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POPULATION LEVEL GENETIC DIFFERENTIATION  
AMONG TEMPERATE NEOCONOCEPHALUS KATYDIDS 

 
Gideon Ney 

Dr. Johannes Schul, Dissertation Advisor 

ABSTRACT 

 Recent work indicates that radiation events may play a significant role in shaping 

species diversity across entire continents. Here we quantify population level genetic 

differentiation in several species of Neoconocephalus katydids in order to determine the 

mechanisms of genetic isolation across a continental scale. Patterns of genetic isolation 

can be generalized into four types: isolation by resistance (IBR), isolation by barrier 

(IBB), isolation by distance (IBD), and epigenetic incompatibility. 

 N. melanorhinus is a salt marsh specialist restricted to a narrow corridor along the 

Atlantic and Gulf coasts. IBD was the predominant pattern of variation across their range. 

In addition, we saw evidence of two possible biogeographic barriers to gene flow (IBB), 

one at the Atlantic-Gulf divide and the other along the Gulf coast.  

 We investigated the impact of IBR by comparing genetic differentiation between 

a habitat specialist, N. bivocatus, and a habitat generalist, N. robustus. Similar levels of 

genetic diversity and genetic differentiation were present within populations of both 

species. Genetic variation and epigenetic changes can diverge between populations in 

isolation. We found significant variation in total methylation levels between N. bivocatus 

and N. robustus. Genetic differentiation did a better job of explaining species-specific 

phenotypes than epigenetic differentiation. Epigenetic differentiation, although present 

between species, is likely the result of an interaction between genetic and epigenetic loci.
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Chapter 1 

 

POPULATION STRUCTURE WITHIN THE ONE-DIMENSIONAL RANGE OF 
A COASTAL PLAIN KATYDID 

 
Published in PLOS One with Johannes Schul as coauthor 

 
 

Abstract 

 Biogeography plays a significant role in species’ dispersal, and in turn population 

structure, across the landscape. The North American katydid Neoconocephalus 

melanorhinus belongs to a genus with high mobility. Unlike other members of the genus, 

N. melanorhinus is a salt marsh specialist restricted to a narrow corridor along the 

Atlantic and Gulf coasts. In addition, their range crosses at least one known 

biogeographic barrier and possesses biogeographic characteristics of the stepping-stone 

as well as the hierarchical island model of dispersal. Using AFLP markers we searched 

for areas that conform to the predictions of isolation by distance and for areas of non-

uniform increases in genetic variance, indicative of isolation by barrier. We found 

significant genetic differentiation between all twelve sampled sites. Isolation by distance 

was the predominant pattern of variation across their range. In addition, we saw possible 

evidence of two biogeographic barriers to gene flow, one at the Atlantic-Gulf divide and 

the other along the Gulf coast. We also observed a change in body size across the range. 

Body size, as measured by male hind femur length, correlated closely with latitude, a 

possible indication of differential selection across the species range. 
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Introduction 

 The phylogeography of organisms, i.e. the distribution of genetic lineages of a 

species across landscapes (Avise et al. 1987), is strongly affected by their dispersal 

ability (Peterson and Denno 1998). Isolation by distance (IBD) and isolation by barrier 

(IBB) are two common patterns found among numerous species and taxonomic groups 

(Avise 2000). Most species show dispersal limitations across some spatial scale 

(Greenwood 1980), i.e. individuals cannot disperse across their entire species’ range 

during their lifetime. Such reduced dispersal can result in a pattern of uniformly 

increasing genetic variation with geographic distance (= IBD; Wright 1943). 

Alternatively, IBB occurs if biogeographic barriers to dispersal reduce gene flow. This 

often leads to a pattern of genetic discontinuity, i.e. a non-uniform increase in genetic 

differentiation across the landscape (Slatkin and Voelm 1991). While the difference 

between IBD and IBB is likely an artificial dichotomy, their study allows us to 

contemplate the relative importance that various factors play in shaping population 

structure. 

 A number of models explain the genetic structure resulting from different 

dispersal limitations (Wright 1943; Slatkin and Voelm 1991) such as distance or barriers. 

Within the stepping-stone model dispersal is limited by geographic distance and 

individuals disperse only between neighboring sites. In its most restricted form, sites fall 

along a line. Within this one-dimensional stepping-stone model, dispersal is limited to, at 

most, two adjacent sites. This produces a strong signature of IBD as gene flow decreases 

with distance along a narrow corridor (Wright 1943; Kimura and Weiss 1964).   
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 In an alternative model, the hierarchical island model, barriers between certain 

neighboring sites reduce the rate of dispersal and gene flow. This produces a non-uniform 

increase in genetic differentiation between these sites, the signature of IBB (Slatkin and 

Voelm 1991). This divides the population structure into distinct subpopulations. Within 

subpopulations there is an assumption of little or no genetic differentiation (panmixia). 

This is the result of significant gene flow within, and reduced gene flow between, 

subpopulations. Unlike in the stepping-stone model, geographic distance does not play a 

role in this pattern of genetic differentiation. 

 Neoconocephalus is a diverse group of New World katydids with variation in 

habitat preference and species distributions (Greenfield 1990). All species are highly 

mobile with strong flying capabilities and adult life spans of several months (review in 

Greenfield 1990). Most species occupy large ranges, some of which encompass much of 

the Midwestern and Eastern United States. The North American ranges of these species 

seem to show little population level genetic structure (Frederick 2013). For example, N. 

bivocatus and N. robustus show a lack of genetic structure across more than 450 km of 

grassland habitat (Ney and Schul 2017).  

 Neoconocephalus melanorhinus is a habitat specialist found only in North 

American salt marshes along the Atlantic and Gulf coasts (Rhen and Hebard 1915). This 

preference results in a species distribution, unique among Neoconocephalus katydids, that 

is more than 2,000 km long, but no more than a few kilometers wide in most localities. 

This one-dimensional arrangement of populations, which is similar to those in a one-

dimensional stepping-stone model, may limit dispersal to neighboring sites and reduce 

gene flow across the range. Neoconocephalus melanorhinus’ range also falls along 
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several known biogeographic divides, including one dividing the range on either side of 

the Florida peninsula (Fig 1). This Atlantic-Gulf divide is a significant barrier to gene 

flow in many marine taxa found along the Southern United States coast (Avise 2000; 

Soltis et al. 2006). In addition, their range crosses numerous other geographic features, 

including estuaries, developed shoreline, and stretches of coastline lacking saltmarsh 

habitat, that could potentially function as biogeographic barriers. Neoconocephalus 

melanorhinus’ narrow range may decrease individuals’ ability to avoid barriers by going 

around them and result in greater genetic differentiation among subpopulations on either 

side. 

 Here we describe the population genetic structure of N. melanorhinus, a highly 

mobile species, in a one-dimensional range, which possesses characteristics of both a 

stepping-stone and a hierarchical island model. We sampled from twelve locales across 

the range. Using molecular markers and statistical tools, we searched for areas that 

conform to the predictions of IBD and for areas with non-uniform increases in genetic 

variance indicative of IBB. We note the confounding effect signals of IBD and IBB may 

have and utilized tools that control for these effects. In addition, we collected 

measurements for body size to determine whether this phenotype co-varies with the 

observed pattern of genetic differentiation across N. melanorhinus’ range. 

 

Methods 

Sampling: 

 All necessary permissions were obtained prior to the collection of specimens (Cape 

May NWR; permit 14007). We collected a total of 227 N. melanorhinus from 12 salt 
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marshes sites (Table 1, Fig 1) along the US Atlantic and Gulf coasts. We localized males 

using their calls and collected them by hand within the 2-3 hours following sunset. 

Calling activity was greatest at dusk, with individuals ceasing calling activity within an 

hour of sunset. Neoconocephalus melanorhinus were found either on or in close 

proximity to Juncus roemerianus in the high marsh habitats South of the Chesapeake 

Bay. In the three most Northern sites (BV, CM, and SU) J. roemerianus was less 

common and individuals were predominantly found calling from cord grass. We 

identified individuals as belonging to the target species through their call and 

morphological features, including cone pigmentation and body shape (Rhen and Hebard 

1915; Walker SINA). 

 In 2014, we collected 188 N. melanorhinus from all the Atlantic coast sites and the 

Gulf coast sites DH and CK (Table 1, Fig 1). After finding evidence of significant genetic 

differentiation along the Gulf, two additional sites were sampled (IB and CR) in 2015. 

One additional sample was added to site DH in 2015 as well. The thirty-nine samples 

added in 2015 were run with a subset of the 2014 samples (eight DH, ten CK), and of 

these, eight 2014 samples were run in replicate in 2015 (see below). 

 We removed one hind femur from each N. melanorhinus sampled and placed them 

in 95% EtOH for DNA preservation. We later extracted DNA from the hind femurs using 

the DNeasy Blood and Tissue Kit (Qiagen Inc., Valencia, CA, USA). DNA quantification 

was performed on each sample by spectrophotometry (NanoDrop 1000, Thermo 

Scientific, Wilmington, DE). We used amplified fragment length polymorphism (AFLP) 

markers to quantify genetic variation. 
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Quantification of AFLP loci and alleles: 

 AFLP bands were generated using the method described in Snyder et al. (2009). 

Briefly, we performed a double digest on whole genomic material using the enzymes 

EcoRI and MseI, followed by ligation of adapters onto the fragments’ sticky ends. We 

then performed two rounds of selective amplification. Pre-selective polymerase chain 

reaction (PCR) was carried out using primers Eco+A and Mse+A (Snyder et al. 2009). 

We performed selective PCR with one of four MseI primers (Mse+ATA, Mse+AGA, 

Mse+AAC, Mse+AGC) and one of two fluorescently labeled EcoRI primers (Eco+AAC, 

6FAM; Eco+AGC, PET) (as described in (Snyder et al. 2009)). The selective PCR 

products were genotyped at the University of Missouri’s DNA Core Facility on an ABI 

3730 genetic analyzer (Applied Biosystems Corporation, Foster City, CA, USA). We 

called AFLP bands using GeneMarker v1.6 (Softgenetic Corp, State College, PA, USA) 

using an automated peak-calling scheme (as described in (Holland et al. 2008)). Alleles 

were called between 50-500 bp with a minimum peak intensity of 50.  

