experimental 

treatments. In addressing the former, researchers have typically employed one method: 

sequencing expressed sequence tags (ESTs) from a cDNA library made from the tissue or cell-

type of interest. This straightforward technique consists of RNA isolation, cDNA synthesis, and 

cloning these cDNA fragments into a bacterial vector, resulting in a cDNA library. This cDNA 

library is then plated and clones are picked for sequencing. The resulting sequences, typically 

200-600bp in length, are known as expressed sequence tags (ESTs) and represent fragments 

of genes expressed in the cells or tissue of interest. EST libraries have been generated for 

many species of insects, including crickets (Andrés et al. 2006, Braswell et al. 2006), locusts 

(Kang et al. 2004), silkworms (Mita et al. 2003), and termites (Scharf et al. 2003). 

 The second major area that can be addressed with transcriptome studies is to identify 

gene expression differences associated with a particular phenotype or treatment. Gene 

expression differences between insect castes (Toth et al. 2007), life-history strategies (Chen et 

al. 2005), and insecticide-treated vs. untreated individuals (Guerrero et al. 2007) are just a few 

examples of phenotypes that have been studied using gene expression techniques in insects. 

Identifying the genes that underlie a particular phenotype or environmental response is of broad 

interest to most biologists, and it is here that I focus the rest of the chapter. 

 Researchers interested in identifying genes associated with a particular phenotype or 

response to experimental manipulation must address several questions before starting 

experiments, such as “how do we conduct this type of research?”, “is a genome for my system 

required?”, “what techniques are available?”, and “how much will it cost?”. The general flow for 

designing and carrying out such an experiment is diagramed in Figure 1.1, and my review will 

detail each step from start to finish. The experimental question to be addressed will determine  
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Figure 1.1. A general approach to conducting a gene expression study. 

 

what technique should be used, and each technique has its own set of advantages and 

drawbacks. Once a technique is chosen, a proper experiment must be designed and samples 

collected (cells or tissues from which RNA will be isolated). These samples are then used to 

conduct the gene expression technique chosen. Fortunately for researchers working in non-

genetic-model systems, many techniques do not require a sequenced genome and costs are 

lowering while quality is increasing. From the resulting gene expression data, candidate genes 

involved in the phenotype or response of interest are identified, which must then be confirmed 

with follow-up experiments, such as quantitative real time PCR (QRT-PCR). Once gene 
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expression differences are confirmed, the phenotypic consequences of the differences can be 

tested with the gene-silencing technology RNA interference (RNAi) – which has been a widely 

successful approach to knockdown expression of specific transcripts in larval and adult insects. 

I end with a discussion of new technology which may change and improve gene expression 

studies over the next few decades. 

1.3 Choosing an Experimental Technique and Design 

To begin, it always important to consider the set of questions that follows below. First, 

what is our question of interest? More specifically, what phenotype are we interested in and 

what is the best way to study that phenotype? Gene expression studies are not always the best 

approach, as quantitative genetic mapping (i.e., quantitative trait locus [QTL]) or proteomic 

approaches may be better suited for many questions. Second, what tissue type should be used 

to test our question of interest? If we are interested in insect foraging behavior, then we would 

likely want to study the brain and salivary glands. However, the choice of tissue type is not 

always clear, as many phenotypes are complex and involve many different tissue types. 

Therefore, it is always critical to consider carefully the biology of the phenotype of interest as 

well as the appropriateness of the genetic technique being used. Third, are we interested in 

coding allele (i.e., structural mutations that result in different amino acid sequences between 

treatments/samples) or gene-expression differences between treatments/samples, or both? 

Many of the techniques I outline below can address both types of genetic variation; however 

they are focused primarily on identifying gene expression differences and I discuss them in this 

light. 

 Once these basic questions are addressed and a gene-expression approach is 

determined to be the best course of action, the next step is to decide which technique to use in 

your study. When choosing a gene expression technique, the first consideration is the number 

of samples that need to be compared. Certain techniques identify gene expression difference 

between two samples (such as subtractive hybridization and microarrays) whereas others can 
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be used to compare expression levels between any number of samples (including PCR-based 

techniques and comparative ESTs). The second consideration is how much genome or 

transcript sequence information is available for the system of interest. Serial analysis of gene 

expression (SAGE), for example, requires a substantial amount of sequence data to 

successfully identify genes; others are more effective with, but do not require, sequence data 

(PCR-based techniques, subtractive hybridization); while others do not require prior transcript 

information because sequence data are generated by performing the technique (comparative 

ESTs). Cost may also be an important factor when choosing a technique, as some methods 

cost more to implement than others. For example, the comparative EST method will be 

expensive if ESTs have not yet been generated, whereas PCR-based techniques are relatively 

inexpensive since only PCR and sequencing reagents are required. Importantly, the techniques 

we describe here are not limited to any particular trait, experiment, or phenotype and most can 

be conducted on any organismal system of interest. 

Once a technique is chosen, proper experimental design must be used to generate the 

samples for analysis. The design will depend on the question being asked and what level of 

variation the researcher is interested in (i.e., between individuals, populations, or species). 

Biological replicates are needed to reduce experimental bias but must be generated with the 

question in mind. For example, if the researcher is examining gene expression difference due to 

treatment effects, it may be appropriate for biological replicates to be different populations of the 

species of interest; on the other hand, if we are looking at differences between populations or 

species, then the level of replication should be individuals within a population. Technical 

replicates may be used to identify errors or bias while performing the molecular portion of the 

work, and are useful for some techniques (PCR-based techniques, subtractive hybridization) but 

would be costly or impractical for others (comparative ESTs, microarrays). Once a technique is 

chosen and the proper experimental manipulations carried out to generate samples, the next 
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step is to perform the gene expression technique of choice and start identifying candidate genes 

associated with the phenotype or treatment effects. 

1.4 Techniques for Comparing Gene Expression 

1.4.1 PCR-based Differential Display Methods 

 There are two closely-related comparative transcriptomics methods utilizing the 

polymerase chain reaction (PCR) to amplify differentially-expressed mRNAs: mRNA differential 

display PCR (dd-PCR) and cDNA amplified fragment length polymorphism (cDNA-AFLPs). 

Each method includes the isolation of RNA from two or more samples to be compared, cDNA 

synthesis, and some form of PCR amplification. The end result of both is the visualization of 

differentially-amplified products, typically on a polyacrylamide gel; the resulting bands must then 

be excised, re-amplified, and sequenced to yield gene identification. The key difference 

between these techniques is the method used to amplify the cDNAs to be compared between 

samples (see box 1 for detailed methods). 

 1.4.1.1 dd-PCR 

 One very popular method for detecting differences in gene expression is differential 

display PCR (dd-PCR; Liang and Pardee 1992). To begin, single-stranded cDNA is generated 

for each sample using a poly-T primer anchored with one or two bases on the 3‟ end (box 1, 

panel a). Next, PCR on each cDNA pool is performed, using the appropriate poly-T primer and 

a random upstream primer for amplification. Typically, dozens or even hundreds of primer 

combinations are used to cover the entire transcriptome (Liang and Pardee 1992, Liao and 

Freedman 2002). PCR products from different samples amplified with the same primer 

combination are then electrophoresed side-by-side (box 1, panel b), typically on a 

polyacrylamide gel (Liang and Pardee 1992, Liang et al. 1995), though agarose methods have 

also been developed (Rompf and Kahl 1997, Zeppa et al. 2002). Bands which appear to be 

differentially expressed between the samples of interested are then excised from the gel, re-
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amplified, cloned, and sequenced. Differential expression of genes of interest may then be 

confirmed by quantitative real-time PCR (QRT-PCR) or Northern blots. 

Due to its technical simplicity, lack of genomic information needed, and relatively low 

cost, dd-PCR is perhaps one of the most widely-used differential expression techniques (Kuhn 

2001, Liao and Freedman 2002). Dd-PCR has been applied widely to mammals, plants, and 

insects. For example, Graff et al. (2007) used dd-PCR to identify differentially-expressed genes 

between queens and workers of the ant Lasius niger. Northern blots and QRT-PCR were used 

to confirm 16 dd-PCR gene fragments as being differentially expressed between these two 

castes, providing candidate genes involved in caste differentiation. In another experiment, dd-

PCR was used to characterize gene expression following viral infection in the midge Culicoides 

sonorensis (Campbell and Wilson 2002). Out of 29 transcripts initially identified with dd-PCR, 13 

were confirmed with differential hybridization; of these, 7 were confirmed by QRT-PCR and a 

follow-up experiment detailing expression profiles over time after infection (Campbell and 

Wilson 2002). 

The traditional dd-PCR technique can be modified to include the use of restriction 

enzymes, known as restriction fragment differential display (RFDD-PCR). RFDD-PCR reduces 

the 3‟ bias of traditional dd-PCR and may be more reproducible (Masinde et al. 2005). Because 

it does not require a poly-A tail for cDNA synthesis, RFDD-PCR has been the preferred 

differential display method for prokaryote systems, but has not been widely used in insects. In 

one application to insect systems, this method was used to compare gene expression between 

iron-treated and control Colorado potato beetles (Leptinotarsa decemlineata) and resulted in the 

identification of a ferritin protein with significant amino acid similarity to that of other insects (Qiu 

et al. 2005). 

Drawbacks of the dd-PCR technique include a high false-positive rate (5-50%; Martin 

and Pardee 2000), bias toward the 3‟ end of cDNA (though this can be reduced by using 

arbitrary primers for both reverse transcription and PCR; Welsh et al. 1992), and redundancy of 
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amplified bands (as one differentially-expressed gene may by amplified with several primer 

combinations). However, the ease of this technique makes it applicable to almost any system, 

making it a popular choice for researchers (~2,100 SCI citations by August 2007). 

1.4.1.2 cDNA-AFLPs 

Another method for amplifying differentially-expressed mRNAs is based on the cutting 

of cDNA by restriction enzymes, ligation of adaptors to cut sites, and PCR amplification from 

these adaptor sequences (box 1). As in dd-PCR, products are then electrophoresed side-by-

side and banding patterns compared; bands of interest may then be excised and sequenced. 

Read lengths typically fall between 100-500 bp, though choice of restriction enzyme can 

increase or decrease length (Bachem et al. 1996, Habu et al. 1997, Kuhn 2001) and improve 

specificity to the transcriptome of the desired system (e.g. Reineke et al. 2003). Typically, 256 

primer combinations are required to cover the majority of the transcriptome (Habu et al. 1997, 

Kuhn 2001), though in practice many fewer are used. The cDNA-AFLP method was originally 

developed in plants (Bachem et al. 1996, 1998), but has since been applied to invertebrates 

(e.g. Reineke et al. 2003, Yang et al. 2006) – though it is underutilized in animals as an 

alternative to microarrays (Bensch and Akesson 2005). 

The AFLP technique was originally developed for genomic DNA (Vos et al. 1995), but 

was quickly applied to cDNA (Bachem et al. 1996). Though developed and most often used in 

plants, cDNA-AFLPs have been successfully applied to several insect systems. For example, 

Reineke and Löbmann (2005) identified 59 transcripts that were differentially expressed 

between caterpillars (Ephestia kuehniella) parasitized and unparasitized by the endoparasitic 

wasp Venturia canescens. Of these transcripts, 27 were successfully excised, cloned, and 

sequenced, and 13 of these were confirmed with Northern blots and QRT-PCR, all of which 

corresponded to transcripts suppressed in parasitized caterpillars relative to unparasitized 

caterpillars (Reineke and Löbmann 2005). Similarly, cDNA-AFLP was used to detect changes in 

gene expression between brown planthoppers (Nilaparvata lugens) feeding on resistant and 
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susceptible strains of rice (Yang et al. 2006). Using 30 primer combinations, 61 differentially-

expressed fragments were identified, cloned and sequenced. Thirteen bands had sequence 

similarities to known genes, with functions including from detoxification, stress response, and 

signaling. Of these, 4 were chosen as genes of interest for further characterization, all of which 

were confirmed with Northern blots (Yang et al. 2006). 

Due to stringent amplification conditions for PCR, the cDNA-AFLP method has higher 

reproducibility and a lower false-positive rate than dd-PCR (Bachem et al. 1996, 1998, Habu et 

al. 1997, Donson et al. 2002), as well as lower redundancy (about 2%; Bachem et al. 1998). 

Use of fluorescent labeling and capillary electrophoresis allows for high-throughput analysis 

(Donson et al. 2002), but limits the ability to identify differentially-expressed transcripts. Future 

advances using pyrosequencing of cDNA-AFLP products could eliminate this shortcoming (see 

section 1.4.5). 

1.4.2 Suppression Subtractive Hybridization 

Another PCR-based method is suppression subtractive hybridization (SSH) of two 

cDNA samples. In SSH, cDNA library subtractions are performed on samples of interest to 

identify genes expressed (or upregulated) in one sample but not in the other; as a result, this 

technique is especially useful for comparing two closely-related samples (Diatchenko et al. 

1996, 1999). As each subtraction only identifies genes expressed in one sample (the “tester”) 

relative to the other (the “driver”; see box 2 for detailed methods), forward and reverse 

subtractions must be performed to identify expression differences in both directions. Once 

genes expressed in both samples are subtracted out, PCR amplification and electrophoresis 

produces fragments which represent genes expressed in the “tester” but not in the “driver,” 

which may be extracted from the gel, purified, and sequenced for identification. 

Though first developed in mammals, SSH can be performed in any system with mRNA. 

In insects, SSH has been used to study immunity, ecological, and behavioral traits. For 

example, Zhu et al. (2003) used SSH to identify genes upregulated in response to bacterial 
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infection in the tobacco hornworm, Manduca sexta. Over 230 differentially expressed genes 

were identified, half of which were identified as immune-response genes after sequencing. 

Genes of interest were confirmed with a combination of Northern blots, QRT-PCR, and a follow-

up experiment involving 2-D protein electrophoresis (Zhu et al. 2003). In another recent study, 

gene expression changes in response to cadmium exposure were studied in springtails (Roelofs 

et al. 2007). Subtractions were performed in both directions to identify genes both up- and 

downregulated after exposure; expression between tolerant and susceptible populations was 

also studied. This study resulted in the confirmation of 7 genes, confirmed by QRT-PCR as 

upregulated in response to cadmium exposure, which are candidate genes for further study of 

heavy-metal response and tolerance (Roelofs et al. 2007). 

Since SSH incorporates suppression PCR, it is able to both suppress equally-

expressed fragments and preferentially amplify those which significantly differ in copy number 

(Lisitsyn et al. 1993). This method therefore reduces the number of false-positives and fragment 

redundancy relative to dd-PCR (Diatchenko et al. 1996). SSH has also been reported to be 

effective for detecting gene-expression differences between closely-related samples, identifying 

low copy-number fragments, and probing cDNA libraries to confirm differential expression 

(Diatchenko et al. 1999). Two disadvantages to this method are that SSH requires a large 

amount of mRNA (although amplification techniques may be used; Diatchenko et al. 1996) and 

that expression levels must be very great for a fragment to be identified (i.e., expressed vs. not 

expressed, or expressed greater than 4-fold higher; Diatchenko et al. 1999) due to the driver 

cDNA being added in excess (see box 2). However, the lack of starting genomic information 

needed combined with the availability of a commercial kit (which can produce a full library of 

differentially-expressed genes in about 7-10 days) makes SSH a good choice for many 

applications comparing 2 or 3 treatments/samples. 
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1.4.3 Comparative ESTs 

Other methods for comparing expression levels between samples of interest are 

computational, rather than PCR-based. One such method involves the comparison of sequence 

abundance between two or more cDNA libraries, either already generated by other experiments 

or created for the purpose of comparing expression levels. Once the cDNA libraries are 

generated, ESTs are sequenced and the resulting sequences are grouped together in clusters 

of similar sequences (called contigs; see box 3 for detailed methods).  The number of times a 

particular EST is found in a  ontigs can then be calculated for each library, and compared 

statistically between the samples using one of several methods (e.g. Audic and Claverie 1997, 

Stekel et al. 2000, Ribeiro 2003). 

This method was used to analyze expression differences between solitary and 

gregarious morphs of the migratory locust, Locusta migratoria, an economically-important 

agricultural pest (Kang et al. 2004). Out of over 12,000 ESTs analyzed, 532 were identified as 

potentially involved in morph differentiation; only a few unigenes were selected for QRT-PCR, 

but each was subsequently confirmed (Kang et al. 2004). This study not only provided the first 

EST data for a hemimetabolous insect, but shows the potential power of the comparative EST 

technique. This technique was also used to identify expression differences between the 

embryonic and larval stages of the silkworm Bombyx mori. Of the 69 ESTs identified as 

potentially differentially-expressed by comparing copy number, 33 were confirmed with semi-

quantitative RT-PCR (Oh et al. 2006). As in the previous example, this study provided both new 

genome/transcriptome sequence data and candidate genes involved in differentiation of life-

history stages. 

One drawback to this method is that cDNA libraries must be generated and sequenced 

for the samples of interest if these data are not already available. This can be a time-consuming 

and expensive project; however, once completed, researchers have a valuable genomic 

resource for the system of interest. Additionally, given gene expression differences are based 



 

 13 

on computational methods and dependent upon the total number of ESTs initially sequenced, 

each gene must be confirmed with QRT-PCR or other quantitative methods; though the false-

positive rate decreases with the number of times a particular EST appears in the combined 

libraries (Audic and Claverie 1997). In summary, the comparative EST approach is a fairly 

straightforward approach to identify differentially-expressed genes if appropriate EST libraries 

already exist; if libraries must be generated, doing so will require extra work but provide an 

important database of genetic data. Additional advances, including the use of pyrosequencing in 

generating ESTs, may greatly increase the ease of this method (see section 1.4.5). 

1.4.4 Serial Analysis of Gene Expression 

Serial analysis of gene expression (SAGE) is a restriction enzyme-based, high-

throughput method for determining gene expression in eukaryotes, first described in 1995 

(Velculescu et al. 1995). Briefly, double-stranded cDNA is synthesized from the sample(s) of 

interest, cut into small segments with restriction enzymes, and short linker segments ligated 

onto the cleaved ends. These small segments with linkers attached, known as tags, are 

enzymatically joined end-to-end and the resulting fragments, each containing 10-50 tags, are 

cloned and sequenced (see box 4 for detailed methods). The expression of a given EST is 

determined by the number of times its tag appears in the resulting sequences (Kuhn 2001). 

Because the resulting sequence tags are very small (~15 bp), SAGE requires initial genomic 

and/or transcriptomic data for the tags to be matched to (Pleasance et al. 2003). Thus, SAGE is 

restricted to systems with a sequenced genome or EST library (Tittiger 2004), unless the 

researcher also constructs an EST library. 

 In insects, SAGE experiments are usually conducted in model organisms with a 

sequenced genome or EST library available, including Drosophila (Jasper et al. 2001, Metta et 

al. 2006), Bombyx mori (Huang et al. 2005, Funaguma et al. 2007), and Anopheles gambiae 

(Rosinski-Chupin et al. 2007). One recent study using SAGE in a non-model insect system 

compared gene expression in pesticide-resistance and susceptible strains of the cattle tick 
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Rhipicephalus microplus (Guerrero et al. 2007). Expression differences of many tags were 

detected, though many could not be unambiguously identified due to lack of genomic data for 

this species (Guerrero et al. 2007). However, several genes of interest were identified and 

confirmed as being differentially-expressed with QRT-PCR, providing candidate genes for future 

research on pesticide susceptibility. In systems with abundant genetic data, however, SAGE is 

quite effective. For example, 57 genes associated with Plasmodium infection were identified in 

A. gambiae, and expression levels detected with SAGE were significantly correlated with QRT-

PCR results (Rosinski-Chupin et al. 2007), indicating that SAGE is a powerful technique for 

systems where it can be used. 

 One of the benefits of SAGE is that it is high-throughput, as the expression of 20-100 

ESTs is detected with each sequence read (Velculescu et al. 1995, Kuhn 2001). Therefore, 

large amounts of expression data can be generated with relatively little sequencing, provided 

that the sequence tags can be matched to an appropriate database. One obvious drawback to 

the SAGE technique is that extensive genomic and/or transcriptomic data for the study system 

is required, and must be generated if not already available. Also, because the sequence tags 

are small (~15bp) and biased toward the 3‟UTR, some tags cannot be unambiguously assigned 

to a particular gene; additionally, the expression of genes which lack the appropriate restriction 

enzyme recognition sites cannot be detected by SAGE (Kuhn 2001, Pleasance et al. 2003). 

Estimates of genes which cannot be analyzed with SAGE range from 8% in Drosophila 

melanogaster to 15% in Caenorhabditis elegans (Pleasance et al. 2003). For genetic model 

systems, it has been suggested that SAGE has comparable sensitivity to microarrays, but has 

the benefits of requiring no special equipment and being lower in cost (Kuhn 2001). In 

summary, although SAGE is typically restricted to a few genetic model systems, its use could 

increase as sequence data become available, because the high-throughput nature of this 

technique has the potential to provide large amounts of expression data with less effort and at a 

lower cost than some other techniques. 



 

 15 

1.4.5 Pyrosequencing and Other New Technologies 

Pyrosequencing is a recently-developed, high-throughput method of DNA sequencing 

(reviewed in Ronaghi 2001) that has the potential to greatly facilitate both genome sequencing 

and gene identification when used in conjunction with one of the gene expression techniques 

described above. Briefly, the DNA to be sequenced is randomly sheered and then loaded onto a 

chip containing all reagents necessary for PCR amplification and sequencing (Margulies et al. 

2005, Hudson 2007). Sequencing is performed by washing fluorescently-labeled nucleotides 

over the wells, and a fluorescent pulse is given off when a nucleotide is incorporated. 

The most widely-available platform for pyrosequencing is from 454 Life Sciences
TM

, 

now marketed by Roche Applied Science (http://www.454.com/). Current 454 pyrosequencing 

technology generates 400,000 sequence reads, averaging 250bp in length, from a single 

sequencing run (Hudson 2007; http://www.454.com/enabling-technology/the-system.asp). One 

chip may be divided between 2-16 samples. Although this technology was only described in 

2005 (Margulies et al.), 70+ publications to date have utilized this technology (Hudson 2007), 

including several transcriptome studies (Emrich et al. 2007, Hudson 2007, Toth et al. 2007, 

Weber et al. 2007). Relative to traditional Sanger sequencing methods, 454 pyrosequencing 

has the advantages of a 10-fold reduction in cost/base, faster, high-throughput results (one <7hr 

run yields up to 100mb), and an error rate of less than 0.5% (Hudson 2007, Huse 2007). Thus, 

utilizing pyrosequencing along with another gene expression technique, such as PCR-based 

methods, SSH, and comparative EST‟s, may increase the amount of sequence data able to be 

generated, thereby increasing the power of the chosen technique. 

Additionally, 454 pyrosequencing alone, if used correctly, also has the potential to be 

applied as a stand-alone gene expression technique. During a pyrosequencing run, template 

DNA is randomly sheered and dispersed into sequencing wells. It is therefore predicted that 

highly-expressed transcripts will produce more sequence reads than less-expressed transcripts, 

provided the sample is not “normalized” during cDNA preparation to equalize transcript 
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abundance. If this assumption is true, it would be possible to divide a single chip between two 

(or more) cDNA samples generated from tissues of interest and generate ESTs by direct 

pyrosequencing. The number of ESTs for each gene would then be calculated for each sample 

and compared between the samples. Thus, due to its high-throughput capability, 454 

pyrosequencing technology has the potential to provide both sequence and expression data 

with one procedure. Candidate genes which appear to be differentially-expressed in EST 

abundance should later be confirmed with quantitative real-time PCR (QRT-PCR).  Other high-

throughput sequencing technologies (e.g., SOLiD and Solexa) also have the above potential 

and research over the next decade will determine which of these platforms positively impact the 

study of gene expression in non-traditional genetic models. 

1.5 Techniques for Confirmation of Gene Expression Differences 

Once candidate genes are identified using one of the above gene expression 

techniques, differential expression must be confirmed; typically, a PCR-based technique is 

used, which can be either semiquantitative or quantitative. The candidate gene sequence is 

used to design primers resulting in a small (~300bp) PCR fragment of that gene. First-strand 

cDNA products from the samples of interest are used as template DNA for PCR reactions. PCR 

is conducted simultaneously with the candidate gene-specific product and a similar-sized 

fragment of a housekeeping gene that should be equally expressed in all samples. 

1.5.1 Semiquantitative PCR 

Semiquantitative PCR was the first quantitative method developed to compare relative 

amounts of starting cDNA and uses relative brightness of bands on an agarose gel (Wiesner et 

al. 1992, Tsai and Wiltbank 1996).  In semiquantitative PCR, reactions are performed in a 

standard thermalcycler under standard PCR conditions, except that the number of cycles should 

be low (~15-18) – to ensure the reaction is in the exponential phase and not the 

saturation/plateau phase of the PCR reaction. Resulting products are then electrophoresed 

side-by-side on a standard gel and visualized (Figure 1.2a). A brighter band in one sample 
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relative to another is indicative of a higher amount of template cDNA (i.e., more mRNA 

transcripts). The relative brightness of one band relative to another can be analyzed with 

imaging software, such as NIH‟s ImageJ, providing a semiquantitative measure of relative gene 

expression. 

1.5.2 Quantitative PCR 

Quantitative real-time PCR (QRT-PCR) is a more powerful and precise method to 

measure relative gene expression between two samples (reviewed in Freeman et al. 1999). The 

basic method is similar to that described above, except that the primers are tagged with a 

fluorescent label to track incorporation of the primers into a cDNA fragment (Gibson et al. 1996, 

Heid et al. 1996). PCR reactions proceed exponentially before leveling off, and it is the number 

of cycles that it takes to reach the exponential growth phase that is measured (Figure 1.2b). 

Reactions which reach this earlier have a higher amount of starting template cDNA (in this case, 

cDNA corresponding to the candidate gene of interest). Real-time PCR has been used 

extensively to quantify gene expression differences in insect systems, with at least 321 studies 

utilizing this technology [SCI citations using the following keywords: real time PCR AND (insect 

or drosophila or tribolium or anopheles or apis)]. 

Figure 1.2. Diagrams of a) semiquantitative and b) quantitative PCR. In a, the brightness of 
the housekeeping fragment is equal in both samples, while the candidate gene has a brighter 
band in sample 2 than in sample 1. In b, the reaction reaches the exponential phase earlier for 

sample 2 than in sample 1 for the candidate gene, while the housekeeping genes are 
approximately equal. 
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1.6 Phenotypic Confirmations Using RNA Interference 

Once gene expression differences between the treatments/samples of interest have 

been identified and confirmed, the next step is to test the biological importance of that difference 

on the phenotype that originally defined your treatments/samples. There are several 

approaches that can be used to do this, including injections of the protein product that the 

transcript produces (e.g., Cayre et al. 1995), genetic deficiency mapping (e.g., Pasyukova et al. 

2000) and RNAi (see below). However, the former two can be technically challenging and may 

not be appropriate for many insect systems. RNA interference (RNAi), on the other hand, is 

relatively easy and will likely work in any insect system (review of RNAi in Gheysen and 

Vanholme 2007). Specifically, injection of double stranded RNA (dsRNA; see flyrnai.org for a 

detailed description of methods to generate dsRNA), derived from a specific gene, into the 

abdomen or body cavity of larval or adult insects can knockdown mRNA expression of the 

target gene. Developed by Fire et al. in 1998, this Nobel Prize winning technology (Nobel Prize 

in Medicine in 2006) has revolutionized the study of gene expression effects on phenotypes. 

Indeed, injection of dsRNA into larval and adult insects has been a successful strategy to 

knockdown gene transcripts in a diverse array of insect taxa, including aphids (e.g., 

Acyrthosiphon pisum; Mutti et al. 2006), beetles (e.g., Tribolium castaneum; Arakane et al. 

2005), cockroaches (e.g., Blattella germanica; Maestro and Bellés 2006), crickets (e.g., Gryllus 

bimaculatus; Meyering-Vos et al. 2006), fruit flies (e.g., Drosophila melanogaster; Dzitoyeva et 

al. 2003), honeybees (e.g., Apis mellifera; Nelson et al. 2007), mosquitoes (e.g., Anopheles 

gambiae; Lycett et al. 2006), moths (e.g., Spodoptera frugiperda; Meyering-Vos et al. 2006), 

and termites (e.g., Reticulitermes flavipes; Zhou et al. 2006).  

For example, if a candidate gene has been confirmed as up-regulated in individuals 

displaying the phenotype or treatment effect of interest, knocking down that gene may confirm 

that the gene is involved in that pathway. If successful knockdown of the candidate gene 

removes or reduces the expected phenotype, there is evidence supporting the role of that gene 
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in that particular phenotype. Alternatively, if a candidate gene is found to be down-regulated 

when associated with a particular phenotype, knockdown of that gene in wild-type individuals 

should produce the phenotype of interest, again supporting the role of that candidate gene.   

1.7 The Future of Gene Expression Research in Insects 

Recently-developed technologies, like pyrosequencing, could change the way we 

conduct gene expression studies in insects and other species. Pyrosequencing has several 

advantages, as described above, over current expression techniques but only time will tell if 

these new technologies help identify candidate genes for biologically important phenotypes. In 

our opinion, the real future of gene expression studies lies not in the rapid identification of 

possible candidates, but in the confirmation of gene expression differences and more 

importantly in testing the consequences of these confirmed gene expression differences on 

phenotypic differences. Relatively few studies have tested for a direct link between differential 

gene expression and phenotype, compared with the thousands of studies that simply look at 

gene expression differences. It is the phenotype that usually drives our interest in gene 

expression and it is understanding the link between gene expression and phenotype that will 

likely consume our collective attention in the decades to come. 

1.8 Boxes with Detailed Gene-Expression Technique Methods 

1.8.1 Box 1: Detailed Methods: PCR-based Differential Display (dd-PCR and cDNA-AFLP) 

Both dd-PCR and cDNA-AFLP‟s begin with the isolation of RNA from the samples of 

interest to be compared (e.g., different tissue types, species, experimental conditions, etc.). 

First-strand cDNA synthesis is then performed on each sample, using a reverse transcriptase 

and an anchored oligo-dT primer, complementing the poly-A tails of mRNA (panel a, top). 

In the case of dd-PCR, several reverse transcriptase reactions are performed on each 

sample, using oligo-dT primers anchored with either one or two bases on the 3‟ end, resulting in 

3 or 12 pools of cDNA, respectively, to cover the entire transcriptome. This single-stranded 

cDNA is used directly as the template for PCR amplification without further modification (panel 
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a, right side). PCR is then conducted in parallel on each sample with the oligo-dT primer used 

for first-strand synthesis and an arbitrary upstream primer, typically 6-13 bp in length. In 

general, several random primers are used with each oligo-dT cDNA pool to provide greater 

coverage of the transcriptome. 

For cDNA-AFLPs, second-strand synthesis is performed on the first-strand cDNA 

product. Double-stranded cDNA is then cut with two restriction enzymes and adaptor 

sequences ligated to the cleaved ends (panel a, left side). Non-selective amplification using 

adaptor primers follows, generating a large amount of starting material for further amplification. 

Numerous PCR reactions using one adaptor primer and one arbitrary primer are then 

performed. 

For both techniques, the resulting PCR products for each primer combination and 

sample to be compared are then electrophoresed side-by-side, and the resulting banding 

patterns compared (panel b). For both dd-PCR and cDNA-AFLP, there are 3 possible 

comparisons between two samples: 1) a fragment can be equally amplified between the two 

samples, indicating that the expression of this gene is equal across treatments, 2) a fragment 

can be amplified in one sample but not in the other, indicating that either (i) the gene is 

expressed only under those particular treatment conditions or (ii) there is unique variation in the 

coding sequence between the samples, or 3) a fragment can be amplified more in one 

treatment than the other, indicating it is upregulated (more expressed) or downregulated (less 

expressed) relative to the other treatment. Panel b provides a schematic representation of these 

banding patterns (top) and an example of experimental dd-PCR data (bottom; data from JL 

Marshall et al., unpublished). Fragments exhibiting expression patterns 2 or 3 may be chosen 

for further characterization, typically by excision from the gel, sequencing, and confirmation with 

either QRT-PCR or Northern blotting. 
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Figure 1.3. Pictoral diagrams of the cDNA AFLP and dd-PCR techniques. 
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After ligation is complete, two rounds of subtraction are performed. For each 

subtraction, driver cDNA is added in excess to tester cDNA, the samples are heat-denatured, 

then allowed to re-anneal by cooling; this process generates tester-tester, tester-driver, and 

driver-driver hybrids (panel b, top). Once the subtractions are performed, the tester-tester cDNA 

fragments, representing those genes expressed in the tester but not in the driver, are amplified 

using primers specific to the adaptor sequences ligated onto the fragments before subtraction 

(panel b, bottom). Tester-driver and driver-driver hybrids will not amplify, as driver fragments 

lack the adaptor fragments containing the primer-matching sequence (panel b, bottom). The 

resulting PCR product, which may contain dozens or even hundreds of amplified fragments, 

thus represents genes expressed in the tester but not in the driver. 