 

AFLP error analysis: 

 We tested the rate of genotyping errors between collection years to determine the 

viability of combining AFLP datasets. In order to test repeatability, eight 2014 samples 

were rerun in replicate with the 2015 samples. Fragment lengths were recalled for the 

original as well as both sets of rerun samples as described previously and the mismatch 

error rate was calculated within and between AFLP runs (Pompanon et al. 2005). 

Mismatch error rates between-runs in excess of within-run error rates would indicate 

additional between-run biases in fragment amplification or fragment calling, suggesting 
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the need for an independent treatment of datasets (Bonin et al. 2007).  

 The 2014 AFLP analysis produced 2170 distinct fragments from 188 individuals. 

The 2015 AFLP run produced 1175 fragments from fifty-seven individuals. Mismatch 

error rates averaged 6.1% for within-run peak calls and 14.0% for between-run peak 

calls. Because of the increase in mismatch error rates between AFLP runs we chose to not 

combine 2014 and 2015 datasets. By treating datasets independently we avoid added 

error incorporated by uncontrolled variations in fragment amplification or peak intensities 

between-runs.  

 Automated peak calling schemes produce a larger number of total fragments, but 

tend to produce larger error rates than manual peak calling schemes. Larger AFLP 

datasets, despite added noise, reveal greater genetic differentiation than smaller, less error 

prone, datasets (Zhang and Hare 2012). As genetic variation tends to be relatively low 

within Neoconocephalus, the automated peak-calling scheme is preferable due to its 

sensitivity in detecting lower levels of genetic variation. Significant patterns of genetic 

structure found in this study would indicate that these levels of within-run noise do not 

obscure the overall genetic signal. 

 

Phylogenetic analysis: 

 A fifty percent rule Bayesian tree was constructed in MrBayes v.3.2 from 

individuals collected in 2014 (Ronquist et al. 2012). The MCMC settings for the 

MrBayes analysis were: two runs, each with eight chains for 20,000,000 generations, 

sampled every 10,000 generations, and sampled for a total of 2,000 trees per run. As 

AFLP fragments are dominant markers scored as present/absent, we utilized the binary 
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restriction site model and the ‘noabsencesites’ substitution model. Runs were determined 

to have reached a stationary distribution by viewing the log-likelihoods in Tracer v.1.5 

(Rambaut and Drummond 2010). 

 

Genetic differentiation: 

 We used four methods to quantify genetic differentiation across N. melanorhinus’ 

range. First, genetic differentiation among localities was calculated using a Bayesian non-

uniform allele frequency distribution method for each year’s dataset independently 

(Zhivotovsky 1999) as implemented in the program AFLPsurv v1.0 (Vekemans 2002). 

Expected FST was estimated from 100,000 permutations (10 bootstrapped runs) of 

individuals among groups. 

 Second, a Bayesian clustering analysis of individuals from 2014, as implemented 

in the program STRUCTURE v.2.3.4 (Pritchard et al. 2000), produced assignment scores 

for individuals to a hypothesized number of clusters based on AFLP fragment data. In 

STRUCTURE the admixture model was implemented with a local prior, allele 

frequencies correlated, with a run length of 100,000 (Burnin=10,000) for 10 replicates 

each of K=1-12. The best supported K was estimated as described in (Evanno et al. 2005) 

and implemented in Structure Harvester v.0.6.94 (Earl 2012). The program Clumpp 

v.1.1.2 (Jakobsson and Rosenberg 2007) was used to align the 10 repetitions of the best 

supported number of clusters.  

 Third, multiple AMOVAs were performed using the 2014 and 2015 AFLP 

datasets. AMOVA is a method for testing hypotheses of population structure against 

genetic evidence (Cockerham 1969; Cockerham 1973). Sites were split into two groups at 
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every possible location along the coast resulting in nine AMOVAs among the ten sites 

sampled in 2014 and three AMOVAs among the four Gulf coast sites from the 2015 

dataset. AMOVAs were conducted in Arlequin v.3.5 (Excoffier and Lischer 2010) using 

the locus-by-locus approach, averaged over all polymorphic loci. 

 Fourth, standard and partial Mantel tests were conducted for populations sampled 

in 2014 using the program GenoDive v.2.0 (Meirmans and Tienderen 2004) to examine 

the relationship between genetic differentiation (FST/(1-FST)), genetic structure, and 

geographic distance. Geographic distance was measured as the simplified shoreline 

distance, the distance along a path connecting neighboring sites by straight lines. This 

path is likely similar to the path N. melanorhinus must disperse through, not necessarily 

following all of the contours of the coast, but also not crossing large stretches of non-

marsh habitat. In addition, we conducted a linear model analysis of variance in R v.3.2.0 

(R Core 2015) to test for differences in dispersal across predicted barrier sites by testing 

for significant differences in slopes and y-intercepts. 

 We produced three matrices representing the most well supported models of 

population structure formulated from the other analyses. Significance was calculated by 

1,000 permutations of samples between groups. To directly take into account population 

structure, partial Mantel tests were performed measuring the relationship between genetic 

and geographic distance, while using the hypothesized genetic clustering as a covariate. 

In addition, partial Mantel tests examining the relationship between genetic 

differentiation and the three hypothesized population structures were run with geographic 

(simplified shoreline) distance as a covariate. 
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Phenotypic differentiation: 

 We measured body size using the length of the hind femur. After removing a 

single hind leg from each sampled individual, the length from the proximal end of the leg 

to the first joint was measured using a ruler to the nearest half-millimeter. As there is 

sexual dimorphism in Neoconocephalus, only the body measures from males were used 

in this analysis. In addition, as there may be an effect between years, we chose to 

compare only males collected in 2014. Hind femur length was correlated with latitude 

and the significance evaluated using Pearson’s correlation coefficient. In addition, the 

difference in average male hind femur length between sites was correlated with genetic 

differentiation and evaluated using a Mantel test. 

 

Results 

Phylogenetic analysis: 

 A phylogenetic analysis of individuals collected from all sites in 2014 allowed us 

to determine a hypothesis of the ancestry among all individuals. Sites whose individuals 

share ancestry with individuals from other sites have likely seen significant gene flow in 

their past. Sites comprised of monophyletic clusters of individuals have likely remained 

isolated and have an ancestry less affected by gene flow. Individuals from South Atlantic 

sites did not form a monophyletic clade, but a large clade made up almost exclusively of 

North Atlantic (sites SU and CM) individuals was nested within the larger cluster of 

South Atlantic sites (Fig 2). This suggests that range expansion likely proceeded South to 

North along the Atlantic coast. The presence of individuals from the two Northern sites 

(SU and CM) intermixed with individuals from more Southern sites may indicate the 
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presence of a genetic source population in the North Atlantic, from which individuals 

may emigrate, but to which Southern individuals do not commonly immigrate. 

 All but two individuals from the Gulf coast sites (DH, CK) formed a 

monophyletic clade (Fig 2), nested within the larger Atlantic cluster of animals. This 

suggests that the Gulf population was likely established following a dispersal event from 

an ancestral Atlantic population. The Atlantic-Gulf divide likely acts as a barrier, 

reducing gene flow and maintaining genetic differentiation following dispersal to the 

Gulf (Soltis et al. 2006). Two CK individuals, however, fell outside of the Gulf clade and 

may represent recent migrants from the Atlantic. This suggests limited recent dispersal 

across the Atlantic-Gulf divide. Within the Gulf clade, individuals from the Western Gulf 

site DH all fell into a monophyletic cluster. The monophyletic clustering of individuals 

by site within both Gulf sites suggests the presence of reduced gene flow via IBB. A 

pattern of IBD better explains the intermixing of individuals observed between 

neighboring sites along the South Atlantic portion of the range. 

 

Bayesian clustering analysis: 

 Our Bayesian clustering analysis, utilized to independently evaluate the grouping 

of individuals seen in the phylogeny, revealed a peak ΔK (Evanno et al. 2005) for K=8 

genetic clusters among the 2014 individuals (Fig 3). We observed one genotype cluster 

found almost exclusively among individuals from the two Gulf sites (red in Fig 3). The 

lack of this genetic cluster among Atlantic individuals is an indication of hierarchical 

genetic differentiation between Gulf and Atlantic sites. Reduced dispersal across the 

Atlantic-Gulf divide is the most likely cause for this pattern.  
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 We observed a second cluster (dark blue in Fig 3) mainly to individuals from 

Northern Atlantic sites. Its occurrence decreases to the South. This pattern may indicate 

the presence of a genetic cline and continued gene flow, rather than a barrier within the 

Atlantic range. The other six clusters did not assign to individuals from any particular site 

or region (Fig 3). The results of the STRUCTURE analysis showed support for the 

significance of the Atlantic-Gulf divide on N. melanorhinus’ population structure, as well 

as an additional barrier along the Gulf. Genetic differentiation along the Atlantic appears 

to be clinal, with IBD alone shaping genetic structure. 

 

AMOVA test of population structure:  

 To test our hypotheses of population structure against genetic differentiation, we 

tested for the grouping of sites into subpopulations, as would be expected under a model 

of IBB. Twelve hypothetical genetic structures were produced by dividing sites into two 

subpopulations at each break between sampled sites. Each hypothetical population 

structure, implemented from 2014 and 2015 samples, was tested using a separate 

AMOVA. For the 2014 dataset, among-group genetic variance was highest when Gulf 

site DH was assigned to one group and all other locations to another (12.86%, Fig 4). 

Thus, DH was genetically distinct from all the other sites and dispersal was limited along 

the Gulf coast. The addition of two Gulf sites in 2015 allowed us to determine that most 

of the Gulf’s genetic variance is the result of reduced dispersal between sites IB and CR 

(5.88% among group variance, Fig 4). This pointed to the presence of a barrier between 

these sites, rather than a gradual increase in genetic variance with distance across the 

length of the Gulf coast, as would be expected under IBD.  
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 In addition, we observed a relatively high level of among-group genetic variance 

at the site of the Atlantic-Gulf divide. All genetic structures subdividing sites along the 

Atlantic explained relatively little among-group variance. These patterns of genetic 

variance indicated that biogeographic barriers occurred between Gulf sites IB and CR, 

and at the Atlantic-Gulf divide. 