Figure 1.4. Pictoral diagram of the suppression subtractive hybridization technique. 
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Electrophoresis of the amplified product follows, and bands may be excised, 

reamplified, cloned, and sequenced. Unlike dd-PCR and cDNA-AFLP, any band which appears 

on an SSH gel is potentially of interest, as each band represents a gene expressed (or 

expressed more) in one sample than the other. After sequencing, a gene of interest may be 

confirmed as differentially expressed using QRT-PCR. 

1.8.3 Box 3: Detailed Methods: EST Comparisons 

Comparing expressed sequence tag (EST) libraries is a straightforward yet powerful 

way to generate a list of genes which may be differentially expressed between two or more 

samples. However, EST libraries with extensive sequence data must be available for the 

samples of interest, and must be generated if they do not already exist. Here we briefly describe 

the methods for making an EST library and define the key terms associated with this method. 

 As with other methods described above, RNA is first extracted and then reverse-

transcribed into cDNA from the samples of interest. The double-stranded cDNA pools may first 

be enriched for full-length sequences, or inserted directly into an appropriate bacterial vector. A 

cDNA library, therefore, is defined as a large pool of bacteria, with each clone containing an 

inserted cDNA fragment. The cDNA library is plated, grown to produce numerous colonies, and 

individual clones picked for single-read sequencing (panel a). 

To obtain a complete EST library, thousands of clones must be picked and sequenced. 

Next, the thousands of single-pass sequences are imported into sequence-analysis software 

and aligned. Alignment algorithms group and align sequences based on sequence homology; 

each group of sequences is called a  ontigs (panel b). The combined end-to-end sequence for 

each  ontigs is known as the consensus sequence, and forms a unigene, a transcript 

identified by numerous ESTs. An EST that doesn‟t align with any other sequence is known as a 

singleton.  

Once all of the unigenes and singletons are identified in each cDNA library, the number 

of ESTs with which each unigene is composed can be counted, and used as a proxy for amount 
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of gene expression; a gene with a relatively higher copy number should appear more often in a 

cDNA library. Next, the consensus unigenes between each library are compared, identifying 

which genes are expressed in both libraries. For those which appear in both libraries, the 

numbers of ESTs comprising that unigene in each library are compared (panel c). Genes which 

are expressed equally should have similar copy numbers (panel c, left side), while genes that 

are differentially expressed will have unequal copy numbers (panel c, right side) and may not 

appear in one of the EST libraries if it is not expressed in that sample. Several computational 

methods for statistical analysis of EST copy number have been described (e.g. Audic and 

Claverie 1997, Stekel et al. 2000, Ribeiro 2003) and will not be detailed here. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Pictoral diagram of the comparative EST technique. 
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1.8.4 Box 4: Detailed Methods: Serial Analysis of Gene Expression (SAGE) 

SAGE is restriction enzyme-based method for simultaneously cloning, sequencing, and 

measuring gene expression. As in other methods, RNA is first isolated from samples of interest 

and first- and second-strand cDNA synthesized (panel a, top). Next, double-stranded cDNA is 

digested with the restriction enzyme NlaIII, which is a 4-base cutter which cuts DNA frequently. 

The 3‟ ends of the cDNA fragments are collected with streptavidin beads (which bind poly-A 

tails), and a linker fragment ligated to the NlaIII splice site (panel a, middle). The linker 

fragments contain a FokI cleavage site immediately adjacent to the NlaIII site. Fragments are 

then digested with FokI, which cleaves exactly 13bp downstream from the recognition site 

(panel a, bottom). These 14bp fragments are known as tags, and theoretically are unique for 

each gene (Velculescu et al. 1995). 

Blunt-end ligation of cleaved fragments follows, resulting in the formation of ditags, a 

fragment with two tags linked tail-to-tail (panel b, top). These ditags are then amplified using 

primer sequences matching those of the linker sequence; the resulting PCR product is then 

cleaved with NlaIII to remove the linker fragments (panel b, middle). This cleavage results in 

ditag fragments with 4-base overhanging ends, which are then ligated together in a process 

termed concatenation, to generate fragments with 10-50 ditags each (panel b, middle). These 

concatenated fragments are cloned, sequenced, and sequenced tags matched to existing 

sequence databases (panel b, bottom), using software designed for this purpose (e.g., 

SAGEmap from NCBI; http://www.ncbi.nlm.nih.gov/projects/SAGE/). SAGE software packages 

analyze existing sequence data for the species of interest to identify cDNA fragments expected 

to result from restriction digests with NlaIII and FokI (Lash et al. 2000, Pleasance et al. 2003). 

Once gene identification is made for all tags for which identification is possible (~90% 

on average; Lash et al. 2000), the number of times each gene‟s tag is found is calculated. For a 

comparative study, these values are then statistically compared between samples of interest 
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(e.g. Audic and Claverie 1997). Genes identified as being potentially differentially expressed 

with SAGE are then usually confirmed with QRT-PCR and/or Northern blots. 

 

 
Figure 1.6. Pictoral diagram of the SAGE technique.
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CHAPTER 2 

GENE-EXPRESSION DIFFERENCES BETWEEN DIAPAUSING AND DIRECT-DEVELOPING 
EMBRYOS OF THE STRIPED GROUND CRICKET, ALLONEMOBIUS SOCIUS: 

IDENTIFICATION AND GENE ONTOLOGY 
 

2.1 Abstract 

Variation in environmental conditions can lead to the evolution of phenotypic plasticity, 

as individuals within a population able to respond to changing conditions will have relatively 

higher fitness than those that cannot. Environmentally-induced phenotypic plasticity has been 

documented in a wide range of species, and identifying the mechanisms which underlie the 

evolution and maintenance of plasticity is an active area within evolutionary biology. Finding the 

genetic basis of adaptive plasticity is of particular interest to researchers, and is now becoming 

increasingly possible as gene-expression techniques continue to be developed. Furthermore, 

many gene-expression techniques now allow genes to be identified and expression levels 

measured in any system, reducing dependency on traditional genetic models. The striped 

ground cricket, Allonemobius socius, provides an ideal model system in evolutionary ecology, 

as it has a wide geographic range with documented natural variation in many life-history traits 

which correlate to environmental variation across the species‟ distribution. I used suppression 

subtractive hybridization (SSH) to identify genes which are differentially-expressed between 

diapausing and direct-developing eggs in A. socius. Here, I report gene ontology findings for 

both types of eggs, describe differences in the type of genes which are expressed in each 

developmental type, and relate my findings to previous studies identifying genes associated 

with diapause in other insect species. 
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2.2 Introduction 

Many organisms are able to adjust to changes in their environment within their lifetime, 

often through plastic developmental responses including morphological, behavioral, and life-

history changes (Stearns 1992; Schlichting and Pigliucci 1998; Roff 2002). Because these 

changes often have a genetic basis (West-Eberhard 2003; Carroll et al. 2005), they may be 

studied using a gene expression approach. Environmental conditions experienced during 

development can alter the expression level of certain genes to yield an environment-specific 

phenotype (Berrigan and Charnov 1994; Schlichting and Pigliucci 1998). Thus, environmentally-

contingent gene expression is the likely cause of much of the adaptive plasticity observed in 

natural systems. 

In insects, the environmental induction of embryonic diapause instead of direct 

development is an example of adaptive plasticity: under unfavorable (cold or dry) conditions, it 

may be best to initiate diapause and delay hatching until conditions have become more 

favorable. However, if current conditions are good (warm and wet), direct-development allows 

exploitation of these favorable conditions, resulting in increased fitness via shortened 

generation time and/or additional generations (Via and Lande 1985; Philippi and Seger 1989; 

Mousseau and Fox 1998). Diapause can occur in the egg, larval, pupal, or adult stage of the 

life-cycle, but a given species can typically undergo diapause in only one of these stages 

(Danks 1987; Masaki 1996; Rossiter 1996). In species that experience egg diapause, the 

initiation of diapause is believed to be under maternal control (Tanaka 1986a; Mousseau and 

Dingle 1991; Hockham et al. 2001), although environmental conditions may directly influence 

embryonic development (Shiga and Numata 1997; Olvido et al. 1998; Huestis and Marshall 

2006a). Determining which environmental conditions lead to diapause initiation has been the 

focus of dozens of studies (e.g., Mousseau and Dingle 1991; Mousseau and Fox 1998), and the 

mechanism of diapause induction has also been the subject of much recent research, although 

it remains unknown for most species (Denlinger 2002). 
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Recently, several genes have been identified as up- or down-regulated during 

diapause, but many of these studies have focused on species which undergo diapause late in 

development, such as the pupal or adult stage (Denlinger 2002). Examples of known up-

regulated genes include antifungal peptides (Daibo et al. 2001), storage proteins (Denlinger 

2002), stress proteins (Denlinger et al. 1995, 2001; Flannagan et al. 1998; Moribe et al. 2001), 

diapause hormone (Su et al. 1994; Yamashita 1996; Yamashita et al. 2001), transcription 

factors (Suzuki et al. 1999), lipids (Michaud and Denlinger 2006), and several unidentified 

proteins (Yocum 2003). Genes down-regulated during diapause include actin (Denlinger et al. 

1995) and elastin-like proteins (Flannagan et al. 1998). One gene recently found to be 

specifically associated with the breaking of diapause in pupal sweet potato hornworms is 

cytochrome c oxidase subunit I (Uno et al. 2004). Most of the genetic research on diapause has 

been conducted in species with larval, pupal, or adult diapause, and little is known about the 

genetic basis of embryonic diapause (Denlinger 2002), making it an ideal area for further study. 

The induction of embryonic diapause in the striped ground cricket, Allonemobius socius, 

has been well-studied. For example, previous research has shown that diapause in the A. 

socius complex is influenced by maternal effects, egg-incubation temperature, photoperiod, and 

moisture (Tanaka 1984, 1986a,b, 1987, 1992; Mousseau and Roff 1989a; Mousseau 1991; 

Bradford and Roff 1993, 1995, 1997; Olvido and Mousseau 1998; Olvido et al. 1998; Roff and 

Bradford 2000; Huestis and Marshall 2006a). However, as in many species in which diapause 

has been studied at the phenotypic level (Denlinger 2002), the molecular genetic basis has not 

yet been characterized. 

The breaking of embryonic diapause in response to direct environmental cues can be 

viewed as an adaptive mechanism which allows individuals to exploit favorable changes in 

environmental conditions. To explore this area further, I studied how one key environmental 

variable, egg-incubation temperature, affected embryonic gene expression and developmental 

phenotype (i.e., diapausing or direct-developing) utilizing the cricket Allonemobius socius as a 

model system. Specifically, I used suppression subtractive hybridization (SSH) to identify genes 
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which are differentially expressed during the adaptive breaking of diapause as a direct result of 

changing environmental conditions. Here, I report results for 28 candidate genes identified as 

differentially-expressed between diapausing and non-diapausing eggs using SSH, describe the 

gene ontology (GO, sensu Ashburner 2000; Harris et al. 2004) of these two samples, and relate 

my findings to previous research on the genetics of diapause in other insect species. 

2.3 Methods 

2.3.1 Experimental System 

 Striped ground crickets (Allonemobius socius complex) have a wide distribution in North 

America, with much geographic and environmental variation across this range, and thus provide 

an ideal system for studying geographic variation in life-history traits. Their ease of capture in 

the field and maintenance in the laboratory also makes crickets in this complex well-suited for 

laboratory manipulation, and they have been used as a model for research on many topics 

within evolutionary biology and ecology for over 70 years (e.g., Fulton 1931; Howard 1983, 

1986; Britch et al. 2001; Fedorka and Mousseau 2004). For example, they have been used to 

study speciation and hybrid-zone dynamics (e.g., Howard 1986; Gregory and Howard 1994; 

Britch et al. 2001), sexual conflict (e.g., Fedorka and Mousseau 2002a,b, 2004), geographic 

variation in morphology (e.g., Mousseau and Roff 1989a,b, 1995; Bradford and Roff 1993; 

Olvido et al. 2003; Fedorka et al. 2007), and environmental effects on life-history traits (e.g., 

Tanaka 1986; Olvido et al. 1998; Huestis and Marshall 2006a,b). 

In particular, Allonemobius have been used as a model system for studying 

environmental and maternal effects on diapause for over 2 decades (e.g., Tanaka 1984, 1986, 

1987, 1992; Olvido et al. 1998; Huestis and Marshall 2006a; Winterhalter and Mousseau 2007). 

Previous research has shown that diapause occurrence is clinal in Allonemobius, with 

individuals from univoltine, northern populations producing larger proportions of diapausing 

eggs (Tanaka 1986a; Mousseau and Roff 1989a; Mousseau 1991; Winterhalter and Mousseau 

2007). There is also natural variation in the number of generations per year, as there is a shift 

from univoltinism in the northern part of their range, to bivoltinism in the middle of the range, to 
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multivoltinism at the southern extent of the range. Bivoltine populations display individual 

plasticity (Winterhalter and Mousseau 2007), as individuals can adopt either a univoltine or 

multivoltine strategy depending on the environmental conditions they experience (Mousseau 

and Roff 1989a; Bradford and Roff 1997; Winterhalter and Mousseau 2007). However, 

oviposition environment appears to play only a minor role in diapause occurrence relative to 

embryonic incubation environment (Olvido et al. 1998; Huestis and Marshall 2006a). Other 

factors including maternal age, photoperiod, and moisture availability have also been shown to 

affect diapause in laboratory experiments (Tanaka 1984, 1992; Mousseau 1991; Bradford and 

Roff 1995). Although much is known about the environmental and maternal facts that affect 

diapause in A. socius, the genetic basis of this trait is not yet known, making it an ideal avenue 

for further study. The genetic basis of diapause is not yet known for most species, especially for 

species which diapause in the egg stage (Denlinger 2002); this fact, combined with much 

previous knowledge about diapause in this species, makes Allonemobius an ideal system for 

this research. 

2.3.2 Experimental Animals 

Crickets were collected from a wild population located in upstate South Carolina 

(Latitude: 34.4869°N; Longitude: 83.0229°W) in July 2006. The population (founded from ~50 

wild-caught individuals) was maintained in the laboratory under standard rearing conditions for 

Allonemobius (27°C, 14:10 L:D; Huestis and Marshall 2006a,b) for 2 generations to remove any 

environmental or maternal effects from the field, prior to use in subsequent experiments. 

Laboratory stocks consisted of > 50 individuals to maintain adequate population size and 

genetic diversity. 

A split-brood design was used to generate batches of sibling eggs reared under two 

egg-incubation temperatures: 27 and 32°C. To generate these egg batches, crickets were 

raised in sex-specific cages as juveniles to prevent mating, under standard conditions as 

described above. After reaching adulthood, crickets were allowed to mature for 7-10 days, 

placed into a mating cage, and allowed to mate for 7 days. Females were then placed in 
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individual boxes at 27°C and provided strips of rolled cheesecloth in 60 mm Petri dish lids in 

which to lay eggs. Cheesecloth was collected each day, and new cheesecloth provided. Eggs 

were collected from females every day for 8-10 days, providing multiple batches for most 

females over her reproductive lifespan. The removed cheesecloth was examined immediately 

for the presence of eggs, and if > 10 eggs were present, batches were randomly split between 

the original egg-incubation temperature of 27°C and an increased egg-incubation temperature, 

32°C, designed to stimulate the breaking of diapause. Photoperiod was held constant at 14:10 

L:D for all treatments. This design resulted in batches of eggs being split between the two egg-

incubation temperature treatments within 24 hours of being laid. 

Egg batches were maintained at their assigned egg-incubation temperature for an 

additional 4 days. At this point, batches with large numbers of eggs (> 20 per batch) had some 

eggs carefully removed from the cheesecloth and frozen in RNAlater (Ambion, Austin, TX) at -

20°C, leaving at least 5 eggs per batch at the assigned egg-incubation conditions. All remaining 

eggs were maintained under their assigned treatments for 18-20 days, then scored for 

developmental phenotype. Eggs were scored as either hatched (hatchling cricket present), non-

diapause (presence of eyespots, at a minimum), diapause (small and white), or rotten (less than 

5% of all eggs show brown or black fungus; counts of rotten eggs not used). For each batch, the 

proportion of diapausing eggs at each temperature was calculated by dividing the number of 

diapause eggs by the total number of eggs in the batch. For those batches with eggs frozen for 

later genetic analyses, diapause proportions of sibling eggs were used as a proxy to score 

diapause phenotype for those frozen batches of eggs. 

Three typical outcomes result from this split-brood design. In one outcome, eggs which 

are laid and maintained at 27°C will undergo diapause, while sibling eggs which are incubated 

at 32°C will break diapause and direct-develop (Figure 2.1A). This outcome shows that there is 

phenotypic plasticity in developmental response to temperature. Alternatively, some batches of 

eggs direct-develop at both 27 and 32°C (Figure 2.1B), indicating a genotypic or maternal 

component that drives direct-development at both of these temperatures. In contrast, certain 



 

       
33 

batches undergo diapause at both egg-incubation temperatures (Figure 2.1C), again indicating 

a genotypic and/or maternal effect to diapause regardless of egg-incubation temperature. There 

is variance around each of these three outcomes, and while batches will typically fall into one of 

these three general categories, most are not 100% of one phenotype or another. However, egg 

batches closest to desired phenotypic outcomes were chosen for gene-expression analyses 

(see below). 

 

27º C

32º C27º C

27º C

32º C27º C

27º C

32º C27º C

breaking of diapause 

due to increased egg-
incubation temperature

diapausing regardless 

of increased egg-
incubation temperature

direct-developing 

regardless of egg-
incubation temperature

A B C

 

Figure 2.1. Three typical outcomes from split-brood design. In one common result, eggs 
which are laid and maintained at 27°C initiate diapause, while sibling eggs shifted to an egg-

incubation temperature of 32°C break diapause and undergo direct development (A); this result 
indicates that eggs are directly affected by changes in egg-incubation temperature and can 

respond to favorable environmental conditions (an increase in temperature) by breaking 
diapause. In contrast, eggs which are laid at 27°C and maintained at 27°C, as well as their 

siblings moved to 32°C may both undergo direct development (B); this outcome may result from 
genetic or maternal effects on diapause and indicates that eggs do not change developmental 
phenotype based on egg-incubation temperature, at least across this range of temperatures. 

Finally, eggs laid at 27°C and incubated at either 27 or 32°C may both initiate diapause (C); as 
in B, this result may be due to genetic and/or maternal effects, and also indicates a lack of 

plastic response to egg-incubation temperature. 
 

2.3.3 Suppression Subtractive Hybridization 

To identify genes which are differentially-expressed between diapausing and non-

diapausing eggs, I conducted subtractions between two specific pairs of samples. The first 
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subtraction is between a pair of sibling eggs which diapaused at 27°C but broke diapause at 

32°C (see Figure 2.1A). This comparison reveals changes in gene-expression due to the 

different development phenotypes and also effects of temperature, while controlling for genetic 

and maternal effects. The second subtraction is between eggs which broke diapause at 32°C 

(the same sample as the first comparison describe above) and unrelated eggs which diapaused 

at 32°C (from a batch of eggs which diapaused at both temperatures; see Figure 2.1C). This 

comparison controls for effects of temperature, and reveals differences in expression due to 

developmental phenotype and genetic/maternal effects. Thus, genes which are found to be 

differentially-expressed in both subtractions provide the strongest candidates. 

For each of these three samples, total RNA was isolated from the appropriate batches 

of eggs (n~25 per sample) using an RNAqueous-4PCR kit (Ambion) following manufacturer‟s 

recommended protocol, including DNase I treatment to remove contaminating genomic DNA. 

Total RNA was quantified using a NanoDrop-1000 spectrophotometer (Thermo Scientific, 

Wilmington, DE). 185 ng of total RNA was used to generate double-stranded complementary 

DNA (dscDNA) using a Super SMART cDNA synthesis kit (Clontech Laboratories, Mountain 

View, CA) following manufacturer‟s protocol with 23 PCR cycles for second-strand synthesis. 

The resulting double-stranded cDNA was then used for suppression subtractive hybridization 

(SSH) using a PCR-Select cDNA synthesis kit (Clontech Laboratories) following recommended 

protocol. For this technique, samples are labeled with adaptor fragments as either a “tester” or a 

“driver,” and driver cDNA is subtracted from tester cDNA, followed by PCR to amplify those 

genes which are uniquely expressed in the tester sample (Diatchenko et al. 1996, 1999; see 

also Chapter 1 for additional details of this technique). A reverse subtraction is necessary to 

detect gene-expression differences in both directions, as each subtraction only reveals genes 

expressed in the tester, not in the driver. 

Resulting PCR products from amplifying SSH products were electrophoresed on a 2% 

agarose gel with ethidium bromide in 1X TBE buffer for 4 hours to resolve banding patterns. For 

each subtraction, five brightly-appearing bands were carefully excised, gel-extracted using a 
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QIAquick gel extraction kit (Qiagen, Valencia, CA), and the resulting DNA concentration 

quantified using a NanoDrop-1000 spectrophotometer (Thermo Scientific). Cleaned PCR 

products were then cloned with using a TA cloning kit, pCR2.1 vector, and one-shot INVαF‟ 

chemically-competent cells (Invitrogen, Carlsbad, CA), following all manufacturer‟s 

recommended protocols. Transformed bacteria were grown overnight at 37°C and five positive 

colonies were picked for each original gel-extracted PCR product. Colonies were then 

homogenized in 50ul of nuclease-free water and subjected to PCR with standard M13 primers 

(M13F: 5‟ GTTTTCCCAGTCACGAC 3‟; M13R: 5‟ CAGGAAACAGCTATGACC 3‟) under 

standard PCR conditions in 50ul total volume reactions. Resulting products were 

electrophoresed on a 1% agarose gel with ethidium bromide in 1X TBE and bands excised and 

gel extracted as above. These cleaned PCR products were then used as sequencing templates. 

2.3.4 Sequence Analysis 

DNA sequencing was performed at the University of Kentucky Advanced Genetic 

Technologies Center (Lexington, KY), in both forward and reverse directions using M13 primers 

as given above. Sequences were cleaned and vector sequences trimmed off using BioEdit 

7.0.5.3 (Hall 1999). Edited sequences were imported into Sequencher 4.8 (GeneCodes, Ann 

Arbor, MI) and contigs generated using stringent assembly parameters (35 bp minimum overlap 

and 75% minimum identity). The resulting uniESTs were then analyzed for gene ontology (GO) 

using Blast2Go software (Conesa et al. 2005; Götz et al. 2008). Differences between the two 

developmental types in the numbers of sequences in each gene ontology category were 

analyzed using a Fisher‟s exact test within Blast2Go; the P-value was set at α < 0.1 due to low 

power in detecting differences with small numbers of sequences in each category. Diversity in 

types of genes which were expressed within each of the 3 major GO categories was calculated 

using Shannon‟s diversity index and differences between the two developmental types were 

tested using a t-test following the method described by Magurran (1988). 
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2.4 Results 

2.4.1 Developmental Phenotypes 

 Within the population used for this experiment, I observed batches of eggs falling in all 

three types of phenotypic outcomes (see Figure 2.1), and the majority of batches showed some 

developmental response to temperature (Figure 2.2). These results indicate that this population, 

like many southern populations of A. socius, displays large amounts of genetic variance for 

diapause mean and plasticity in response to egg- frozen incubation temperature (Figure 2.2). As 

a result, I was able to select egg samples from batches which displayed the desired outcomes: 

one batch which, when split, diapaused at nearly 100% frequency at 27°C but direct-developed 

at 100% frequency at 32°C (Figure 2.1A), and another batch in which all eggs incubated at both 

temperatures diapaused (Figure 2.1C). These three samples (sibling eggs as in Figure 2.1A 

and unrelated eggs which diapaused at 32C as in Figure 2.1C) were then used for suppression 

subtractive hybridization to identify candidate genes which were expressed in one sample but 

not in the other. 
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Figure 2.2. Combined results from all females in this population which produced eggs 
during this experiment. These data display the phenotypic plasticity of Allonemobius socius 

embryos in response to egg-incubation temperature, and also show the wide range of variance 
at the population-level for this phenotype. Single grey lines represent eggs produced by a single 

female, while the black squares, black line, and error bars represent the sample means and 
standard error. 
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2.4.2 Gene Ontology 

 A total of 44 unique genes (31 singletons and 13 contigs) resulted from cloning and 

sequencing 64 SSH fragments in both directions (Table 2.1). Of these, 28 (18 singletons and 10 

contigs) could be identified using blastx and/or tblastx with a significance cutoff of e
-05

 (Table 

2.1). The numbers of sequences which were identified as belonging to specific gene functions 

within each of the three main functional GO categories for both diapausing and non-diapausing 

eggs are shown in Figure 2.3. 

 
Table 2.1. Distributions of numbers of genes resulting from cloning and sequencing 

subtractive hybridization PCR products, which compared diapausing and non-
diapausing eggs of Allonemobius socius. 

 

Diapause Non-Diapause

Singletons 18 13

Contigs 4 9

Diapause Non-Diapause

Singletons 11 7

Contigs 4 6

Total resulting genes

Genes identified via BLAST

 

 
In general, more types of genes are expressed in eggs which have broken diapause 

than in their diapausing counterparts (Figure 2.3). A Fisher‟s exact test can be used to compare 

the number of sequences between samples, a proxy for the amount of difference in expression; 

however, power to detect differences was extremely low with so few sequences, so I used a P-

value of α < 0.1 for this exploratory study. Within the cellular component ontology category, 

three classes of genes were significantly more represented in the eggs which broke diapause 

compared to diapausing eggs using this criterion (Figure 2.3A). However, there was not a 

significant difference in the diversity of types of sequences expressed in this GO category 

(Table 2.2). 
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In the biological process GO category, there are 5 classes of genes which are 

represented by one or two sequences in the non-diapause eggs but not represented in the 

diapausing samples (Figure 2.3B); this difference was not statistically significant using a 

Fisher‟s exact test. However there was a significant difference in the Shannon diversity indices 

between diapausing and non-diapausing eggs (Table 2.2), indicating that there is more diversity 

in the types of biological process genes expressed by eggs that have broken diapause relative 

to their diapausing counterparts. In the molecular function GO category, there was one type of 

gene expressed by diapausing eggs that was not detected in the direct-developing eggs and 

two types of genes found in direct-developing eggs but not in diapausing eggs (Figure 2.3C), 

but these differences were not significant with either a Fisher‟s exact test or by comparing 

Shannon diversity indices (Table 2.2). 

 
Table 2.2. Shannon diversity indices for each developmental type (diapause vs. non-
diapause) in each of the three major gene ontology (GO) categories. H is Shannon's 

diversity index, and a t-test was used to test for differences between the two developmental 
types. Variance, H, t, and df were calculated using the methods of Magurran (1988). 

 

Developmental Type H variance t df P

Diapause 1.7041 0.00006 0.1338 37.66 0.894

Non-diapause 1.7151 0.00675

Developmental Type H variance t df P

Diapause 1.2555 0.00828 6.595 33.81 < 0.0001

Non-diapause 2.0286 0.00546

Developmental Type H variance t df P

Diapause 1.1973 0.01314 0.319 28.92 0.752

Non-diapause 1.2622 0.02818

Cellular Component

Biological Process

Molecular Function

 

2.4.3 Genes Identified 

A total of 22 sequences (singletons and contigs combined) were identified as up-

regulated in direct-developing eggs relative to diapausing eggs. Nine sequences were unable to 
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be identified on the basis of BLAST searches, while 13 sequences could be identified via 

BLAST similarity (Table 2.1). In contrast, 22 sequences were identified as up-regulated in 

diapausing eggs relative to direct-developing eggs, 15 of which were identified using BLAST 

(Table 2.1). A list of all genes which were identified using BLAST is given in Table 2.3. Genes 

found to be upregulated in direct-developing eggs relative to diapausing eggs included two 

members of the heat-shock protein 70 family (HSP70), apolipophorin III, a cytochrome P450-

like protein, several ribosomal proteins, and several predicted and/or hypothetical proteins with 

unknown function (Table 2.3). Genes found to be expressed in diapausing eggs but not in eggs 

which had broken diapause included heat-shock protein 20.7, an arginine kinase, period, a 

pupal cuticle protein, several ribosomal proteins, and several predicted proteins (Table 2.3).  

 
Table 2.3. Genes identified as being differentially-expressed between diapausing and 

non-diapausing eggs in the cricket Allonemobius socius using SSH. Developmental type 
is which type of egg the sequence was identified in, while sequence type denotes whether the 
sequence appeared a single time or was assembled into a contig. Length given is number of 
base pairs in the sequenced fragment, eValue is the significance of the BLAST match, and 
similarity is the percentage match between the SSH fragment and its best BLAST homolog. 

 
Developmental Type Sequence Type Matching Sequence Description Length (bp) eValue Similarity

Breaking singleton hypothetical protein 635 5.03E-36 70.7%

Breaking singleton similar to DEAD box polypeptide 5 273 1.70E-38 95.9%

Breaking singleton 60S ribosomal protein L8 333 7.89E-36 92.4%

Breaking singleton similar to putative QM protein 646 6.44E-91 97.1%

Breaking singleton ribosomal protein S3Ae 346 1.68E-33 94.2%

Breaking singleton putative translationally controlled tumor protein 662 6.24E-52 86.3%

Breaking singleton similar to CG3195-PA, isoform A 570 1.00E-64 93.1%

Breaking contig hsp70 family member 958 7.81E-147 96.8%

Breaking contig hypothetical protein AaeL_AAEL003425 635 4.03E-106 97.3%

Breaking contig GF23497 599 1.05E-17 88.1%

Breaking contig cytochrome P450 like_TBP 1144 3.77E-24 86.6%

Breaking contig hsp70 family member 626 5.02E-29 93.0%

Breaking contig apolipophorin-III 917 4.28E-30 58.0%

Diapause singleton putative ribosomal protein S23e 515 2.43E-71 97.5%

Diapause singleton obstractor C isoform 2 431 2.70E-76 91.6%

Diapause singleton similar to ribosomal protein L34 isoform 2 397 8.29E-49 87.2%

Diapause singleton similar to ribosomal protein S27a 637 9.85E-60 95.9%

Diapause singleton heat shock protein 20.7 611 1.23E-45 68.8%

Diapause singleton ribosomal protein L31e 476 4.05E-56 89.6%

Diapause singleton similar to pupal cuticle protein 78E 339 2.54E-10 60.4%

Diapause singleton receptor for activated protein kinase C-like 644 2.58E-100 68.6%

Diapause singleton zinc finger protein 615 2.91E-50 56.8%

Diapause singleton similar to GA10081-PA 624 9.49E-20 66.3%

Diapause singleton period 517 3.80E-08 71.0%

Diapause contig similar to C-type lectin 959 7.40E-84 78.7%

Diapause contig hypothetical protein AaeL_AAEL014418 527 4.93E-14 61.2%

Diapause contig CSP precursor 486 6.19E-12 55.5%

Diapause contig arginine kinase 515 5.75E-89 95.6%  
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Figure 2.3. Gene ontology of genes which were identified as differentially-expressed 
between diapausing (open bars) and non-diapausing (solid bars) A. socius embryos. 

Three gene ontology categories are shown: cellular component (A), biological process (B), and 
molecular function (C). Asterisks signify differences in expression of genes in a given ontology 
category which were significant at P<0.1 using a Fisher‟s exact test (note that genes significant 

at a lower P-value are reported, due to low power to detect differences using only 28 
sequences). 
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2.5 Discussion 

In this study, I used suppression subtractive hybridization (SSH) to identify genes which 

were differentially-expressed between diapausing eggs and eggs which had broken diapause 

and initiated direct-development, using the cricket Allonemobius socius as a model for insect 

diapause. I was able to find potential gene identities for 28 out of 44 sequences (64%) 

generated using this method. Several of these are putative or predicted genes, while others 

were very strong matches to known sequences of known identity and function. Future work on 

A. socius and other insect species will likely allow easier gene identification in the next several 

years, as more sequence data are generated. Below, I detail several genes which I identified as 

having strong BLAST matches to genes of known function, and relate my findings to other 

studies on gene expression in insect diapause. 