 To examine the relationship between population genetic distance and geographic 

distance, we examined the correlation between genetic differentiation (FST/(1- FST)) and 

geographic distance, often used as an indication of IBD, and found a significant 

correlation (Mantel R = 0.795, p < 0.001) among the 2014 sites (Table 2). We subdivided 

pairwise FST values (Supplementary Table 1) into three groups based on sampling 

localities: within-Atlantic pairs (no barriers between, as indicated by previous analyses), 

Atlantic v. CK pairs (one barrier between), and Atlantic v. DH pairs (two barriers 

between). Within all three groups, genetic variation increased with geographic distance 

(Fig 5).  

 The slopes of the three linear correlations did not differ significantly from one 

another, based on a linear model analysis of variance. However, based on linear models, 

the groups’ linear trend lines differed significantly in their y-intercepts, with the within-

Atlantic line having the smallest and DH v. Atlantic the largest y-intercept. This evidence 

suggests the existence of barriers along the coast at the sites of both the proposed 

Atlantic-Gulf and Gulf divides. The similarity in slopes among the three subgroups 

indicates an impact of IBD across the entire range. We also examined the relationship 

between genetic differentiation and latitude. While this relationship was significant 
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(Mantel R = 0.3793; p = 0.010), geographic distance described more of the variation in 

genetic differentiation between sites. 

 We utilized Mantel tests to determine the significance of correlations between 

genetic distance, geographic distance, and several hypothesized population structures. We 

produced three hypothesized population structures based on the presence of one or both 

hypothesized barriers (Atlantic-Gulf divide and/or within Gulf barrier). We observed a 

significant correlation between genetic differentiation and the population structure model 

built with both barriers (Table 2 row 2). The Atlantic-Gulf divide only hypothesis also 

showed a significant correlation with genetic differentiation (Table 2 row 4), however the 

Gulf divide only hypothesis did not meet significance with a p < 0.05 criterion (Table 2 

row 3).  

 Because of these significant correlations of genetic differentiation with both 

distance and hierarchical population structures described above, we performed several 

partial Mantel tests to control for the confounding effects between them. Partial Mantels 

allowed for the comparison of two variables, while controlling for the effects of a third. 

Genetic differentiation and geographic distance maintained a significant relationship 

when population structure was controlled for (Table 2 rows 5,7,9). However, the 

correlation between genetic differentiation and the hypothesized population structures 

lost significance when geographic distance was controlled for (Table 2 rows 6,8,10). The 

partial Mantel analyses indicated that a prediction of IBD alone was better supported than 

any of our hierarchical population structures. 

 

Phenotypic differentiation: 



 15 

 We observed a change in body size across N. melanorhinus’ range. Hind femur 

length showed a strong linear relationship with latitude (Fig 6, Pearson’s p = -0.8233). 

Gulf and South Atlantic individuals, found at similar latitudes, were of a similar size. On 

the other hand, phenotypic variation, as measured by the difference in average male hind 

femur length, was not significantly correlated with genetic differentiation (Mantel R = 

0.297, p = 0.074). 

 

Discussion 

 Neoconocephalus melanorhinus showed significant genetic differentiation among 

all sampled sites. IBD was the predominant pattern of variation across the range. 

However, some of our analyses found evidence for at least two biogeographic barriers to 

gene flow; at the site of the Atlantic-Gulf divide and a second along the Gulf coast, 

resulting in a hierarchical genetic structure. 

 

Genetic isolation by distance: 

 We observed a relationship between genetic differentiation (FST/(1-FST)) and 

geographic distance along both the Atlantic and Gulf coasts (Fig 5). All Mantel tests 

comparing genetic to geographic distances showed significance, an indication of IBD 

(Fig 5, Table 2). In most cases neighboring sites were the most closely related, resulting 

in a genetic cline along the coast. This would indicate that N. melanorhinus follows a 

stepping-stone like model of dispersal (Wright 1943; Kimura and Weiss 1964). 

Neoconocephalus melanorhinus’ largely one-dimensional distribution limits movement 
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to corridors connecting neighboring sites, decreasing dispersal to the least number of 

paths possible, and reducing gene flow at greater distances.  

 Ecological differences may also increase with increasing geographic distance, 

especially with changing latitude along the Atlantic coast. The observed genetic 

differentiation could be due to differences in selection, resulting in partial reproductive 

isolation between locally adapted populations. Determining whether reproductive 

isolation correlates more closely with geographic distance or microhabitat could 

differentiate these alternative explanations. This, however, could be difficult as distance 

and ecological differences are themselves correlated (Coyne and Orr 2004).  

 In the case of N. melanorhinus, genetic differentiation increases both along the 

North/South axis of the range, where variation in ecology is likely to be greatest, and also 

along their East/West axis (at its southernmost limit), where many ecological factors, 

especially those correlated with season length or temperature are likely to be more 

conserved. As such, geographic distance explained genetic differentiation (Fig 5) better 

than latitude alone. Further analyses investigating specific ecological differences and 

their correlation with genetic differentiation may be a worthwhile area of future 

investigation. 

  

Hierarchical genetic structure:  

 We found evidence for two barriers to gene flow in the phylogenetic pattern (Fig 

2), the STRUCTURE analysis (Fig 3), and the Mantel test (Fig 4), while the partial 

Mantel tests (Table 2) failed to detect these barriers. Below we argue that this failure of 
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the partial Mantel tests is an artifact of our sampling scheme (see section Correcting for 

relative effects of IBD and IBB).  

 Increased genetic differentiation in vertebrates, invertebrates, and plant species 

occurs along the Atlantic and Gulf coasts, specifically at the site of the Atlantic-Gulf 

divide (reviewed in Avise 2000; Soltis et al. 2006)). The fact that so many diverse taxa 

(e.g. horseshoe crab (Saunders et al. 1986), dusky seaside sparrow (Avise and Nelson 

1989), and diamond-back terrapin (Lamb and Avise 1992)) show similar 

phylogeographic patterns across this region likely indicates a shared history. While no 

single geologic or environmental event has been identified, changing environmental 

conditions and the shifting presence of tropical and subtropical habitats in this region 

during the Pleistocene likely have played a substantial role in population level 

diversification in the region (Avise 2000).  

 The contemporary lack of obligatory salt marsh habitat along most of the Florida 

peninsula seems a plausible barrier to dispersal for N. melanorhinus. Contemporary salt 

marsh habitats became established in North America in the past 3,000 to 4,000 years 

(Warren and Niering 1993). Given N. melanorhinus’ single generation per year, the 

recent biogeography of the region is the most likely source of their population structure. 

Thus, we assume that contemporary biogeographic factors were sufficient to produce the 

patterns of IBB observed in N. melanorhinus.  

 In addition to the Atlantic-Gulf divide, we found evidence of a second barrier to 

dispersal along the Florida panhandle between localities IB and CR. This stretch of coast 

possesses few barrier islands and reduced salt marsh habitat. The salt marsh habitat that is 

present is primarily fragmented patches found upstream in estuaries. It is likely that the 
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reduced connectivity of salt marsh habitat along the Gulf has resulted in the observed 

pattern of genetic differentiation.  

 

Correcting for relative effects of IBD and IBB: 

 The ability to differentiate the affects of IBD and IBB is important for the proper 

interpretation of population structure. Some of the most commonly used tools (e.g. 

STRUCTURE) to investigate patterns of hierarchical genetic clustering may falsely 

detect hierarchical population structure in datasets influenced only by IBD (Cushman and 

Landguth 2010; Meirmanns et al. 2011; Blair et al. 2012; Meirmanns 2012). Similarly, 

datasets with only hierarchical genetic structure can show results indicative of IBD 

(standard Mantel tests, Fig 5) (Meirmanns 2012).  

 Partial Mantel tests were used to separate the affects of IBD and IBB on N. 

melanohrinus’ observed genetic variance. The results of the partial Mantel tests indicated 

that a pattern of IBD alone explained a significant proportion of the genetic variation. 

However the partial Mantel tests did not indicate an effect of IBB. This result that 

contradicted the findings of several of our previous analyses (e.g. phylogeny, AMOVA, 

structure, and stratified Mantel) that indicated hierarchical genetic structure explained a 

large proportion of the total genetic variance. We find it likely that the partial Mantel test 

failed to find the true signal of IBB where the other analyses did, as apposed to a type one 

error being present in all the other analyses. Multiple facets of this study’s sampling 

scheme may have made the detection of a signal of IBB difficult.  Inconsistences 

between our sampled data and our model of IBB may have led to type two errors in the 

partial Mantel tests. Within-group variance, like that observed across the Atlantic range, 
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has a significant impact on N. melanorhinus’ genetic structure and may have obscured a 

signal of between-group variance (Cushman and Landguth 2010; Cushman 2006). The 

partial Mantel test may have therefore failed to find support for IBB because excessive 

within-group variance broke the assumption of within-subpopulation panmixia, 

suggestive of a pattern of hierarchical genetic structure (Cushman 2006). In addition, the 

uneven sampling of sites from the Atlantic and Gulf coasts, likely exaggerated the 

skewed variance between subpopulations. Because of the likely bias in genetic variance 

between subpopulations and its affect on the partial Mantel, we conclude that both IBB 

and IBD still likely play a role in the observed pattern of genetic structure. 

 Neoconocephalus melanorhinus’ strong signal of IBD is likely, at least in part, the 

result of its strict habitat specificity and the linear arrangement of its coastal habitat. 

Habitat specialists often show decreased dispersal across complex, heterogeneous 

landscapes because of the uneven distribution of their resources (Stoner and Joern 2004). 

Populations surrounded by largely inhospitable environments are likely to incur higher 

“risk costs” (Bonte et al. 2012), as the likelihood of locating required resources at 

neighboring sites is low penalizing dispersal. Higher risk costs are likely to increase the 

selective pressure against dispersal, even in highly mobile species with the physiological 

capability for long distance dispersal (Papadoulou et al. 2009).  