2.5.1 Genes Upregulated in Direct-Developing vs. Diapausing Embryos 

Among those genes which could be identified with BLAST were two separate contigs 

with very high (~96%) sequence similarity to heat-shock protein 70 (HSP70) family members in 

the locust (Locusta migratoria; GenBank accession AAO21473) and silkworm (Bombyx mori; 

GenBank accession AB084922; Table 2.3). Proteins in the HSP70 family have been previously 

identified in studies of insect diapause, although they are generally found to be upregulated in 

diapausing individuals relative to non-diapausing individuals, in contrast to my findings here. For 

example, in the flesh fly Sarcophaga crassipalpis, HSP70 was found to be upregulated in 

diapausing pupae and early in the termination of diapause (< 6 hours post-termination), but not 

later in development after breaking diapause (Rinehart et al. 2000). Additionally, HSP70 was 

found to be a critical component of cold-shock during diapause in both flesh flies and 

mosquitoes (genus Culex; Rinehart et al. 2006, 2007), and in the heat-shock response of 

diapausing maggots (Rhagoletis mendax; Teixiera and Polavarapu 2005). In contrast to other 

studies showing increased expression of HSP70 proteins during diapause, HSP70 expression 

was found to be identical and equally low in both diapause and non-diapause blow fly (Lucilia 

sericata) larvae (Tachibana et al. 2005), so its expression during either diapause or direct-
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development is not universal. Unlike previous studies, I found that HSP70 expression was 

increased in direct-developing eggs incubated at 32°C, relative to diapausing eggs incubated at 

both 27 and 32°C. Because the SSH method removes genes which are expressed in both 

samples, it reduces the possibility that HSP70 expression resulted from the shift in temperature 

from 27 to 32°C. Specifically, if HSP70 expression was initiated in response to temperature 

alone, I would have expected to find it expressed only in the hybridization resulting from eggs 

incubated at 27 and 32°C, and not in the hybridization between diapausing eggs incubated at 

32°C and eggs which had broken diapause when incubated at 32°C. Thus, the finding that it 

was expressed in both SSH samples may therefore provide strong evidence of its association 

with breaking diapause and/or the initiation of development in A. socius embryos, not simply a 

response to developmental temperature. 

Another gene found to be upregulated in direct-developing embryos was apolipophorin-

III (Table 2.3). Apolipophorin-III is one of the major hemolymph proteins in insects, and its 

primary function is to metabolize and transport fat (Sun et al. 1995; Kim et al. 2004). Therefore, 

it is not surprising that it was found to be upregulated in developing eggs, relative to diapausing 

eggs, and may indicate that the developing embryo is either metabolizing fat provided by the 

female in the yolk or has started developing hemolymph. However, to my knowledge, this is the 

first report of apolipophorin-III in a study comparing diapausing and direct-developing eggs, 

making it a unique and novel finding of this study. 

Cytochrome P450 was also upregulated in eggs which had broken diapause, relative to 

diapausing eggs. There are many forms of cytochrome oxidase, and these perform an array of 

functions within cells. In insects, cytochrome P450 is involved in development, growth, molting, 

and immune function (Scott and Wen 2001; Niwa et al. 2004), so it is therefore also not 

surprising that this type of gene would be found in developing embryos. Indeed, previous 

studies in other insect species (e.g., Horike and Sonobe 1999; Maeda et al. 2008; Yang et al. 

2008) and in the nematode C. elegans (Gerisch and Antebi 2004) have shown P450‟s to be 

weakly-expressed or not expressed in diapausing eggs while they are highly expressed during 
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development and associated with skipping diapause in C. elegans. Thus, as in several other 

insect species, the expression of cytochrome P450 appears to be associated with breaking 

diapause and/or initiating development in the cricket A. socius, making it an interesting 

candidate gene for further study. 

2.5.2 Genes Upregulated in Diapausing vs. Direct-Developing Embryos 

 One gene found to be expressed in diapausing but not direct-developing eggs showed 

highly significant similarity (e
-45

) to a small heat-shock protein, HSP20.7, in the locust (Locusta 

migratoria; GenBank accession ABC84494; Table 3.3) and other insect species (GenBank 

accession numbers ABM55532, ABE57137, and ABD98776). Small heat-shock proteins have 

been found to be upregulated during diapause in several insects, including Culex pipiens 

(Robich et al. 2007), flesh flies (Flannagan et al. 1998; Yocum et al. 1998; Rinehart et al. 2007), 

and the crustacean Artemia franciscana (Qiu et al. 2007). Heat-shock proteins protect other 

molecules inside of cells from damage during stress events, such as extreme heat or cold 

(Yocum et al. 1998; Rinehart et al. 2007). Thus, upregulation of small heat-shock proteins in 

diapausing A. socius may serve to protect other cellular components during temperature 

extremes, such as near-freezing, which may occur during diapause. 

 I also found an arginine kinase to be upregulated in diapausing eggs, relative to direct-

developing eggs. In a protein-analysis study of the crustacean Artemia sinica, arginine kinsases 

were also found to be upregulated in diapausing embryos, known as cysts (Zhou et al. 2008). 

Arginine kinases have many functions in insects, including detoxification, metabolism, and 

movement (Gindling et al. 1995; Tanaka et al. 2007). Thus, metabolic proteins may still play an 

important role in diapausing arthropods, potentially in regulating the very low metabolic rate 

which must be sustained to maintain diapause. 

 Lastly, I found several ribosomal proteins to be upregulated in diapausing eggs, a 

finding also recently found using SSH on diapausing C. pipiens adults by Robich et al. (2007). 

Similarly, many genes identified by SSH in that study (Robich et al. 2007) were not able to be 

identified with either nucleotide BLAST or translated BLAST searches, and thus are candidate 
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genes for either diapause or direct-development which must be identified and confirmed using 

other methods.  

2.5.3 Gene Ontology 

 Gene ontology (GO) is used to classify potential functions of genes identified in EST 

studies. GO can also be used to look for differences in the amount, type, and diversity of genes 

expressed when comparing two or more EST databases. In the present study, GO was applied 

to those sequences which could be identified via BLAST searching. I found that direct-

developing eggs had significantly more sequences falling in three types of genes within the 

cellular component category, and a higher diversity of sequences expressed in the biological 

process category, relative to diapausing eggs. These data may indicate that a greater variety of 

genes are expressed in direct-developing eggs, but may also reflect bias of such a small 

sample size. Further work is needed to quantitatively determine the number of genes and levels 

of expression of those genes which are differentially-expressed between diapausing eggs and 

eggs which have broken diapause and initiated direct-development. 

 Identifying genes which underlie phenotypic plasticity, and other adaptive life-history 

traits, is important when exploring both how phenotypes may have evolved, and how new 

phenotypes may evolve under changing environmental conditions. Here I provide a relatively 

short list of genes which are upregulated in either diapausing eggs relative to direct-developing 

eggs, or direct-developing eggs relative to their diapausing counterparts. These genes likely 

represent downstream effects, as the likelihood of finding the exact gene underlying the switch 

between developmental types is probably quite small. However, further work on these and other 

genes will continue to provide insights into the evolution of the plastic diapause response in 

insects. 

2.5.4 Future Directions 

 This study provides a first look into gene-expression differences between diapausing 

and direct-developing eggs in the cricket A. socius, and adds to the list of genes known to be 

associated with differences in these two developmental phenotypes, providing a list of 
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candidate genes to explore further. As this study only utilized one population, it will be important 

to confirm that these genes are differentially-expressed across the range of A. socius. 

Differential expression can be confirmed first with semi-quantitative PCR and then with 

quantitative real-time PCR (Weisner et al. 1992; Freeman et al. 1999; see also Chapter I). 

Additionally, once genes are confirmed in multiple populations, they can be sequenced in 

populations across the range of this species and in populations which vary in diapause 

occurrence, and tests of selection can be performed on the sequence data to see if these 

developmental genes are under positive or purifying selection. Lastly, to further confirm gene 

function and importance, RNAi knockdowns could be attempted for candidate genes, either by 

maternal RNAi or direct injections into freshly-laid eggs. RNAi has recently been developed for 

A. socius (Marshall et al., in review), although maternal and egg RNAi has not yet been 

attempted. Because RNAi reduces translation of the target gene into its protein product, it is a 

useful tool for testing gene function, as knockdown of a protein of interest could change the 

organism‟s phenotype based on its predicted function. By combining quantitative confirmations 

and RNAi, candidate genes identified here would be further confirmed and potentially provide 

avenues for further study on the genetics of diapause and the adaptive, plastic response to 

break diapause in response to temperature.  
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CHAPTER 3 

THE GENETIC ARCHITECHTURE OF AN ADAPTIVE LIFE-HISTORY 
REACTION NORM IN A CRICKET 

 

3.1 Abstract 

The ability of organisms to respond to environmental cues during development is an 

important adaptation, particularly in variable or seasonal climates. As such, research identifying 

genetic pathways underlying phenotypic plasticity and their reaction norms is an active area of 

study within evolutionary biology. Specifically, genetic linkage of components which make up a 

reaction norm, such as trait mean and plasticity, may prevent or slow the evolution of new 

reaction norms. One example of an adaptive, plastic life-history strategy is insect diapause, 

which occurs in many insect species inhabiting temperate environments. Diapause is highly 

adaptive, as it allows individuals to respond to unfavorable environmental conditions by initiating 

a resting phase during their life-cycle for successful overwintering or to break diapause under 

favorable environmental conditions. Crickets of the Allonemobius socius complex are an ideal 

model system for studying maternal, genetic, and environmental effects on diapause, as there is 

much climatic variation over their wide geographic range, natural variation between populations 

in diapause occurrence, and genetic variation within and among populations. Here I survey 

twelve populations of A. socius from throughout the southeastern United States for initiation and 

plasticity of the diapause phenotype. Further, I used amplified fragment-length polymorphism 

(AFLP) markers to examine underlying genetic variation between populations and to look for 

genetic correlates with mean diapause and diapause plasticity. I found significant, independent 

axes of genetic variation which underlie mean occurrence and plasticity of diapause in A. 

socius, indicating that new reaction norms for this trait may be able to evolve quickly in this 

species. 
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3.2 Introduction 

 For any organism inhabiting an unstable and/or seasonal environment, the ability to 

detect and respond to cues indicating future environmental conditions is a highly advantageous 

adaptation. Thus, individuals of many species are able to adjust to changes in their environment 

within their lifetime, often through plastic developmental responses including morphological, 

behavioral, and life-history changes (Stearns 1992; Schlichting and Pigliucci 1998; Roff 2002). 

Phenotypic plasticity is the ability of a single genotype to produce a range of environmentally-

induced phenotypes, and the shape of the relationship between environment experienced and 

phenotype produced by a genotype is known as a reaction norm (Schlichting and Pigliucci 

1998). When different genotypes do not produce the same reaction norm, a genotype-by-

environment interaction exists – permitting differential selection acting upon individuals with 

different genotypes. 

Most life-history traits are quantitative in nature, and identifying genes which are 

expressed during plastic development and thus underlie an adaptive reaction norm is an active 

area of research within evolutionary biology (Bonin et al. 2006; Hoekstra and Coyne 2007). Two 

major types of approaches are typically used to identify genes associated with life-history 

phenotypes: gene expression approaches (i.e., differential display PCR, subtractive 

hybridization, and microarrays; Huestis and Marshall in press) and genomic association studies 

(i.e., genome scans or quantitative trait loci (QTL) mapping; Bonin et al. 2006). QTL approaches 

utilize molecular markers (e.g., microsatellites, SNPs, etc.) to identify regions of the genome 

associated with a particular trait of interest, and, for species with a sequenced genome, can be 

used to identify candidate genes which may then be examined further. For species without a 

sequenced genome, amplified fragment-length polymorphisms (AFLPs) can be used to 

generate markers associated with particular phenotypes, and this technique has been used 

successfully to identify markers associated with phenotypic traits in fish (Robison et al. 2001), 

honeybees (Rueppell et al. 2004), mosquitoes (Zhong et al. 2006), and crickets (Britch et al. 

2007), among others. 
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Knowledge of the genetic architecture of the components which make up a reaction 

norm (i.e., shape of the curve, which is composed of the trait mean and slope of the plastic 

response) allows predictions to be made about the relative speed and ease with which new 

reaction norms can be produced. Specifically, if the mean and slope of a particular reaction 

norm are tightly linked, genetically, then the formation of new reaction norms may be slow 

relative to a reaction norm with unlinked shape components. As populations composed of 

individuals with genotypes that produce appropriate reaction norms for local environmental 

conditions will be successful, there may be selection pressure on populations to evolve reaction 

norms based on their habitat, leading to differentiation even between populations in close 

geographic proximity if habitats differ (Hoffmann et al. 2005; Liefting and Ellers 2008). 

One example of adaptive plasticity is the environmental induction of either embryonic 

diapause or direct development in insects: under unfavorable (cold or dry) conditions, it may be 

best to initiate diapause and hatch later when conditions have become more favorable. 

However, if current conditions are good (warm and wet), direct-development allows exploitation 

of these favorable conditions, resulting in increased fitness via shortened generation time and/or 

additional generations (Via and Lande 1985; Philippi and Seger 1989; Mousseau and Fox 

1998). 

Diapause can occur in the egg, larval, pupal, or adult stage of the life-cycle, but a given 

species can typically undergo diapause in only one life-history stage (Danks 1987; Masaki 

1996; Rossiter 1996). In species that diapause in the egg stage, the initiation of diapause is 

believed to be under maternal control (Tanaka 1986a; Mousseau and Dingle 1991; Hockham et 

al. 2001), although environmental conditions may directly influence embryonic development 

(Shiga and Numata 1997; Olvido et al. 1998; Huestis and Marshall 2006a). Determining which 

environmental conditions lead to diapause initiation and maintenance has been the focus of 

dozens of studies (e.g., Mousseau and Dingle 1991; Mousseau and Fox 1998), and the genetic 

mechanism of diapause induction has also been the subject of much recent research, although 

it remains unknown for most species (Denlinger 2002). 
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Crickets of the genus Allonemobius provide an ideal model system for many aspects of 

evolutionary ecology. The induction of embryonic diapause in the Allonemobius socius complex 

is particularly well-studied. For example, previous research has shown that diapause in the A. 

socius complex is influenced by maternal effects, egg-incubation temperature, photoperiod, and 

moisture (Tanaka 1984, 1986a,b, 1987, 1992; Mousseau and Roff 1989a; Mousseau 1991; 

Bradford and Roff 1993, 1995, 1997; Olvido and Mousseau 1998; Olvido et al. 1998; Roff and 

Bradford 2000; Huestis and Marshall 2006a). Diapause occurrence is clinal in Allonemobius, 

with individuals from northern populations producing larger proportions of diapausing eggs 

(Mousseau and Roff 1989a). This cline mirrors natural variation in the number of generations 

produced each year: a shift from univoltinism in the northern part of their range, to bivoltinism in 

the middle of the range, to multivoltinism at the southern extent of the range. Bivoltine 

populations display plasticity (Winterhalter and Mousseau 2007), and individuals may adopt 

either a univoltine or multivoltine strategy depending on environmental conditions (Mousseau 

and Roff 1989a; Bradford and Roff 1997; Winterhalter and Mousseau 2007). However, 

oviposition environment appears to play only a minor role in diapause occurrence relative to 

embryonic incubation environment in A. socius (Olvido et al. 1998; Huestis and Marshall 

2006a), unlike many other species. Other factors including maternal age, photoperiod, and 

moisture availability have also been shown to affect diapause in laboratory experiments utilizing 

Allonemobius (Tanaka 1984, 1992; Mousseau 1991; Bradford and Roff 1995). 

This study surveys variation among 12 populations from throughout the southeastern 

portion of the range of A. socius, where diapause is most plastic (Winterhalter and Mousseau 

2007). Specifically, I used a split-brood design to assay the ability of eggs to break diapause in 

response to favorable environmental conditions (i.e., warmer temperature), and also to measure 

maternal-age effects on diapause plasticity. Additionally, I generated amplified fragment-length 

polymorphism (AFLP) markers and used principle coordinate analysis to look for associations 

between genetic variance and diapause phenotype. I found significant variation within and 

among populations in mean and plasticity of the diapause trait, both in response to egg-
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incubation temperature and maternal age. I also found significant associations between these 

phenotypic traits and components of genetic variation at the population level. Further, I found 

that mean diapause and diapause plasticity are associated with different components of genetic 

variance, allowing for the possibility that they could evolve independently with new reaction 

norms forming relatively quickly. 