 

Phenotypic variation: 

 We observed significant correlation between hind femur length and latitude. This 

variation in body size could be due to differences in either genetic or environmental 

effects. Ectotherms, reliant on a limited warm period for development, grow larger at 
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lower latitudes where the summer seasons are longer ("the converse of Bergmann’s rule" 

(Park 1949; Mousseau 1997)). When raised in common garden conditions, populations of 

Orthopterans tend to show the same pattern of differential growth as wild caught 

populations (Masaki 1967; Masaki 1983; Mousseau and Roff 1989; Dingle et al. 1990; 

Orr 1996). This indicates a genetic mechanism underlying this pattern (Mousseau 1997). 

However, we observed no significant relationship between body size and overall genetic 

differentiation between collection sites. The AFLP dataset used in this study represents a 

genome-wide measure of genetic variation. Specific genes responsible for size 

determination could show a divergent pattern of variance from the genome as a whole if 

under selection. A similar common garden experiment with N. melanorhinus could 

clarify the genetic contribution to size determination. 

 

Conclusions: 

 Neoconocephalus melanorhinus’ population structure showed characteristics in 

common with both the stepping-stone and hierarchical island (barrier) models. While 

IBD has a larger overall effect, biogeographic barriers have a measureable impact on 

genetic differentiation in N. melanorhinus. As the loss of North American salt marsh 

habitat continues, anthropogenic barriers to dispersal may become more common and of 

larger effect. Changes that reduce dispersal among salt marsh sites are likely to decrease 

genetic diversity within populations and increase the risk of local extinction (51). Habitat 

specialists, like those that rely on salt marsh habitat, are often the most susceptible to the 

effects of habitat loss. Species with lower levels of mobility are also at a higher risk than 

more mobile species like N. melanorhinus, which may be able to maintain dispersal 
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across a more highly fragmented landscape. The significance of biogeographic changes 

on genetic variation should be of continued concern as our world is further shaped by 

anthropogenic habitat loss. 
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Figure 1: Map of collection localities.  

Shaded in area represents the hypothesized range of N. melanorhinus (modified from 

Walker SINA) based on literature and collection records. Squares and * represent sites 

sampled only in 2015. The dashed line indicates the site of the hypothesized Atlantic-

Gulf divide. 
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          Table 1. Neoconocephalus melanorhinus sample list.  
 
 

 

 

 

 

 

 

 

 

 

Table includes samples from 2014 and 2015, sampling site, locality code, latitude, longitude, relative simplified shoreline distance 

from site DH (km), sample size (N), polymorphic loci at 5% level (PL 5%), and expected heterozygosity under Hardy-Weinberg 

genotype proportions (Hj). Simplified shoreline distance is measured as the distance along a path connecting neighboring sites by 

straight lines. (**) Eight DH samples and all ten CK samples from 2014 were added to the 2015 dataset (reflected in sample sizes 

listed).

Sampling site Code Latitude Longitude Shoreline N PL 5% Hj 
2014 
Diamond Head, MS DH 30.363 -89.375 0.0 8 1205 0.193 
Cedar Key, FL CK 29.210 -83.064 622.3 18 1119 0.184 
Amelia Island, FL AM 30.630 -81.473 842.3 25 1025 0.172 
Ridgeville, GA RV 31.407 -81.396 929.1 23 1027 0.178 
Skidaway Island, GA SK 31.948 -81.055 997.3 21 1140 0.176 
Huntington Beach, SC HB 33.513 -79.057 1252.6 19 1091 0.170 
Roanoke Island, NC RK 35.838 -75.620 1659.6 27 1023 0.166 
Bishopville, MD BV 38.404 -75.125 1948.2 9 1125 0.174 
Cape May Court House, NJ CM 39.108 -74.891 2029.1 22 1103 0.168 
Surf City, NJ SU 39.685 -74.208 2116.0 16 1061 0.174 
2015 
Diamond Head, MS DH ** Eight samples collected in 2014 9 728 0.218 
Indian Bayou, Milton, FL IB 30.528 -87.101 218.8 13 689 0.237 
Carrabelle, FL CR 29.845 -84.670 456.3 25 705 0.224 
Cedar Key, FL CK ** All samples collected in 2014 10 731 0.203 
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Figure 2: Fifty percent rule Bayesian tree of 2014 individuals.  

Tree was constructed using MrBayes v.3.2 (2 runs, 3 chains, and 20 million generations). 

Three samples of N. robustus were used as an out-group. Site localities are indicated by 

colors corresponding to Fig 1 and site abbreviation in taxa labels. * Indicates Gulf coast 

individuals; solid line indicates a clade consisting entirely of Gulf coast individuals; 

dashed line indicates the large North Atlantic clade. 
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Figure 3: Consensus shared ancestry population structure for the 2014 dataset 
(K=8). 
 
(Top) Delta K calculated using the Evanno et al. (2005) method. The modal value of this 

distribution is the accepted K or the uppermost level of structure, here K=8 genetic 

clusters. (Bottom) Each bar represents an individual grouped by sampling sites. Sites are 

listed next to their nearest neighbors (West to East; South to North). 
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Figure 4: Locus-by-locus analysis of molecular variance (AMOVA) conducted 
grouping sites into adjacent groups at each site along the coast. 
 
AMOVAs are shown for 2014 and 2015 datasets. Bars indicate the results of an AMOVA 

conducted by grouping sites on either side of the bar into two separate groups. Black bars 

represent the genetic variance explained among hypothesized groups split between those 

two localities and gray bars the genetic variance explained within these groups. 

Significance of among-group genetic variance sums of squares indicated as * (p < 0.05) 

or ** (p < 0.00001). Among-group genetic variance was negative for CR to CK in 2015, 

shown as zero. 
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Figure 5: Relationship between genetic differentiation and geographic distance within 2014 dataset.  

Between-Atlantic site comparisons (green), between CK and Atlantic sites (blue), and between DH and Atlantic sites (red). Purple 

indicates the pairwise differences between Gulf sites DH and CK (the westernmost and easternmost Gulf coast sites). The dotted line 

represents the linear correlation between all points. The equation and R2 are provided for each line.
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Table 2: Results of standard and partial Mantel tests distinguishing the effects of the 2014 dataset’s genetic differentiation, 
geographic distance, and population clustering. 

Matrix A Matrix B Adjustment Mantel’s R P value 
1) Genetic Geographic distance - 0.795 0.001 
2) Genetic Gulf and Atlantic-Gulf 

divide clusters 
- 0.891 0.009 

3) Genetic Gulf divide only 
clusters 

- 0.832 0.074 

4) Genetic Atlantic-Gulf divide 
only clusters 

- 0.750 0.027 

5) Genetic Geographic distance Partial: Gulf and Atlantic-Gulf 
divide clusters as covariate 

0.812 0.001 

6) Genetic Gulf and Atlantic-Gulf 
divide clusters 

Partial: geographic distance as 
covariate 

0.894 0.748 

7) Genetic Geographic distance Partial: Gulf divide only clusters 
as covariate 

0.784 0.003 

8) Genetic Gulf divide only 
clusters 

Partial: geographic distance as 
covariate 

0.813 0.751 

9) Genetic Geographic distance Partial: Atlantic-Gulf divide 
only clusters as covariate 

0.773 0.001 

10) Genetic Atlantic-Gulf divide 
only clusters 

Partial: geographic distance as 
covariate 

0.705 0.753 

P values are estimated from 1,000 permutations of samples within matrices.
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Figure 6: Relationship between hind femur length and latitude among 2014 males.  
 
The equation of the line of best fit and the Pearson’s correlation coefficient are provided. 
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Supplemental Table 1: 2014 and 2015 Pairwise FST values based on AFLP markers as calculated in AFLPsurv. All pairwise 

FST values were significant (P < 0.05). Color gradient shows range of pairwise FST values in dataset, green the least divergent and 

red the most.
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Chapter 2 

 

LOW GENETIC DIFFERENTIATION BETWEEN POPULATIONS OF AN 
ENDEMIC PRAIRIE KATYDID DESPITE HABITAT LOSS AND 

FRAGMENTATION 
 

Published in Conservation Genetics with Johannes Schul as coauthor 

 

Abstract:  

 Tallgrass prairie habitats within North America have suffered severe 

fragmentation and habitat loss as land has been converted for agricultural purposes. 

Habitat loss and fragmentation can affect gene flow and the genetic structure of insect 

populations. Neoconocephalus bivocatus is a prairie obligate katydid found only in 

isolated prairie patches. We compared genetic diversity and population differentiation 

using AFLP markers in N. bivocatus and N. robustus, a grassland generalist that is not 

isolated to prairie fragments and occupies a more contiguous range. Similar levels of 

genetic diversity were present within populations of both species. While population 

genetic structure was found in both species, there was no relationship between assigned 

genotypes and sampling localities. This genetic structure may instead be evidence of a 

past barrier to gene flow that has since been removed. Genetic differentiation within both 

species was low, with no evidence of a correlation with geographic distance, indicating 

neither species is dispersal limited at these distances. We see no significant reduction in 

genetic diversity or genetic differentiation within N. bivocatus when compared to N. 

robustus. We therefore conclude that while N. bivocatus utilizes a fragmented landscape, 

long-distance dispersal likely maintains gene flow between isolated prairie patches. 
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Introduction 

 An estimated 87% of North American tallgrass prairies have been lost since 1770, 

more than any other North American ecosystem (Rickletts et al. 1999; Samson et al. 

2004). This habitat loss is largely due to anthropogenic modifications for agricultural 

purposes (Samson et al. 2004). The remaining tallgrass prairie habitat is distributed 

patchily across a complex heterogeneous landscape. Restoration efforts have been 

successful in many areas, but restored and remnant patches are often isolated from one 

another (Dobson et al. 1997). Species that have evolved in historically contiguous 

habitats may not be capable of dispersal across a landscape of increasing heterogeneity, 

raising concerns about their ability to persist within such a fragmented ecosystem (Stoner 

and Joern 2004; Gauffre et al. 2015). 

 Reduced dispersal rates increase local extinction risks through a decreased 

capacity for the colonization of isolated habitat fragments (Brown and Kodric-Brown 

1977; Lande 1993; Saccheri et al. 1998). For this reason maintaining an ability to move 

between patches is important for the persistence of species in fragmented landscapes 

(Stevens et al. 2006). Measurements of gene flow and genetic structure, using molecular 

tools, allow for the quantification of species dispersal over time and the resulting effects 

on genetic diversity (Roach et al. 2001).  

A broad range of insect taxa play key roles as consumers and pollinators in prairie 

ecosystems and for that reason have been commonly used to monitor fragment restoration 

success (Burger et al. 2003). Studies investigating the effects of fragmentation on prairie 

insects have largely focused on species-richness or abundance (e.g. Tscharntke 1995; 
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Tscharntke et al. 2002; Collinge and Palmer 2002). Less understood are the effects of 

fragmentation on the dispersal of insect populations between isolated prairie patches. 

Habitat fragmentation may affect insects differently depending on their feeding 

guild and their specificity for particular food sources (Golden and Crist 1999; Kruess and 

Tscharntke 2000). Specialists and generalists may show differences in their dispersal 

ability across a complex heterogeneous landscape because of the uneven distribution of 

the specialists’ resources across the environment (Stoner and Joern 2004). Because of 

this, the fragmentation of prairie ecosystems may restrict dispersal between patches more 

severely in specialist than in generalist species.  

 Neoconocephalus is a diverse group of North American katydids with variation in 

habitat preferences, as well as call phenotypes (Greenfield 1990). Neoconocephalus 

bivocatus’ habitat preference is restricted to remnant and revitalized prairie patches, 

preferring dry habitats composed primarily of tall prairie grasses (Walker et al. 1973). 

Neoconocephalus robustus is the sister taxon of N. bivocatus (Snyder et al. 2009). The 

two species are morphologically cryptic, but possess divergent male call traits and 

corresponding female call preferences (Deily and Schul 2004, 2006). Unlike N. 

bivocatus, N. robustus is a grassland generalist, found in habitats with a wide range of 

flora and environmental conditions including roadside ditches, agricultural, and 

urbanized areas (Walker et al. 1973; Frederick 2006). The two species maintain divergent 

preferences in habitat across a broadly overlapping range occupying much of the Eastern 

United States (Whitesell 1969; Walker 2000).  

 The goal of this study is to assess how habitat fragmentation affects the genetic 

diversity and population structure of an insect species specializing in prairie habitats. We 
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compare population structure and genetic diversity among populations of a prairie 

specialist (N. bivocatus) and a generalist (N. robustus). Increased genetic structure among 

populations of N. bivocatus, beyond that observed in N. robustus, would indicate reduced 

dispersal associated with the loss and fragmentation of prairie habitats. Males of both 

species were collected from prairie sites across Missouri and neighboring states. We used 

amplified fragment length polymorphism (AFLP) markers to measure genetic diversity, 

population structure, and gene flow among thirteen prairie sites. 

 

Methods 

Specimen Collection: 

 We collected 377 male N. bivocatus and N. robustus from thirteen grassland sites 

within Missouri and several surrounding states during the Summers of 2013 and 2015 

(Supplementary Table 1). Distances between sites ranged from 4 to 773 km. Our sample 

sizes were sufficient for comparisons between sites that were between 4 and 448 km 

apart; these pairwise distances are given in Table 1. We used male calls to localize 

individuals in the field and collected them by hand after sunset. We identified males in 

the field as belonging to members of the target group through their call and 

morphological features, including cone pigmentation and body size, prior to collection 

(Walker et al. 1973). As the two species are morphologically cryptic, we identified 

individuals as either N. bivocatus or N. robustus based on their divergent call 

characteristics. 

 

Call recordings: 
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 We recorded male calls in 2013 within three days of collection using an 

Audiotechnica ATR 55 microphone and a Marantz PMD-671 solid-state recorder (16 bit, 

48 kHz sampling rate). Recordings were made outdoors at ambient temperatures (25-28° 

C) with males placed in individual mesh cages (approximately 10x20x10 cm) spaced at 

least 3 m apart. In 2015, we recorded male calls in the field immediately preceding 

collection using a Tascam DR-40 linear PCM recorder (16 bit, 48 kHz sampling rate). 

Ambient temperatures were in the range of 22-27° C. 

 

Temporal call analysis: 

 We marked each sound pulse (produced during the closing movement of the 

wings; Walker 1975) using custom software. In short, the recordings were rectified and 

the envelope extracted with a temporal resolution of 0.125 ms. Pulses were detected 

automatically using a threshold based algorithm and manually checked before saving 

their data in text-files. We analyzed about 2s of each male’s call containing 150-250 

pulses. Further analyses were conducted on the text files in MS Excel. 

 Male calls of N. robustus have a single pulse rate of about 200/s equivalent to a 

pulse period of about 5 ms (Walker 1975). Females recognize this pattern by the absence 

of silent gaps longer than about 2 ms (Deily and Schul 2004). In contrast, male calls of N. 

bivocatus have two alternating pulse periods of about 4.5 ms and 7 ms (Deily and Schul 

2004), resulting in a ‘galloping rhythm’ or ‘pulse pairs.’ Female N. bivocatus recognize 

this pattern by the rate of the pulse pairs: pulse pair rates around 87/s were attractive and 

attractiveness decreased towards faster and slower rates. For the pulse pairs to be 
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detectable, the two alternating pulse periods must differ sufficiently (J. Schul, 

unpublished). 

 We quantified the ratio of the means of the alternating pulse periods (longer pp / 

shorter pp). For the single pulse calls of N. robustus, this should result in values close to 

one, while in N. bivocatus significantly larger values result (Bush and Schul 2010). We 

found among the calls of 354 males analyzed, one group between 1 and 1.17 and a 

second group with ratios > 1.3. A natural break occurred in the data between 1.17 and 

1.3. We classified ratios < 1.17 as ‘N. robustus’, and > 1.3 as ‘N. bivocatus’ in temporal 

pattern. 

 

Spectral analysis: 

 We analyzed the amplitude spectrum of male calls using a fast Fourier 

transformation (FFT, Hamming window, frame length 256) in Audacity v.1.3 (Audacity 

2008). Spectra were averaged over two seconds of the call. The main energy in the 

spectrum of Neoconocephalus calls is concentrated in a narrow band between 7 and 15 

kHz, with the peak frequency differing among species (Schul and Patterson 2003). We 

measured the center frequency of this low frequency band as the geometric mean of the 

upper and lower cut-off frequencies at -3dB from the peak amplitude.  

 In N. bivocatus, the center frequencies of this band have a mean of about 10 kHz 

among individuals, ranging from 7 to 15 kHz. Females have little spectral selectivity in 

this frequency range (Deily and Schul 2006). The center frequencies of calls with a pulse 

period ratio of >1.3 all fell into this range and were accordingly classified as N. bivocatus 

calls. 



 41 

 In N. robustus, the low frequency band is narrower than in N. bivocatus and are 

typically limited to 10 kHz and below (Schul and Patterson 2003). Indeed, frequencies 

above 10 kHz have an inhibitory effect on female phonotaxis (Deily and Schul 2006). Of 

the individuals with pulse period ratios < 1.17, center frequencies of all but four 

individuals clustered between 6 and 9 kHz. These individuals were classified as N. 

robustus. The four remaining individuals had center frequencies well above 10 kHz, 

which would be significantly less attractive for N. robustus females. Since their temporal 

patter fell into the N. robustus range, we classified these calls as ‘intermediate 

phenotypes.’ 

   

Molecular analysis: 

 We removed males’ hind femurs and placed them in 95% EtOH for DNA 

preservation. We later extracted DNA from the hind femurs using the DNeasy Blood + 

Tissue Kit (Qiagen Inc., Valencia, CA, USA). DNA quantification was performed on 

each sample by spectrophotometry (NanoDrop 1000, Thermo Scientific, Wilmington, 

DE). W e used AFLP markers to measure genetic variation among species, populations, 

and collection sites.  

 AFLP loci were generated using the method described in Snyder et al. 2009. Pre-

selective PCR was carried out using primers Eco+A and Mse+A. We performed selective 

PCR with six primer pairs. Fluorescently labeled Eco primers (Eco+AAC (6FAM), 

Eco+AGC (PET)) were used in selective PCR (as described in Snyder et al. 2009) and 

fragments were separated in an ABI 3730 genetic analyzer at the DNA Core Facility, 

University of Missouri. We called AFLP bands using GeneMarker v.1.6 (Softgenetic 
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Corp, State College, PA, USA) using an automated peak-calling scheme (as described in 

Holland et al. 2008); alleles were called between 50-500 bp with a minimum peak 

intensity of 50. All non-informative, non-variable, bands were removed prior to further 

analyses. Automated peak-calling schemes produce larger numbers of total fragments but 

have a higher mismatch error rates than manual peak calling. Larger AFLP datasets 

reveal, despite higher error rates, greater population differentiation than smaller, 

completely error free data sets (Zhang and Hare 2012). The same AFLP amplification 

and peak-calling scheme has been successfully used in a closely related species to 

reconstruct significant patterns of interspecific genetic differentiation and isolation by 

distance (Ney and Schul 2017). 

 We tested the rate of genotyping errors between AFLP runs to determine the 

viability of combining AFLP data sets from both years. To test for peak calling 

repeatability, eight 2013 samples were rerun in duplicate with the 2015 dataset. Fragment 

lengths were recalled for the original as well as both sets of rerun samples as described 

previously and the mismatch error rate was calculated within and between AFLP runs 

(Bonin et al. 2007).  

 2013 samples produced 1235 AFLP loci and 2015 samples 2461 AFLP loci from 

six selective primer pairs. When the 2013 and 2015 data sets were analyzed separately, 

mismatch error rates of peak calling averaged 6.1%. When the data of the two years were 

combined, mismatch error rate increased to 9.7%. To avoid this increase in error rate, we 

chose to analyze the data of the two years separately.   