3.3 Methods 

3.3.1 Study System 

 Striped ground crickets (Allonemobius socius complex) provide an ideal model system 

for studying the evolution of life-history traits in natural populations due to their widespread 

distribution, abundance in appropriate habitat, and ease of laboratory maintenance. As such, 

they have been used to study many aspects of evolutionary biology, including speciation and 

hybrid zone dynamics (Howard and Waring 1991; Britch et al. 2001; Marshall 2004), life-history 

evolution (Mousseau 1991; Olvido et al. 1998; Huestis and Marshall 2006a), geographic 

variation in morphology (Mousseau and Roff 1989a,b, 1995; Fedorka and Mousseau 2002b; 

Olvido et al. 2003; Marshall 2007), and effects of Wolbachia on reproduction (Marshall 2004, 

2007). Previous research has shown geographic variation in diapause (Mousseau and Roff 

1989a; Winterhalter and Mousseau 2007) and genetic alleles (Howard and Furth 1986; Marshall 

2004; Huestis and Marshall 2006b), making it an ideal system for identifying genetic 

associations with the diapause trait. I utilized 12 populations from throughout the range of this 

species to study geographic and genetic variation in diapause plasticity. 

3.3.2 Experimental Animals 

 Crickets were collected from locations throughout the southeastern United States; 

collection trips were made in August 2005 and July 2006. Names and collection locations of the 

12 populations used in this study are detailed in Table 3.1. Once collected, crickets were 

screened for malate dehydrogenase (Mdh-1) and isocitrate dehydrogenase (Idh-1) to ensure 

species status (following methods of Huestis and Marshall 2006b), as species in the genus 

Allonemobius are morphologically cryptic (Howard and Furth 1986; Britch et al. 2001). 
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Populations were maintained under standard laboratory conditions (27°C, 14:10 L:D; Huestis 

and Marshall 2006a,b) for a minimum of one generation prior to use in diapause plasticity 

experiments to remove maternal and environmental effects from the field. 

3.3.3 Phenotypic Assays 

 Crickets used for diapause assays were raised under standard rearing conditions as 

described above, and separated as juveniles into sex-specific cages to prevent mating. Upon 

adult maturation, males and females of similar age (within 7 days) were placed into mating 

cages and allowed to mate for one week, ensuring females had ample opportunity to acquire 

sperm to fertilize their eggs. Females were then placed in individual boxes at 27°C and 14:10 

L:D, and provided with rolled cheesecloth placed in a 60mm Petri dish lid. Petri dishes 

containing cheesecloth used for oviposition were collected each day and new cheesecloth 

provided. Eggs were collected from females each day for 10-12 days or until females died. 18-

40 females from each of the 12 populations were initially used, although not all produced usable 

batches of eggs (see below). 

Removed cheesecloth was immediately examined for the presence of eggs, and 

batches containing >10 eggs were randomly split between 27 and 32°C; photoperiod was held 

constant in both treatments at 14:10 L:D. After incubation at their respective temperatures for a 

period of 18-20 days, eggs were examined under a dissecting microscope and developmental 

status determined. Eggs were classified as either diapause (small and white), non-diapause 

(presence of eyespots, at a minimum), hatched (hatchling cricket present), or rotten (less than 

5% of all eggs show brown or black fungus; counts of rotten eggs were not used in statistical 

analyses). 

3.3.4 Genomic Analyses 

 Field-caught individuals from each population were used for AFLP analysis. DNA was 

isolated from 4 individuals per population using a DNeasy tissue kit (Qiagen; Valencia, CA) 

following manufacturer-recommended protocols. Restriction ligation, pre-amplification, and 

selective amplification reactions were performed with ABI reagents (Foster City, CA) using the 
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methods developed by Britch et al. (2007) for generating AFLP markers for Allonemobius. Two 

primer combinations were used: MseI-CTA with EcoRI-ACA and EcoRI-ACG; EcoRI primers 

were fluorescently-labeled with FAM and JOE, respectively. Resulting fragments were run on an 

ABI 3100 sequencer, and scored using GeneMarker software (SoftGenetics, State College, 

PA). Markers > 50bp in size were included in analyses, and these two primer combinations 

yielded a total of 442 usable markers. Principle coordinate analysis was used to reduce and 

group these markers into independent axes of genetic variation with NTSYS 2.2 (Exeter 

Software, Setauket, NY) following the procedure outlined in Kropf et al. (2002). 

3.3.5 Statistical Analyses 

 For each batch, the proportion of diapause eggs at each temperature was calculated by 

dividing the number of diapause eggs by the total number of eggs counted (excluding those 

scored as rotten). Diapause plasticity was calculated for each batch by subtracting the 

proportion of eggs diapausing at 32°C from the proportion diapausing at 27°C; this measure 

represents the proportion of eggs which broke diapause in response to the increased 

temperature treatment. To test for effects of maternal age, plasticity data was also compiled for 

individual females which produced eggs in each of 3 intervals: 1-3, 4-6, and 7+ days of egg-

laying by combining data from all eggs produced in each of the 3 intervals. For each population, 

mean plasticity was calculated by averaging the diapause plasticity of eggs produced by each 

female in that population. 

 A repeated-measures analysis of variance (ANOVA) was used to test for effects of 

population (fixed-factor), temperature (repeated measure), and their interaction on the 

proportion of diapause eggs produced. Similarly, a repeated-measures ANOVA was used to 

test for effects of population (fixed-factor), maternal age (repeated measure), and their 

interaction on diapause plasticity. Post-hoc ANOVAs were used to determine which age 

intervals were significantly different. Stepwise multiple regression modeling was used to select 

which principle coordinates of genetic variance were significantly associated with population-
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level mean diapause and diapause plasticity. All statistical analyses were performed with SAS 

Learning Edition 4.1 (SAS Institute, Cary, NC). Statistics were considered significant at α<0.05. 

3.4 Results 

3.4.1 Phenotypic Assays 

A total of 187 females from 12 populations across the southeastern United States 

produced eggs (n=15,617) used to assay geographic variation in plasticity of the diapause 

response to temperature and maternal age (Table 3.1). The proportion of diapausing eggs 

produced by each egg-incubation temperature differed significantly (Table 3.2), such that 

diapause occurrence was generally lower at 32°C than at 27°C (Figure 3.1); thus, some eggs 

responded plastically to increased egg-incubation temperature by initiating direct-development. 

Additionally, there was a significant interaction effect between population and egg-incubation 

temperature on the proportion of diapausing eggs (Table 3.2, Figure 3.1), indicating that 

populations vary in their ability to respond to changing egg-incubation temperature. Because 

variation in diapause plasticity exists between populations (Table 3.3), genomic differences 

between populations may therefore be used to look for associations between genotype and 

phenotype (see below). 

 
Table 3.1. Designations, collection localities, and number of females utilized for study 

populations. 
 

Degrees N Degrees W Elevation number for number

Population Letter Latitude Longitude (ft) plasticity for age

TX 30/146 A 33.1692 95.2431 479 21 7

NC 70/17S B 35.1017 77.0915 23 12 7

GA 85/149 C 34.2572 83.4645 692 11 7

Piedmont D 34.5667 83.5415 1404 8 1

SC 95/172 E 34.2808 79.6849 66 14 11

NC 40/298 F 35.7490 78.6497 295 13 11

SC 85/1 G 34.4869 83.0229 709 12 3

NC 11S H 35.5155 77.4141 66 18 10

SC/RA2 I 34.6009 82.6538 685 35 4

Athens, GA J 33.9257 83.3406 715 11 10

GA 441/19 K 34.6854 83.4262 1535 16 6

SC/28 L 34.7754 83.1004 961 16 15  
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Figure 3.1. Variation in plasticity of diapause in response to egg-incubation temperature 
across twelve populations of the cricket Allonemobius socius. Females laid eggs at 27°C, 

and batches were split between 27 and 32°C within 24 hours post-laying. Thin grey lines 
represent diapause proportions produced by individual females (n=187), while black squares, 

lines, and error bars represent sample mean and standard error of each population. 
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Figure 3.2. Variation in maternal age effects on diapause plasticity across twelve 

populations of A. socius. For females which produced eggs across all 3 age intervals (1-3, 4-
6, and 7+ days; n=92), average diapause plasticity (measured as the difference in diapause 
between 27 and 32°C) for each interval is given by thin grey lines. Black squares, lines, and 

error bars represent sample mean and standard error of each population. 
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There was also a significant effect of female age on diapause plasticity (Table 3.3, 

Figure 3.2), but this effect did not vary among populations, as the interaction of female age and 

population was not significant at α<0.05 (Table 3.3). Specifically, plasticity was higher for eggs 

laid by younger females (days 1-3) relative to older females (days 4-6 and 7+), while the two 

older intervals were not significantly different from one another (Figure 3.3). 

 
Table 3.2. Repeated-measures ANOVA on diapause occurrence, with population as fixed 

factor and temperature as repeated measure. 
 

Source df MS F P

Population 11 1.79412 9.58 <0.0001

Error 175 0.18725

Source df MS F P

Temperature 1 1.96249 105.56 <0.0001

Population x Temperature 11 0.09803 5.27 <0.0001

Error (Temperature) 175 0.01859

Within-subject P -values are with Huynh-Feldt corrections.

Between Subjects

Within Subjects

32

TX 30/146

 
 
 
 
 
 

Table 3.3. Repeated-measures ANOVA on diapause plasticity, with population as fixed 
factor and age as repeated measure. 

 

Source df MS F P

Population 10 0.35195 3.62 0.0005

Error 80 0.09724

Source df MS F P

Age 2 0.11810 4.80 0.0095

Population x Age 20 0.03642 1.48 0.0950

Error (Age) 160 0.02461

Within-subject P -values are with Huynh-Feldt corrections.

Between Subjects

Within Subjects
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Figure 3.3. Effects of maternal age on diapause plasticity in A. socius. Bars represent 

mean plasticity (measured as the difference in diapause proportion between 27 and 32°C) and 
standard error, combining individuals from all populations (n=92). Letters denote significant 

differences based on post-hoc comparisons, and show plasticity was higher earlier for eggs laid 
earlier in the females‟ lifespan. 

 
 

3.4.2 Genomic Analyses 

A total of 442 AFLP markers were generated using two primer combinations on 48 

individuals. Principle coordinate analysis resulted in 20 significant principle coordinates (PCs), 

which together accounted for ~90% of the genetic variance among populations (Table 3.4). 

These 20 PCs represent independent axes of genetic variance for these 12 populations and 

may therefore be used as independent components of genetic variance to look for associations 

with phenotypic variance in diapause. 

Stepwise multiple regression modeling was used to identify which, if any, genetic PCs 

significantly predict phenotypic variance in both mean diapause and mean plasticity. For mean 

diapause, 5 PCs were selected (PCs 5, 10, 13, 14, and 16; Table 3.5), which together explained 

94% of the variance among populations for mean diapause occurrence. The resulting equation 

was: population mean diapause = 0.4651 + 0.0217(PC5) – 0.0126(PC10) – 0.0398(PC13) + 

0.0628(PC14) + 0.0227(PC16). The correlation between predicted and actual values of 

population mean diapause was highly significant (r = 0.982, P < 0.0001). As for diapause 

plasticity, the stepwise procedure included 3 PCs (PCs 6, 12, and 18; Table 3.6) able to explain 

83% of the variance in this trait. The equation resulting from this procedure was: population 
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mean plasticity = 0.1547 – 0.0086(PC6) – 0.0102(PC12) – 0.0271(PC18). The correlation 

between observed and predicted values for mean plasticity was also highly significant (r = 

0.936, P < 0.0001). Importantly, there is no overlap in which PCs predicted each trait, indicating 

that these two traits are controlled by independent components of genetic variance. 

 
Table 3.4. Eigenvalues for the 20 principal coordinates identified. 

Table 3.4. Eigenvalues for the 20 principle 

coordinates identified.

  PC Eigenvalue Percent Cumulative

1 12982.22 12.36 12.36

2 9501.39 9.04 21.40

3 8043.68 7.66 29.05

4 7355.73 7.00 36.06

5 6232.24 5.93 41.99

6 6081.72 5.79 47.78

7 5067.91 4.82 52.60

8 4674.41 4.45 57.05

9 4249.23 4.04 61.09

10 4127.14 3.93 65.02

11 3636.82 3.46 68.48

12 3575.41 3.40 71.88

13 3132.69 2.98 74.87

14 2945.88 2.80 77.67

15 2673.21 2.54 80.21

16 2591.04 2.47 82.68

17 2356.16 2.24 84.92

18 2090.38 1.99 86.91

19 2038.49 1.94 88.85

20 1909.54 1.82 90.67  
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Table 3.5. Analysis of variance (ANOVA) and parameter estimates of stepwise regression 
model for principal coordinates of genetic variance on mean diapause. 

 

Source df SS MS F P

Model 5 0.5745 0.1149 33.93 0.0003

Error 6 0.0203 0.0034

Corrected total 11 0.5948

Variable Estimate SE SS F P

Intercept 0.4652 0.0168 2.5964 766.77 < 0.0001

PC5 0.0217 0.0036 0.1238 36.56 0.0009

PC10 -0.0126 0.0043 0.0288 8.51 0.0267

PC13 -0.0398 0.0073 0.1013 29.92 0.0016

PC14 0.0628 0.0065 0.3177 93.82 < 0.0001

PC16 0.0227 0.0056 0.0550 16.23 0.0069

Analysis of Variance

Parameter Estimates

 
 

 

 
Table 3.6 Analysis of variance (ANOVA) and parameter estimates of stepwise regression 

model for principal coordinates of genetic variance on mean plasticity. 

 

Source df SS MS F P

Model 3 0.1140 0.0380 18.88 0.0005

Error 8 0.0161 0.0020

Corrected total 11 0.1301

Variable Estimate SE SS F P

Intercept 0.1547 0.0130 0.2873 142.80 < 0.0001

PC6 -0.0086 0.0020 0.0390 19.36 0.0023

PC12 -0.0102 0.0031 0.0224 11.11 0.0103

PC18 -0.0271 0.0046 0.0708 35.21 0.0003

Analysis of Variance

Parameter Estimates

 
 

3.5 Discussion 

Given climatic variation across a species‟ range, populations may develop distinct life-

history strategies with only minimal genetic differentiation and without a speciation event 

(Hoffmann et al. 2005; Liefting and Ellers 2008). Only detailed surveys of naturally-occurring 



 

       
60 

populations throughout the range of a given species can reveal how common this pattern is, yet 

these surveys are often time-consuming. As such, insect species with short generation times 

provide a model system for studying this phenomenon. The ability of individuals to undergo 

diapause is a key life-history adaptation for insect species occurring in temperate or seasonal 

climates (Danks 1987; Mousseau and Dingle 1991; Bradford and Roff 1993; Denlinger 2002; 

Winterhalter and Mousseau 2007). Thus, the occurrence of diapause has been widely studied in 

many species, making it an ideal trait for the study of genetic and geographic variation within an 

insect species (Danks 1987; Denlinger 2002). Here, I surveyed variation in both mean diapause 

occurrence and diapause plasticity across 12 populations of Allonemobius socius from 

throughout the southeastern United States, and found significant population-level variation in 

both traits (Table 3.2; Figures 3.1 and 3.2). These results indicate that A. socius populations 

have evolved different life-history phenotypes across their naturally-occurring geographic range 

in a relatively short amount of time, given that all species in the A. socius complex are estimated 

to have diverged from a common ancestor within the last 3,000-30,000 years (Marshall 2004). 

Additionally, I found a significant effect of female age on the plasticity of eggs produced, 

but this trait did not vary significantly among populations (Table 3.3). For the majority of 

females, regardless of population, plasticity was higher in batches of eggs laid in the first 3 days 

of the egg-laying trials than in later intervals (Figure 3.3). Thus, age effects may not be under 

different selective pressures in the populations we studied. Given that the length of season 

remaining typically decreases over a female‟s reproductive lifespan, this result is not surprising, 

as eggs laid later in the season will have a shorter time to complete development and therefore 

diapause may be a better strategy than direct-development (Danks 1987; Mousseau 1991; 

Mousseau and Dingle 1991). This finding could also result from low life-expectancy in the field 

(and therefore relaxed selection on life-history traits later in life), though this would not likely 

produce the same directional pattern in all populations. Geographic variation in maternal age 

effects has been previously reported in A. socius, but within bivoltine populations, clutch effects 

were similar to those I observed, with lower diapause incidence earlier in a female‟s 
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reproductive lifespan (Mousseau 1991). As my populations were sampled from primarily 

bivoltine locations, our results are in accordance with those previously reported for this species. 