 We estimated the phylogenetic relationship between individuals using the 

neighbor-joining algorithm as implemented in SplitsTree v.4.13 (Huson and Bryant 2006) 
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and calculated posterior probabilities using a bootstrapping method (1000 permutations) 

for each dataset independently. The population structure analysis was implemented for all 

individuals using the program Structure v.2.3.3 (Pritchard et al. 2010). The admixture 

model was used, allele frequencies correlated, with a run length of 100,000 

(Burnin=10,000) for 10 replicates each of K=1-15 (clusters). The estimate of the most 

well supported K was calculated as described in Evanno et al. (2005) and implemented in 

Structure Harvester v.0.6.94 (Earl and vonHoldt 2012). The program Clumpp v.1.1.2 

(Jakobsson and Rosenberg 2007) was used to align the 10 repetitions of the most well 

supported number of clusters. Separate structure analyses, following the same settings as 

before, were run for individuals belonging to 2015 N. bivocatus and N. robustus 

independently. 

 To double-check the grouping of individuals in the AFLP neighbor-joining 

network and population structure analyses, we sequenced a mitochondrial gene (CO1) for 

the 2013 individuals. Briefly, we amplified 841 bp of the gene COI using the primers 

Ron and Calvin1 as described in Snyder et al. 2009. We performed sequencing at the 

DNA Core Facility, University of Missouri, on an ABI 3730 genetic analyzer, then edited 

and aligned using Geneious v6.0.5 (Kearse et al. 2012). Finally we constructed a median-

joining haplotype network (Bandelt et al. 1999) in Popart (http://popart.otago.ac.nz). 

 Genetic differentiation was calculated using the AFLP loci and a Bayesian non-

uniform allele frequency distribution method (Zhivotosky 1999) as implemented in the 

program AFLPsurv v.1.0 assuming Hardy-Weinberg genotypic proportions (Vekemans 

2002). Genetic diversity was estimated following the calculation of allele frequencies as 

outlined in Lynch and Milligan (1994). Expected FST was estimated from 100,000 
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permutations (10 bootstrapped runs) of individuals among assigned groups and compared 

to observed FST values in order to determine significance (Lynch and Milliagan 1994). 

Males were first assigned to groups based on phenotypic species assignments. Individuals 

possessing intermediate call phenotypes were not included in species-specific analyses. 

We then in separate analyses assigned individuals of each species to groups based on 

their collection site. Collection sites possessing less than five males of either species were 

removed from the analysis. Mantel tests for the correlation between genetic 

differentiation (pairwise FST values) and geographic distance were conducted in GenAlEx 

v.6.5 (Peakall and Smouse 2006). 

 

Within-run error rate controls: 

 To test for the importance of the within run error rate on the neighbor-joining 

network and the Structure analyses, we generated two data sets, each consisting of the 

2015 data and one of the replicate sets of eight individuals collected in 2013 (see above). 

We repeated the neighbor-joining analyses with these two data sets and compared the 

cluster assignment of the eight individuals (Supplementary Fig 1). The cluster assignment 

of none the eight 2013 individuals nor any of the 2015 individuals differed between the 

two analyses. Nodal support remained >0.99 between the species designating clusters in 

both analyses. As support beyond species designating clusters was low, we only use these 

clustering analyses for species assignment and not as a measure of interspecific variation. 

 In addition we ran these two data sets independently through Structure, the 

Bayesian clustering analyses. The replicate datasets in both cases resulted in K=2 being 

the most well supported number of clusters. The estimated membership coefficient (Q) 
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differed by an average of only 2.56% (0.00-14.22%) between the eight replicated samples 

(Supplementary Table 2). 

 

Results 

Network Analysis: 

 We included a total of 96 individuals collected in 2013 in this analysis. Of those, 

73 had call recordings of sufficient quality to allow spectral and temporal call analysis. 

Twenty-six had the N. robustus call type, forty-four the N. bivocatus call type, and three 

an intermediate call type (Fig 1). We collected a total of 281 individuals during the 

summer of 2015. Of these 195 individuals had the N. robustus call type, 85 the N. 

bivocatus call type, and one an intermediate call type (Fig 1). 

 The neighbor-joining network of 2013 individuals was composed of two clusters 

with high bootstrap support (0.95). One consisted of individuals primarily possessing the 

N. robustus call type, the other included primarily individuals with the N. bivocatus call 

type (Fig 2b). Four N. bivocatus appeared in the primarily N. robustus cluster and two N. 

robustus appeared in the primarily N. bivocatus cluster. In order to check the reliability of 

these mismatched species assignments we investigated the mitochondrial clustering 

assignments of these mismatched individuals. We found that they also possessed 

heterospecific haplotype assignments and that there were no inconsistencies in genetic 

assignments based on these two genetic markers (Supplementary Fig 2). These 

genotype/phenotype-mismatched individuals came from several localities, with 

mismatches of both possible types present at sites T and D.  
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 The 2015 neighbor-joining network grouped, as in 2013, into two clusters with 

high bootstrap support (0.99; Fig 2c). One cluster was made up exclusively of N. 

bivocatus individuals, while the second cluster was comprised of N. robustus individuals 

and the single intermediate caller (Fig 2c). Nodal support within species designating 

clusters was low among all branches, < 0.04, indicating low genetic differentiation 

beyond the major species clusters.  

 

Genetic Structure Analysis: 

 The population structure analysis (Fig 3) supported the genetic structure observed 

in the neighbor-joining network. Within 2013 individuals K=2 populations had the 

highest change in log likelihood (Fig 3a). All individuals, but one possessed a Q 

(proportion of ancestry from population) for one of the two clusters >0.90 (Fig 3e). 

Additional analyses of population structure run within each species showed no evidence 

of additional intraspecific genetic structure (not shown). 

 Within the 2015 dataset the structure analysis supported the presence of three 

clusters (K=3, Fig 3b). These species differentiating clusters aligned with the species 

assignments produced in the neighbor-joining network analysis (see above, Fig 2c). The 

intermediate phenotype individual again assigned predominantly to one of the two N. 

robustus populations (Q=0.99). Analyzing the genetic structure of the 2015 N. bivocatus 

individuals (Fig 3a) revealed two sub populations (K=2) not evident in the combined 

2015 analysis. The analysis of the 2015 N. robustus individuals did not reveal any 

additional population structure (K=2, Fig 2d, 2h). 
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 Population assignment scores within the 2015 N. bivocatus and N. robustus 

structure analyses showed major variation between individuals collected at the same site 

(Fig 3g, Fig 3h). Within N. bivocatus, the locality M possessed a higher proportion of 

membership to population two than any other N. bivocatus locality. Within N. robustus, 

localities K, O, and A showed a majority assignment to population two, while all other 

localities had a majority assignment to cluster one (Fig 4). While there was evidence of 

genetic differentiation between localities, this variation did not appear to have a strong 

relation to the geographic arrangement of the localities (Fig 4). 

 

Genetic differentiation: 

 In 2013, N. bivocatus localities showed mean within-population heterozygosity, 

Hj (equivalent to mean Nei’s gene diversity; Nei 1987) of 0.180 (0.167-0.191 between 

sites), while N. robustus localities showed a mean expected heterozygosity of 0.190 

(0.150-0.210 between sites). In 2015, N. bivocatus localities had a mean within-

population heterozygosity estimate of 0.213 (0.210-0.215 between sites), while N. 

robustus localities had a mean value of 0.184 (0.172-0.200 between sites).  

 The analysis of genetic differentiation between 2013 species resulted in an 

observed FST value of 0.0864. The estimation of observed FST for 2013 N. bivocatus and 

N. robustus individuals grouped by collection site, both resulted in slightly negative 

values (-0.0066 and -0.0041 respectively), which we interpreted as not differing from 

zero. Few pairwise FST values between sites within either species differed from zero 

(Table 1). Those 2013 sites that showed genetic differentiation from one another tended 
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to be those at the geographic extremes of the sampling range. Localities T in N. bivocatus 

and D in N. robustus were responsible for all the non-zero pairwise FST values.  

 The analysis of genetic differentiation between 2015 species resulted in an FST 

value of 0.1079. In 2015, N. bivocatus and N. robustus analyses resulted in estimations of 

observed FST values of 0.0063 and 0.0027 respectively. A higher proportion of 2015 

pairwise FST values between sites were significantly different than zero (p < 0.0001) 

when compared to 2013 samples, within both N. bivocatus and N. robustus. Within 2015 

N. bivocatus all but one locality pair had a paired FST diverging from zero, while in N. 

robustus only half the locality pairs showed any genetic differentiation. Genetic 

differentiation between sites within both species, while significant, remained low. In 

2015, no relationship between genetic differentiation and geographic distance was 

evident within either species (Fig 5). 

 

Discussion 

 Neoconocephalus bivocatus and N. robustus cluster strongly based on call 

characters and show significant levels of species specific differentiation. Beyond the 

species level, both showed evidence of additional within species hierarchical genetic 

structure. However, site-specific genetic diversity differed little between species. While 

slightly higher in N. bivocatus, genetic differentiation was low in both species and not 

correlated with geographic distance. 

 

Independent genetic contrast: 
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 The 2013 dataset showed evidence of potential genetic introgression in the form 

of several intermediate calling and mismatched genotype/phenotype individuals 

(Frederick 2013). However, 2013 followed the most severe year of drought in the 

Midwest since 1895 (Hoerling et al. 2014). Changes in population size and environmental 

disturbances, such as those conditions following a severe drought, can increase the rates 

of hybridization between closely related species (Lamont et al. 2003; Seehausen et al. 

2008), especially those that have retained divergent ecological niches (Seehausen 2006). 

Sampling two years later did not show the same evidence of genetic introgression and 

may point to the possible short-lived effects of such events on long-term genetic structure 

(Gilman and Behm 2011). While the presence of intermediate phenotype and mismatch 

genotype/phenotype individuals may indicate past genetic introgression, it should be 

noted that we did not find evidence of mixed genetic ancestry within these individual’s 

AFLP profiles. AFLP markers, while a useful measure of genome wide diversity, only 

sample a small fraction of the total genome, meaning that older, more dilute, genetic 

introgression could be missed. We conclude that N. bivocatus and N. robustus, despite 

potential genetic introgression, represent independent genetic groups and that an 

independent contrast of the two is valid.  

 

Genetic Consequences of habitat fragmentation: 

 Population genetic theory suggests that fragmentation will lead to a decrease in 

gene flow between isolated sites, which will result in reduced genetic diversity and 

increasing genetic differentiation through genetic drift within isolated populations 

(Young et al. 1996). A number of other studies investigating effects of habitat 
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fragmentation on insect taxa have found evidence of an effect on population level genetic 

diversity (Berwaerts et al. 1998; Williams et al. 2003; Dhuyvetter et al. 2005; 

Keyghobadi et al. 2005). Despite the contemporary habitat loss and fragmentation of 

prairie habitats, N. bivocatus retained approximately equal genetic diversity at all our 

sampled sites, differing little from the generalist, N. robustus. As a whole, genetic 

diversity for both species was relatively low, but within the range observed in other insect 

studies utilizing this method (Ming and Wang 2006; Chaput-Brady et al. 2008; Ming and 

Alymes et al. 2009; Paris et al. 2010; Taylor et al. 2011; Paris and Despres 2012). 

  Genetic differentiation, like the levels of genetic diversity measured, did not 

support a substantial effect of fragmentation on dispersal within this system. 

Neoconocephalus bivocatus, the prairie specialist, possessed slightly higher levels of 

genetic differentiation than the generalist, N. robustus. However, both species exhibited 

such low genetic differentiation as to infer substantial contemporary gene flow. The 

observed genetic differentiation was significantly lower than that observed in nearly any 

other grassland insect (Schmitt and Seitz 2002, Williams et al. 2003, Krauss et al. 2004, 

Stireman et al. 2005, Weisner et al. 2014, Saarinen et al. 2016). The flightless 

grasshopper Pezotettix giornaeI, for example, showed greater genetic differentiation (FST 

= 0.045) between grassland sites across a fragmented agricultural landscape at much 

shorter distances (20 km), likely owing to their decreased dispersal ability (Gauffre et al. 

2015). On the other hand, the moth Heliothis virescens possessed genetic differentiation 

on the same level observed in this study (FST = 0.002) at a similar geographic scale 

(Korman et al. 1993). The low genetic differentiation found in this species is consistent 

with its high level of dispersal. Individuals of H. virescens have been observed to 
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disperse on average 10 km, with some individuals dispersing nearly 50 km, in their adult 

life (Schneider 1999). As H. virescens and Neoconocephalus possess similar levels of 

genetic differentiation the two groups may show similar levels of dispersal. 

 Neoconocephalus’ maintenance of genetic homogeneity across a heterogeneous 

environment was unique among insects utilizing a variety of fragmented habitat types 

(Monaghan et al. 2001, Garnier et al. 2004, Vandergast et al. 2007, Phillipsen and Lytle 

2013, Watts et al. 2016). For example habitat fragmentation had a significantly greater 

impact on genetic differentiation in the grasshopper Mioscirtus wagneri, which is limited 

to highly fragmented hypersaline habitats in Spain. M. wagneri showed genetic 

differentiation approximately one-hundred times greater (Fst ≈ 0.2) than N. robustus and 

N. bivocatus at similar geographic distances (average 250 km between sites; Ortego et al. 

2010). The beetle Bolitophagus reticulatus showed genetic differentiation between forest 

fragments at least ten times higher (FST = 0.069) than our estimates, across a much 

smaller geographic scale (maximum distance between fragments = 4.4 km; Knusten et al. 

2000). Alternatively, the aquatic insect Boreonectes aequinoctialis, known as a strong 

flyer and found in isolated aquatic habitats, showed levels of genetic differentiation (FST 

= 0.006) similar to that observed in this study and lower than that observed in two less 

mobile aquatic insects from the same region (Phillipsen et al. 2015). 

 The results of this investigation suggest that both our species possessed sufficient 

gene flow between grassland sites as to prevent genetic divergence over time. Recent 

fragmentation might lead to a similar pattern and is thus an alternative explanation for our 

findings. However it is unlikely that sufficient time has not passed since fragmentation to 

detect genetic differentiation. Twenty generations were sufficient in a modeling study to 
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result in genetic differentiation detectable with tools, similar to those used here (Blair et 

al. 2012).  Neoconocephalus katydids have one generation/year and habitat loss leading 

to prairie fragmentation has been occurring for well over 100 years (Samson et al. 2004).  

 Our study also found no relationship between genetic and geographic distance. 

Isolation by distance (IBD) is a common pattern observed within taxa possessing limited 

dispersal ability (Wright 1943). We did not detect a significant pattern of IBD in either 

species, suggesting that neither shows evidence of distance-limited dispersal. Both N. 

bivocatus and N. robustus occupy large ranges, from which this study only sampled a 

portion. It is possible that an investigation at a larger geographic scale could find a 

pattern of IBD not present at the distances measured here.  

 In agreement with the high levels of between population gene flow detected, no 

meaningful clustering of populations was detected in either species. Genotypes assigning 

to divergent genetic clusters were shared among all sites and are therefore unlikely to be 

due to the effects of contemporary gene flow. This cryptic genetic structure alternatively 

could be due to one or more events of significant genetic isolation in the past, followed 

by secondary contact (Austin et al. 2002). This would have occurred prior to dispersal 

into the study area, resulting in the prevalence of both genotypes across all sites (Avise 

2000). Significant levels of contemporary gene flow could act to maintain both genotypes 

among sites. The 2013 dataset may have detected no evidence of intraspecific genetic 

structure because of reduced sample sizes and power (Evanno et al. 2005). The 

combination of high genetic diversity, low genetic differentiation, and no evidence of 

population structure or IBD all point to substantial gene flow and significant 

contemporary dispersal across the study area. 
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 Our results suggest that N. bivocatus dispersal is not hindered by habitat loss or 

fragmentation at the distances measured in this study (< 450 km). High levels of gene 

flow between sites would suggest N. bivocatus is able to move from prairie fragment to 

prairie fragment with little difficulty, aided by its high dispersal ability. Little direct 

evidence is available as to the dispersal abilities of Neoconocephalus species, however 

their large body size, large relative wing size, and large flight muscles would indicate a 

propensity for long distance flight (Greenfield 1990). The related genus Ruspolia 

possesses a similar wing and body morphology and has been observed flying 1000 km 

out to sea and as much as 43 km per night (Bailey and McCrae 1978; Greenfield 1990). 

Neoconocephalus bivocatus established residence within a newly restored prairie patch 

uninhabited for at least five years (Schul personal obs.). Neoconocephalus robustus has a 

disjunct range located in California that likely required extreme long distance dispersal in 

order to found, if unaided by human introduction (Greenfield 1990). 

  

Conservation message: 

 In terms of prairie restoration efforts these findings indicate that highly mobile 

prairie obligate insects, like N. bivocatus, have the ability to find and maintain gene flow 

between isolated prairie patches. Prairie restoration sites do not need to be located within 

a particular distance of one another for taxa that can retain significant dispersal across a 

fragmented landscape. Widely dispersing insects, such as the katydids investigated here, 

will likely pave the way for higher-level prairie consumers and the assemblage of a more 

complex prairie ecosystem, despite the isolation of prairie sites. The conservation of these 

prairie katydids and other non-dispersal limited prairie specialists will require less active 
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management strategies. With this information in mind land managers can make more 

informed decisions on how to best use resources to better benefit more dispersal limited 

species. 
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Figure 1: Species assignment based on call pulse period ratio and center frequency. Labeled boxes indicate the calls classified as N. 

robustus and N. bivocatus. Individuals sampled in 2013 represented by black circles and 2015 by white circles.
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Figure 2: (A) Map of collection localities. Neighbor-joining network analysis 

implemented in SplitsTree v.4.13 of (B) 2013 individuals and (C) 2015 individuals. 

Branches leading to individuals are colored according to phenotypic assignment (light N. 

robustus call type, dark N. bivocatus call type, dashed-line intermediate call type, black 

unknown call type) and abbreviations at the end of branch collection sites. Bootstrap 

support is based on 1,000 replicates of network topology.  
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Figure 3: Delta K values for combined Structure runs for (A) all 2013 individuals (B) all 

2015 individuals (C) 2015 individuals with a pulse period ratio > 1.3 (N. bivocatus) and 

(D) 2015 individuals with a pulse period ratio < 1.17 (N. robustus). Structure analysis bar 

plots for (E) 2013 individuals K=2, (F) All 2015 individuals K=3, and (G) 2015 

individuals with pulse period ratios > 1.3 (N. bivocatus) K=2 and (H) 2015 individuals 

with a pulse period ratio < 1.17 (N. robustus). Each bar represents an individual colored 

by the proportion they assign to each inferred population. Dotted line indicates pulse 

period ratio cut off of 1.17-1.3. (*) Denotes individuals possessing an intermediate call. 
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Figure 4: Proportion of population genotypes present at each collection site within 2015 

N. bivocatus and N. robustus and (Fig 3, g and h). Sites possessing five or fewer 

individuals of the species are not represented. 
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Table 1: 2013 and 2015 Pairwise FST values calculated in AFLPsurv v.1.0. Numbers 

below the diagonal are pairwise FST values and numbers above the diagonal the 

geographic distance between sites in kilometers. Bold values represent significant 

pairwise FST values. Localities with less than five individuals are not shown. 

2013 N. 
bivocatus A E G O 3 T 

A - 111.6 114.6 34.4 116.9 113.1 
E 0.0000 - 12.3 140.7 16.2 41.0 
G 0.0000 0.0000 - 145.3 4.0 29.8 
O 0.0000 0.0000 0.0000 - 148.0 146.6 
3 0.0000 0.0000 0.0000 0.0000 - 27.0 
T 0.0021 0.0000 0.0000 0.0000 0.0075 - 

 
2013 N. 
robustus D E S 3 T 

D - 228.5 128.1 241.4 250.0 
E 0.0025 - 327.9 16.2 41.0 
S 0.0000 0.0000 - 343.0 357.8 
3 0.0159 0.0000 0.0000 - 27.0 
T 0.0028 0.0000 0.0000 0.0000 - 

 
2015 N. 

bivocatus C G M 3 T 

C - 296.3 147.4 292.2 275.2 
G 0.0024 - 430.1 4.0 29.8 
M 0.0145 0.0095 - 426.1 412.7 
3 0.0029 0.0029 0.0051 - 27.0 
T 0.0009 0.0000 0.0244 0.0011 - 
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Table 1 continued: 2013 and 2015 Pairwise FST values calculated in AFLPsurv v.1.0. Numbers below the diagonal are pairwise FST 

values and numbers above the diagonal the geographic distance between sites in kilometers. Bold values represent significant pairwise 

FST values. Localities with less than five individuals are not shown.