Many adaptive life-history traits are quantitative in nature (Stearns 1992; Schlichting 

and Pigliucci 1998; Roff 2002), and are therefore affected by many loci in the genome. I used 

AFLP markers to identify independent axes of genetic variation among the 12 populations 

surveyed, and were able to identify 20 significant principle coordinates of genetic variance. 

These were then used in multiple regression models to test for associations between 

coordinates and the population average values of mean diapause occurrence and diapause 

plasticity. These results found associations between both of these life-history traits with 5 and 3 

independent axes of genetic variance, respectively (see Results above). Importantly, the PCs 

identified were different for each life-history trait, indicating genetic independence of these two 

critical traits. These results indicate that there is no significant genetic association between 

these traits, and that the mean and plasticity of the diapause reaction norm may evolve 

independently in this species. The independence of these components which define the 

reaction norm for diapause in this species would be critical for the rapid formation of life-history 

variation between these closely-related populations, as appears to have likely occurred given 

the above results and recent divergence of these populations (within the last 3,000-30,000 

years; Marshall 2004). These results are significant, in that they have implications for the 

formation of new reaction norms and how locally adapted traits might arise and be maintained. 

Specifically, while genetic independence indicates that populations may be able to respond 

quickly to changes in environmental conditions, the spread of a particular advantageous 

combination will be slow. This is because a particular combination would be able to spread 

faster and be maintained easier with tight linkage between mean and plasticity of the diapause 

reaction norm. 
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CHAPTER 4 

GEOGRAPHIC DISTRIBUTIONS OF IDH-1 ALLELES IN A CRICKET ARE 
LINKED TO DIFFERENTIAL ENZYME KINETIC PERFORMANCE 

ACROSS THERMAL ENVIRONMENTS 
 

4.1 Abstract 

 Geographic clines within species are often interpreted as evidence of adaptation to 

varying environmental conditions. However, clines can also result from genetic drift, and these 

competing hypotheses must therefore be tested empirically. The striped ground cricket, 

Allonemobius socius, is widely-distributed in the eastern United States, and clines have been 

documented in both life-history traits and genetic alleles. One clinally-distributed locus, isocitrate 

dehydrogenase (Idh-1), has been shown previously to exhibit significant correlations between 

allele frequencies and environmental conditions (temperature and rainfall). Further, an empirical 

study revealed a significant genotype-by-environmental interaction (GxE) between Idh-1 

genotype and temperature which affected fitness. Here, I used enzyme kinetics to further 

explore GxE between Idh-1 genotype and temperature. 

 I found significant GxE between temperature and three measures of kinetic 

performance, providing further evidence that the natural cline in Idh-1 allele frequencies in A. 

socius is the result of adaptation to environmental conditions. Differences in kinetic performance 

across temperatures also mirror many of the geographic patterns observed in allele 

frequencies. This study further supports the hypothesis that the natural distribution of Idh-1 

alleles in A. socius is driven by natural selection on differential enzymatic performance. This 

example is one of several which clearly document a functional basis for observed clines in allele 

frequencies, and provides further evidence for the non-neutrality of some allozyme alleles. 
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4.2 Introduction 

 Individuals within populations are under selection pressure to adapt to their 

environment; these adaptations can be morphological, physiological, or behavioral in nature. 

However, these diverse adaptations all have a molecular basis; as such, the study of molecular 

adaptation to environmental conditions is an active area of research within evolutionary biology. 

One biochemical adaptation that lends itself to empirical study is the kinetic performance of 

different enzyme alleles under a range of environmental conditions, such as temperature. 

 Different enzyme alleles at a protein-coding locus with the same metabolic function are 

commonly referred to as allozymes. A point mutation in the protein-coding sequence of an 

enzyme may lead to an amino acid substitution, altering the charge, weight, and folding of the 

protein, changing the relative electrophoretic mobility of the enzyme and thus permitting the 

detection of allozyme alleles (Hubby and Lewontin 1966). Amino acid substitutions may also 

affect the function of the protein, altering optimal ranges for temperature, pH, or substrate 

concentration. Most amino acid changes will likely be deleterious and quickly eliminated by 

purifying selection (Harris 1966; Lewontin and Hubby 1966). However, some substitutions may 

not significantly affect the function of the protein, and are therefore selectively neutral, while 

others may improve enzyme function and be favored by selection. 

 Originally, evolutionary biologists and geneticists thought genetic diversity in 

populations would be quite low due to purifying selection (Lewontin and Hubby 1966). However, 

early studies of protein polymorphism revealed unexpected polymorphisms at most loci studied, 

in a range of organisms including mice, humans, and fruit flies (Harris 1966; Hubby and 

Lewontin 1966; Lewontin and Hubby 1966). As a result of these high levels of diversity 

revealed, allozymes were thought to be neutral (Kreitman and Akashi 1995; Eanes 1999). 

However, others believed that allozymes would be subject to selection, and subsequent studies 

have supported selection in many cases (e.g., Watt 1994; Kreitman and Akashi 1995). Thus, a 

debate over whether allozymes were neutral or were subject to selection began soon after their 
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discovery, and it has been stated that “few subjects in biology have been more strongly debated 

than the evolutionary significance of protein polymorphisms” (Powers et al. 1991). 

 As enzyme function depends on temperature, pH, substrate concentration, and other 

environmental factors, some amino acid substitutions will result in an enzyme that functions 

best under certain conditions, and these may be favored locally by natural selection, depending 

on environmental factors. In populations inhabiting heterogeneous environments, multiple 

alleles at one enzyme locus may be maintained by balancing selection (Hotz and Semlitsch 

2000; Schmidt et al. 2000; Wheat et al. 2006). Evidence for selection acting upon allozyme loci 

includes the presence of clines in allozyme allele frequencies (Powers et al. 1991), correlations 

between environmental variables and allozyme allele frequencies (Riddoch 1993), differences in 

chemical properties between allozyme alleles (Fields 2001), and differential performance and/or 

fitness differences between individuals with different allozyme genotypes (e.g., Watt 1992, 

1994; Eanes 1999; Hotz and Semlitsch 2000; Huestis and Marshall 2006b). These types of 

evidence are often combined within a system, and several lines of evidence together provide 

support for the hypothesis that selection is acting on certain allozyme loci. 

 Another important evolutionary question which is often overlooked is „why are common 

alleles common?‟. Such common alleles may be prevalent across a wide environmental 

landscape for many reasons, including ancestral inertia, recent range expansion, genetic drift, 

purifying selection, or some combination of these or other processes. While it is not always 

possible to determine the underlying processes that drive or maintain the existence of common 

allozyme alleles, experiments testing for differential enzyme performance of alleles across a 

wide-range of environmental conditions can shed light on the possibility of commonness being 

maintained by natural selection.            

 Numerous studies providing strong evidence for both neutrality and selection of 

allozyme loci are found in the literature, and only a few will be detailed here. Cases of neutrality 

include widespread surveys of allelic variation in white spruce (Jaramillo-Correa et al. 2001), 
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Peromyscus mice (Storz and Nachman 2003), and several others (Hoffmann et al. 1995; 

Kreitman and Akashi 1995). In contrast, strong evidence for selection has been found for two 

well-studied loci, phosphoglucose isomerase (Pgi; Watt 1992; Riddoch 1993) and alcohol 

dehydrogenase (Adh; McDonald and Kreitman 1991; Kreitman and Akashi 1995) in a wide 

range of organisms, and for other loci on a smaller scale (e.g., Powers et al. 1991; Hotz and 

Semlitsch 2000). Another allozyme locus, isocitrate dehydrogenase (Idh), has been studied less 

than the well-known examples above, but evidence of natural selection acting on this locus has 

been found across a range of taxa, including bacteria (Dean and Golding 1997; Zhu et al. 

2005), plants (Hawkins et al. 1991; Bergmann and Gregorius 1993), invertebrates (da Cunha 

and de Oliveira 1996; Sokolova and Portner 2001), and vertebrates (Pemberton et al. 1991; 

Vrijenhoek et al. 1992). Isocitrate dehydrogenase is a metabolic enzyme in the Krebs cycle, and 

its activity is therefore one of several key steps in the generation of ATP from glucose (Eanes 

1999). 

 In the striped ground cricket, Allonemobius socius, there is a naturally-occurring cline in 

Idh-1 allele frequencies, hypothesized to have resulted from natural selection (Huestis and 

Marshall 2006b). In A. socius, there is significant geographic variation in the allele frequency 

distributions of two Idh-1 alleles (1.8 and 2.2), while a third allele (2.0) is found at a frequency of 

approximately 50% in most locations (Figure 4.1). This geographic variation in the frequencies 

of the 1.8 and 2.2 alleles is coupled with significant correlations between these allele 

frequencies and two important environmental variables, temperature and rainfall (Huestis and 

Marshall 2006b). An empirical study of homozygous individuals revealed a significant genotype-

by-environment interaction between Idh-1 genotype and temperature on fitness in the direction 

hypothesized based on the environmental correlations (Huestis and Marshall 2006b), providing 

experimental evidence supporting temperature-driven selection on the Idh-1 locus in this 

species. I wanted to address the hypotheses that 1) the 2.0 allele is common across all thermal 

environments because it performs well under a wide range of conditions and 2) the clinal 
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distributions of the 1.8 and 2.2 alleles were due to differences in performance across 

temperatures. 

 
Figure 4.1. Geographic variation in allele frequencies at the Idh-1 locus in the cricket 

Allonemobius socius. Points are allele frequency data from field-collected populations (data 
from [14]), and lines are least-squares regressions. The 1.8 allele is symbolized by open 

diamonds and a dashed line, the 2.0 allele by grey squares and a grey line, and the 2.2 allele by 
black circles and a black line. 

 
 

To further explore the hypothesis that selection has shaped allelic distributions of the 

Idh-1 locus in A. socius, I performed enzyme kinetics assays at a range of ecologically-relevant 

temperatures to explore the molecular basis of the GxE interaction between Idh-1 genotype and 

temperature. For all 3 kinetic parameters examined (Km, Vmax, and enzyme efficiency), there 

was a significant GxE between Idh-1 genotype and temperature which affected enzyme 

performance. Additionally, there were significant differences in performance parameters 

between alleles at both high and low temperatures. Together, these results provide additional 
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evidence that natural selection underlies the naturally-occurring geographic distribution of Idh-1 

alleles in A. socius. 

4.3 Methods 

4.3.1 Study System 

Crickets of the genus Allonemobius range from southern Canada to the southern United 

States, primarily in the East, and are abundant in appropriate habitat throughout their range. 

Due to their large distribution, abundance in the field, and ease of laboratory maintenance, 

members of the A. socius complex have been used as a model system for several aspects of 

evolutionary biology, including studies of speciation and hybrid zone dynamics (Howard and 

Furth 1986; Howard and Waring 1991; Britch et al. 2001), Wolbachia (Marshall 2004, 2007), 

life-history evolution (Mousseau and Roff 1989a; Mousseau 1991; Olvido et al. 1998; Huestis 

and Marshall 2006a), and morphological variation (Mousseau and Roff 1989a,b, 1995; Fedorka 

and Mousseau 2002b; Olvido et al. 2003). Additionally, given their naturally widespread 

distribution, the A. socius complex is an ideal model system for studying geographic variation in 

life-history traits and genetic diversity. Within the A. socius complex, clines have been found in 

ovipositor length (Mousseau and Roff 1995), diapause occurrence (Mousseau and Roff 1989a; 

Mousseau 1991; Bradford and Roff 1995), allozyme alleles (Howard and Furth 1986; Britch et 

al. 2001; Huestis and Marshall 2006b), and nuclear and mitochondrial markers (Marshall 2004). 

 Members of the A. socius complex are morphologically cryptic, and species were 

originally discovered and described using allozymes (Howard 1982, 1983; Howard and Furth 

1986); therefore, much data about the geographic distribution of allozyme alleles are readily 

available. One locus in particular, isocitrate dehydrogenase (Idh-1), is strongly clinal within A. 

socius, with the 1.8 allele being common in the north and east and the 2.2 allele being common 

to the south and west (Figure 4.1; Huestis and Marshall 2006b). 

 The geographic distributions of these alleles are also correlated with two important 

environmental variables, temperature and rainfall, with 1.8 at highest frequency in cooler, drier 
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locations while 2.2 is associated with hotter, wetter locations (Huestis and Marshall 2006b). A 

third allele, 2.0, is found at intermediate frequencies in most locations (~50%; Figure 4.1) and 

not significantly distributed in relation to geography or climate. In a previous study, I found a 

significant interaction between Idh-1 genotype and temperature on fitness, such that individuals 

homozygous for the 1.8 allele laid more eggs at a cool temperature relative to the two faster 

alleles, and individuals homozygous for the two faster alleles laid more eggs at a warm 

temperature than 1.8 individuals (Huestis and Marshall 2006b). However, the molecular basis 

for this GxE was not examined. Here I use enzyme kinetics to assay differences in performance 

between these 3 alleles across a range of ecologically-relevant temperatures. 

4.3.2 Kinetic Parameters and Calculations 

The initial velocity of an enzyme-catalyzed reaction depends on the initial substrate 

concentration; this relationship is typically hyperbolic, with a linear increase at lower 

concentrations until the reaction approaches saturation, at which point further increases in 

substrate will not increase reaction velocity (see Figure 4.2A). Two important parameters are 

typically calculated using kinetic assay data: Vmax, the initial reaction velocity at saturated 

substrate concentration, and the Michaelis constant, Km, which is a measure of the affinity of the 

enzyme for the substrate and the rate at which the substrate is converted to product (Cornish-

Bowden 2004). These parameters are obtained through a double-reciprocal plot of velocity 

against substrate concentration for the linear portion of the original curve (see Figure 4.2B). 

First, least-squares regression is performed on the double-reciprocal data and the slope and y-

intercept calculated. Vmax is then calculated from the regression equation, using the formula: 

Vmax=1/y-intercept (Cornish-Bowden 2004). Next, Km is obtained from the equation: 

Km=Vmax*slope (Cornish-Bowden 2004). 

Because the y-intercept changes with enzyme concentration (Figure 2B), Km and Vmax 

are also influenced by the initial enzyme concentration, such that the values of both parameters 

increase when enzyme concentration increases (Table 4.1). However, the slope of the least-
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squares line is not dependent on the initial enzyme concentration (Figure 4.2B, Table 4.1), and 

is equal to Km/Vmax, a measure of enzyme efficiency. As Vmax is a measure of reaction velocity, a 

relatively higher value of Vmax means the reaction can progress faster, and therefore higher 

values of Vmax indicate better enzymatic performance. Conversely, Km contains a measure of 

enzyme-substrate affinity, and is the amount of substrate needed to achieve one-half Vmax. 

Therefore, an enzyme with a lower Km needs less substrate to achieve a given rate than one 

with a higher Km. Lastly, because enzyme efficiency (as defined above) is calculated from 

reciprocal plots, a smaller value of this parameter (either due to a lower Km and/or a higher Vmax) 

means the enzyme is more efficient than a higher value. Here I report all 3 kinetic parameters 

(efficiency, Km, and Vmax), but note that Km and Vmax may be influenced by variation in amount of 

enzyme present in each individual. Specifically, differences in these two parameters when 

comparing two individuals could be due to differences in the relative amounts of enzyme in 

individuals (see Table 4.1) or real differences in performance between individuals for these two 

parameters.  

 
Table 4.1. Estimation of 3 enzyme kinetic parameters from data presented in Figure 4.2. 

parameter 1 cricket 2 crickets ratio (2/1)

slope 0.0081 0.0080 0.9877

Vmax 5.6180 20.0803 3.5743

Km 0.0455 0.1606 3.5302

This table demonstrates that slopes are nearly

equal with approximately double the amount of

enzyme, while both Km and Vmax increase by

a factor of approximately 3.5.  
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Figure 4.2. Example enzyme kinetics data. Experimental Idh-1 kinetic data using 
homogenates from 1 cricket (2 legs; solid diamonds) and 2 crickets (4 legs; open squares). (A) 

Initial reaction velocity as a function of substrate concentration, showing the expected 
hyperbolic relationship. Reaction velocity increases linearly until approaching the saturation 

point. (B) Lineweaver-Burk plot, the double-reciprocal method for calculating Km, the Michaelis 
constant, and Vmax, the maximum reaction velocity, from kinetic assay data. 
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4.3.3 Experimental Methods 

4.3.3.1 Experimental Animals 

To further detail the relationship between temperature and enzyme activity in A. socius, 

I conducted an enzyme kinetics experiment using tissue homogenates derived from laboratory-

raised Idh-1 homozygotes. Juvenile crickets were collected in July 2006 from a field population 

in western North Carolina (35.199°N, 81.371°W), an area known to have all 3 alleles at roughly 

equal frequencies (see Figure 1 in Huestis and Marshall 2006b). Field-collected juveniles were 

raised to adulthood at 27°C in sex-specific cages to prevent mating. Adults were individually 

genotyped for malate dehydrogenase (Mdh-1; diagnostic of the A. socius complex relative to 

other species in the genus) and isocitrate dehydrogenase to screen for individuals homozygous 

at the Idh-1 locus. Allozyme electrophoresis and staining was performed using standard 

methods for Allonemobius (Howard and Furth 1986). 

 Individuals homozygous for each of the 3 alleles (1.8, 2.0, and 2.2) were placed in 

genotype-specific mating cages and allowed to mate for 2 weeks, producing homozygous 

offspring. Offspring were raised to adulthood at 27°C and ~10 individuals per genotype were 

randomly chosen and frozen at -80°C. For these individuals, Idh-1 genotype was confirmed with 

allozyme electrophoresis on head tissue as above. Enzyme homogenates from 3 individuals of 

each genotype were generated by homogenizing both rear legs in 25 µl 0.2M tris-citrate buffer, 

pH 8.0 (Howard and Furth 1986), centrifuging for 2 minutes at 10,000xg, and removing the 

supernatant for use in enzyme kinetics assays. 

4.3.3.2 Kinetics Assays 

Enzyme kinetics assays were performed in 96-well microplates using a temperature-

controlled microplate reader (Bio-Tek Instruments, Winooski, VT), similar to the procedure 

described by Oppert et al. (1997). A pilot study was conducted using a wide range of substrate 

concentrations and standard Idh staining media optimized for Allonemobius (Howard and Furth 

1986; 0.2M tris-citrate buffer, pH 8.0 with 1mg/ml MgCl2, 0.2mg/ml NADP, 0.2mg/ml NBT, and 
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0.04mg/ml PMS; all reagents from Sigma-Aldrich) to determine the range of concentrations 

which produced a linear relationship between initial reaction velocity and substrate 

concentration (see Figure 4.2A; Cornish-Bowden 2004). This staining solution produces a 

purple color as the reaction progresses, and absorbance was read at 595nm using the 

microplate reader. Although this assay measures combined activity for Idh-1 and Idh-2, the Idh-

2 locus is monomorphic in A. socius (and all species of Allonemobius; Howard 1983; Howard 

and Waring 1991; Britch et al. 2001; Huestis and Marshall 2006b); therefore, all differences 

observed between Idh-1 genotypes should result from variation in performance of Idh-1 alleles. 

From these preliminary data, four concentrations of isocitric acid were used for further assays 

(0.077, 0.055, 0.043, and 0.035 mg/ml). 

 Next, assays were performed on 3 individuals per genotype (i.e., 1.8, 2.0, and 2.2 

homozygotes) at 7 ecologically-relevant temperatures (18, 21, 24, 27, 30, 33, and 36°C). For 

each individual, at each temperature and substrate concentration, a 1 µl aliquot of enzyme 

homogenate was added to 25 µl of staining media and used in an assay following the protocol 

outlined above. All samples for each temperature were conducted simultaneously with 

absorbance readings taken for every 15 sec for 20 minutes (yielding 80 absorbance readings 

per aliquot). 

 Using standard Michaelis-Menten kinetics (e.g., Levitzki and Koshland 1969; Cornish-

Bowden 2004) implemented by the program KC3 (Bio-Tek Instruments), initial reaction velocity 

of the enzymatic conversion of isocitrate to α-ketoglutarate was calculated using the linear 

portion of the curve (approximately 5-15 minutes). For each individual at each assay 

temperature, the increase in velocity with increasing isocitric acid concentration was plotted and 

slopes calculated (see Kinetic Parameters and Calculations above; Figure 4.2B), yielding a 

measure of enzyme efficiency – i.e., the inverse of the change in the rate of the reaction with 

increasing substrate concentration. Km, and Vmax were also calculated from the assay data using 

standard methods as described above. 
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4.3.4 Statistical Analyses 

Kinetic data were analyzed using repeated-measures analysis of variance (ANOVA) 

with Idh-1 genotype as a between-subjects factor and assay temperature and the interaction of 

temperature and Idh-1 genotype as within-subjects factors. Enzymatic efficiency, Km, and Vmax 

were analyzed using separate ANOVA‟s. Post-hoc ANOVA‟s were then used to test for 

significant differences between alleles at each temperature and groupings assigned using 

Ryan-Einot-Gabriel-Welsch (REGWQ) multiple-range tests (SAS Institute 2006). All statistical 

analyses were performed with SAS Learning Edition 4.1 (SAS Institute 2006). Statistics were 

considered significant at P<0.05. 

4.4 Results 

There was a significant interaction between Idh-1 genotype and assay temperature that 

affected enzyme efficiency, measured as the increase in velocity with increased substrate 

concentration (Table 4.2). Because of the inverse relationships plotted by this method, a lower 

value indicates greater efficiency. Enzyme efficiency was significantly different between alleles 

at the two lowest temperatures tested (18 and 21°C), while there was no difference at the higher 

temperatures tested (24-36°C; Figure 4.3A). At 18°C, 2.0 individuals outperformed 1.8 and 2.2 

individuals, which were not significantly different from each other, while at 21°C, 2.0 and 2.2 

individuals were not significantly different and more efficient than 1.8 individuals (Figure 4.3A). 

 
Table 4.2. Repeated-measures ANOVA on kinetic efficiency across a temperature 

gradient. 
 

Source df MS F P

Genotype 2 0.00303 5.07 0.0627

Error 5 0.00060

Source df MS F P

Temperature 6 0.00996 39.89 <0.0001

Genotype x Temperature 12 0.00108 4.31 0.0009

Error (Temperature) 30 0.00025

Within-subject P -values are with Huynh-Feldt corrections.

Between Subjects

Within Subjects
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There was also a significant GxE between Idh-1 genotype and assay temperature for 

Km, the Michaelis constant (Table 4.3). Km is a measure of the binding affinity between the 

enzyme and the substrate, and a lower value of Km indicates a higher affinity. There were 

significant differences in Km between alleles at 3 temperatures (the two lowest temperatures, 18 

and 21°C, and the highest temperature, 36°C; Figure 4.3B). Similar to the results for efficiency 

(see above), at 18°C, 2.0 individuals had lower Km than 1.8 and 2.2 individuals, which were not 

different from each other, while at 21°C, 2.0 and 2.2 individuals were not significantly different 

from each other and had lower Km than 1.8 individuals (Figure 4.3B). At 36°C, individuals of all 

three alleles were significantly different from each other, with 2.0 having the lowest Km, followed 

1.8 and 2.2 (Figure 4.3B). 

 
Table 4.3. Repeated-measures ANOVA on Km across a temperature gradient. 

Source df MS F P

Genotype 2 0.07596 2.94 0.1431

Error 5 0.02582

Source df MS F P

Temperature 6 0.17803 7.79 0.0010

Genotype x Temperature 12 0.06115 2.67 0.0426

Error (temperature) 30 0.02286

Within-subject P -values are with Huynh-Feldt corrections.

Between Subjects

Within Subjects

 

 

Lastly, the maximum reaction velocity, Vmax, was affected by a significant GxE between 

Idh-1 genotype and assay temperature (Table 4.4). At 36°C, 2.2 had a significantly higher Vmax 

than 1.8 and 2.0, which were not significantly different (Figure 4.3C). These data indicate that 

the 2.2 allele encodes an enzyme with the highest velocity but also the highest Km at 36°C, an 

expected tradeoff between velocity and affinity. 
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Figure 4.3. Kinetic performance across a temperature gradient of 3 Idh-1 alleles in the 
cricket Allonemobius socius. Enzyme efficiency (A) was measured as the increase in 

reaction velocity with increasing substrate concentration (see Methods). Km (B) and Vmax (C) 
were calculated using standard Michaelis-Menten methods. Means + SE are given (n=3 
individuals per genotype). Individual ANOVA‟s were used to test for differences between 
genotypes at each temperature and significant differences indicated (*P<0.1, **P<0.05, 

***P<0.01). 
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Table 4.4. Repeated-measures ANOVA on Vmax across a temperature gradient. 
 

Source df MS F P

Genotype 2 73.7718 1.67 0.2787

Error 5 44.2408

Source df MS F P

Temperature 6 119.7032 25.46 <0.0001

Genotype x Temperature 12 13.5814 2.89 0.0133

Error (temperature) 30 4.7018

Within-subject P -values are with Huynh-Feldt corrections.

Between Subjects

Within Subjects

 

 
4.5 Discussion 

Previous studies have shown that the effect of temperature on enzyme performance 

can affect many aspects of organismal fitness, including growth rate and size at maturity (van 

der Have and de Jong 1996). Thus, based on previous geographic and empirical data for A. 

socius, I hypothesized that the observed distributions of Idh-1 alleles, including the high 

frequency of the 2.0 allele and the cline in the frequency of the 2.2 allele, had resulted from 

natural selection on differential enzymatic performance across thermal environments. By 

conducting kinetics assays, I found a significant GxE between Idh-1 genotype and temperature 

on 3 measures of enzyme kinetic performance in A. socius. Additionally, I found significant 

differences in performance among alleles at the two lowest and one highest temperatures. 

 Specifically, at 18°C, 2.0 was more efficient because of higher substrate affinity (lower 

Km) of the Idh enzyme than the 1.8 and 2.2 alleles. At 21°C, the 2.0 and 2.2 alleles both had 

higher substrate affinities that that of 1.8 for those two parameters; there was no significant 

difference among alleles in Vmax at low temperatures. At 36°C, there was no significant 

difference in overall efficiency between alleles. However, Km and Vmax were significantly higher 

for the 2.2 allele. Km and Vmax for 2.0 were lower than the other alleles at this temperature, while 

the 1.8 allele had intermediate values for Km and Vmax when compared to the other two. Overall, 

I found that Km and Vmax varied at critical temperatures for all 3 alleles, in contrast to the results 
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of Johns and Somero (2004), who found that a cold-adapted allele of lactate dehydrogenase 

(Ldh-4) had a higher Km than warm-adapted alleles across all assay temperatures in Pacific 

damselfishes. 

 These results, in general, are consistent with hypothesized results based on the 

naturally-occurring distribution of Idh-1 allele frequencies and previous fitness data (Huestis and 

Marshall 2006b). Specifically, the 2.0 allele was the most efficient allele at lower temperatures 

(< 27°C) and equivalent in efficiency to the other two alleles at higher temperatures (> 27°C; 

Figure 4.3A); these data indicate that the 2.0 allele performs well across the widest range of 

temperatures, and it is therefore not unexpected that it occurs at approximately 50% frequency 

in all populations in the eastern United States (Figure 4.1; Huestis and Marshall 2006b). 

Conversely, the 2.2 allele had the highest maximum reaction velocity (Vmax) at higher 

temperatures (> 27°C); this allele occurs at approximately equal frequency with the 2.0 allele at 

lower latitudes, but is not as common to the north (Figure 4.1). However, it is somewhat 

surprising that the 1.8 allele did not perform better at lower temperatures (18 and 21°C), given 

the earlier fitness data and its geographic distribution (Huestis and Marshall 2006b). At the 

lowest assay temperature (18°C), the 1.8 allele was equivalent to the 2.2 allele in both efficiency 

and substrate affinity, while the Vmax of all 3 alleles were not significantly different. Thus, we 

hypothesize that the increased frequency of the 1.8 allele in northern latitudes may be more 

reflective of processes such as genetic drift, rather than a strict by-product of natural selection. 

In all, our findings support the hypotheses that 1) the 2.0 allele is common across all thermal 

environments due to superior performance, for at least some kinetic parameters, relative to the 

other two alleles at many different temperatures, and 2) the clinal distribution of the 2.2 allele is 

driven by selection on thermal performance. 

 In general, enzymatic performance depends on temperature and typically decreases at 

high temperatures due to degradation and inactivation of enzyme molecules (Daniel et al. 2001; 

Ma et al. 2001; Peterson et al. 2004, 2007). Interestingly, we did not observe a decrease in 
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performance, even in our highest temperature assays (Figure 4.3). Therefore, the temperature 

range over which I conducted my assays appears not to have exceeded the thermostability 

threshold of the isocitrate dehydrogenase enzyme over the time period of the assay, which is 

not surprising given that temperatures were chosen to reflect the natural conditions experienced 

by field populations. 

 At extreme reaction temperatures (cold or hot), researchers typically observe a tradeoff 

between Km and Vmax. Although an enzyme may tightly bind a substrate, the rate at which the 

substrate is converted to product may be lower (Watt 1977, 1983, 1992; Xu et al. 2003a,b). 

These data appear to show this tradeoff at our highest assay temperature (36°C), as the 2.2 

allele has both the highest Km and Vmax, while 2.0 has the lowest (Figure 4.3). These data may 

be influenced by overall differences in amounts of Idh enzyme produced by individuals of 

different genotypes. However, if differences in performance of alleles at 36°C were due to 

differences in Idh concentrations among the samples, we would expect alleles to show similar 

patterns of performance for these two parameters across all temperatures, not just 36°C. 

Overall, I found that at low temperatures all three alleles have a similar Vmax but significant 

differences in efficiency and Km, while at high temperatures all three alleles have the same 

efficiency but significant differences in Km and Vmax (see Figure 4.3). These findings point to a 

clear performance tradeoff, in that a single allele cannot perform optimally for all measures of 

kinetic performance across all temperatures. 

 When one genotype produces different phenotypes over a range of environmental 

conditions, the relationship between the phenotype produced and the environment is known as 

a reaction norm (Schlichting and Pigliucci 1998). Similarly, a genotype-by-environment 

interaction (GxE) occurs when different genotypes produce different reaction norms across the 

same environmental conditions. Reaction norms and GxE interactions are thought to be 

adaptive for species living in temporally-variable environments or with wide geographic ranges, 

as populations may experience different environmental conditions across the species‟ range or 
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during the year. Such environmental variation can lead to balancing selection on alternative 

alleles and/or the evolution of phenotypic plasticity. Given GxE and spatially- or temporally-

variable environments across a species‟ range, balancing selection is predicted to maintain 

genetic diversity in natural populations (Karl and Avise 1992; Schmidt et al. 2000; Wheat et al. 

2006). It appears that all 3 alleles are being maintained in A. socius, possibly due to differences 

in GxE across temperatures. To further test the hypothesis that natural selection (and/or genetic 

drift) is acting on the Idh-1 locus in A. socius, I am currently sequencing the protein-coding 

region for all alleles from multiple individuals spanning the geographic range of this species. 

 The link between allozyme allele frequencies, differential thermal performance of 

alleles, and natural environmental gradients has been shown in several other recent studies. 

For example, Piccino et al. (2004) found significant differences in phosophoglucomutase (Pgm-

1) allele frequencies between populations of the polychaete Alvinella pompejana which 

inhabited either newly-created or older hydrothermal vents. The enzyme allele at highest 

frequency in populations living near recently-established, warmer vents was both more 

thermostable and had higher activity at warmer temperatures than the allele found in 

populations dwelling in older, cooler vents (Piccino et al. 2004). Similar results have been found 

for Ldh in species of Pacific damselfish of the genera Chromis (Johns and Somero 2004) and 

Sphyraena (Holland et al. 1997) inhabiting different thermal regimes. Together, these and other 

studies indicate that some allozyme loci are not neutral markers of diversity, but rather that the 

geographic distributions of alleles can be a consequence of environmental conditions and the 

differential performance of alleles in those environments. Thus, common alleles may be 

common due to their enhanced performance relative to other, less-common alleles, while clinal 

distributions can be attributed to either selection or drift across thermal gradients. The 

distribution of Idh-1 alleles in A. socius appears to be another example of this phenomenon, as 

we are now able to link a GxE between genotype and temperature on enzyme kinetic 

performance to the natural distribution of alleles in this species. 
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