2015 N. 
robustus A B D E K O S 3 T W 

A - 302.9 152.5 111.6 361.9 34.4 275.0 116.9 113.1 436.3 
B 0.0000 - 361.9 200.8 334.9 323.5 406.9 205.3 228.3 172.7 
D 0.0106 0.0000 - 228.5 264.4 122.0 128.1 241.4 250.0 443.1 
E 0.0000 0.0010 0.0042 - 357.4 140.7 327.9 16.2 41.0 352.8 
K 0.0000 0.0095 0.0205 0.0016 - 348.6 183.5 373.5 397.2 296.5 
O 0.0000 0.0094 0.0178 0.0000 0.0004 - 247.6 148.0 146.6 447.5 
S 0.0074 0.0000 0.0000 0.0010 0.0138 0.0129 - 343.0 357.8 438.1 
3 0.0000 0.0000 0.0073 0.0000 0.0000 0.0000 0.0023 - 27.0 361.6 
T 0.0000 0.0057 0.0081 0.0000 0.0051 0.0062 0.0055 0.0000 - 387.4 
W 0.0033 0.0000 0.0045 0.0006 0.0085 0.0120 0.0015 0.0027 0.0000 - 
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Figure 5: Relationship between pairwise genetic differentiation (pairwise FST) and 

geographic distance in 2015 N. bivocatus (filled circles, solid line) and N. robustus 

(empty circles, dashed line). Independent Mantel tests were performed for each species; 

Mantel R and p values for each species are noted. 
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Supplementary Table 1: N. robustus and N. bivocatus collection site abbreviations and 

names, coordinates, dates of collection, and numbers of each species collected. 
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Supplemental Figure 1: AFLP neighbor-joining network analyses produced from data sets each consisting of all 2015 individuals 

and one of the replicate sets of eight individuals form 2013. Letters ‘a’ and ‘c’ denote which plate samples were run on. Replicate 

samples always fell with their matching species cluster. Networks showed no reduction in the between species bootstrap results 

(>0.99). Bootstrap values within species clusters were low (<0.04), resulting in replicate samples falling in different places within the 

two analyses.
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Supplemental Figure 2: (A) Neighbor-joining AFLP network and (B) median-joining 

haplotype map of 2013 samples. Colors indicate species-specific call assignments, N. 

robustus (red), N. bivocatus (blue), intermediate phenotype (green), and unknown call 

type (black). Numbered individuals are those that possess a mismatched AFLP cluster 
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assignment and call phenotype. Within the median-joining CO1 haplotype network three 

primary haplotype clusters were observed with little genetic differentiation within 

clusters. Two were made up of primarily N. bivocatus individuals and one was made up 

of primarily N. robustus individuals. All individuals found in one of the two CO1 N. 

bivocatus clusters fell within the N. bivocatus AFLP cluster and all individuals in the N. 

robustus CO1 cluster were found in the N. robustus AFLP cluster. This concordance of 

nuclear and mitochondrial relationships held true even among individuals possessing the 

heterospecific call type within genetic clusters. 
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Supplemental Table 2: Estimated membership coefficient (Q) assignments for 

population 1 as measured from two independent Structure runs. Data sets consisted of all 

2015 individuals and one of the replicate sets of eight individuals form 2013. 
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Chapter 3 

 

EPIGENETIC AND GENETIC VARIATION BETWEEN TWO 
BEHAVIORALLY ISOLATED SPECIES OF NEOCONOCEPHALUS KATYDID 

 
Submitted to PLOS One with Johannes Schul as coauthor 

 

Abstract 

 Epigenetic variation allows for rapid changes in phenotypes without alterations to 

nucleotide sequences. These epigenetic signatures may diverge over time among isolated 

populations. Epigenetic incompatibility following secondary contact between these 

populations could result in the evolution of reproductive isolating mechanisms. If 

epigenetic incompatibility drove the evolution of species isolating mechanisms, we 

expect to see significant epigenetic differentiation between these species. Alternatively, 

epigenetic variation could be the result of predominantly environmental variables and not 

align along species boundaries. A methylation sensitive amplified fragment length 

polymorphism analysis was performed on individuals of the closely related katydid 

species Neoconocephalus robustus and N. bivocatus collected from eight localities and 

from three different years. We assessed the diversity and differentiation of epigenetic and 

genetic markers between species, years, and localities. We observed significant variation 

in total methylation levels between species. However, genetic differentiation remained 

larger than epigenetic differentiation between species groups. Methylation levels between 

individuals collected in 2006 differed significantly from those collected in 2013 and 

2014. We measured a significant correlation between the epigenetic and genetic distance 

between individuals. Epigenetic differentiation is therefore likely the result of an 
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interaction between genetic and epigenetic loci, and not a mechanism for species 

differentiation. 

 

Introduction 

 Epigenetic variation can lead to changes in phenotypic expression without any 

change to the nucleic acid sequence (Berger et al. 2009). Unlike genetic variation, 

epigenetic changes can produce reversible, heritable phenotypic changes within a lineage 

(Jablonka and Lamb 1998). Epigenetic controlled phenotypic plasticity may therefore 

play an important role in rapid, adaptive changes (Ledón-Rettig et al. 2013; Burggren and 

Crews 2014). DNA methylation, the most commonly studied form of epigenetic 

modification, involves the addition of methyl groups, usually to CpG dinucleotides that 

regulate gene expression (Boyes and Bird 1991). Methylation regulated phenotypic 

plasticity has been documented across multiple taxonomic groups (Braam and Davis 

1990; Rapp and Wendel 2005; Varriale and Bernardi 2006; Elango et al. 2009; Herrera 

and Bazaga 2010). Until recently epigenetic dependent variation has been largely 

overlooked as an evolutionary mechanism contributing to speciation (Smith et al. 2016). 

Facultative phenotypes can be maintained in a population as adaptive alternatives to 

divergent environmental conditions. These alternative phenotypes may ultimately 

become fixed in a population by way of genetic assimilation (Pál and Miklós 1999; West-

Eberhard 2005). 

 Phenotypic variation can also evolve in response to epigenetic incompatibility 

between groups. Following the epigenetic diversification of groups in isolation, 

intermediate forms may show reduced fitness following secondary contact (Jablonka and 
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Lamb 1995 1998). Aphids moved to a new host plant and allowed to reproduce asexually 

quickly developed a preference for the new host and produced morphological 

characteristics similar to conspecifics utilizing this host. Backcrossing to the parental line 

results in the production of non-viable offspring (Shaposhinkov 1966). Heritable 

phenotypic variation in aphids has been correlated with changes in methylation (Field et 

al. 1989; Walsh et al. 2010). Methylation dependent incompatibility could be reinforced 

by reproductive isolation (Pál and Miklós 1999).  

 In many animals, behavioral isolation plays a significant role in maintaining 

species boundaries. Acoustic communication has been studied as a mechanism for 

reproductive isolation in both vertebrate and invertebrate groups (Gerhardt and Huber 

2002). Neoconocephalus, a New World genus of katydids, possesses a diverse range of 

habitat preferences (Walker et al. 1973; Frederick 2013) and call phenotypes (Schul and 

Patterson 2003; Beckers and Schul 2008; Deily and Schul 2009). Females utilize these 

calls in mate recognition and in phonotaxis, the directional movement towards a calling 

male (Greenfield 1990; Beckers and Schul 2010; Triblehorm and Schul 2009). The 

acoustic communication system of Neoconocephalus allows for reproductive isolation 

among the multiple species that may be found in sympatry (Schul et al. 2014). 

 The temperate species N. robustus and N. bivocatus have divergent habitat 

preferences and call types, but little genetic differentiation (Snyder et al. 2009). 

Neoconocephalus robustus is a grassland generalist and utilizes grasslands with a wide 

range of flora and environmental conditions. Neoconocephalus bivocatus, on the other 

hand, is a prairie obligate preferring dry habitats composed primarily of tall prairie 

grasses (Walker et al. 1973). While morphologically cryptic they maintain divergent call 
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characters and call preferences (Deily and Schul 2004, 2006). The lack of substantial 

genetic differentiation between N. robustus and N. bivocatus could point to an underlying 

epigenetic incompatibility driving species differentiation. 

 DNA methylation is common in many insect groups (Field et al. 2004). The 

presence of significant genome wide cytosine methylation has been measured in multiple 

Orthopteran species (Robinson et al. 2011; Sarkar et al. 1992). Methylation may play a 

role in regulating phenotypic variation in some insect groups. For example, DNA 

methylation may play a role in caste determination within some species of social 

Hymenoptera (Weiner et al. 2013; Elango et al. 2009).  

 Few molecular techniques are available for the analysis of epigenetic variation in 

non-model systems (Ledón-Rettig 2012). Methylation sensitive amplified fragment 

length polymorphism (MS-AFLP) analysis is one of the few techniques that allows for 

the quantification of genome wide patterns of cytosine methylation without any previous 

knowledge of genome sequences (Xiong et al. 1999). The MS-AFLP technique uses two 

isoschizomer restriction enzymes (MspI and HpaII) that recognize the same restriction 

site (5’-CCGG-3’), but have different sensitivities to the presence of cytosine 

methylation. By comparing the presence/absence of fragments produced by both 

enzymes, the methylation status at each restriction site can be evaluated. In addition, 

genetic polymorphisms can be evaluated between individuals that lack the restriction site 

in both digestions as an indication of a change in nucleotide sequence. 

 If the phenotypic variation between species is the result of epigenetic mediated 

changes, we predict substantial epigenetic variation among heterospecifics. 

Neoconocephalus robustus and N. bivocatus provide the opportunity to investigate the 
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influence of epigenetic, as well as genetic, variation on divergent behavioral phenotypes. 

In this study, we address three questions. First we ask to what extent the epigenetic 

and/or genetic differentiation align with the divergent call types. Second we test whether 

methylation patterns differed among collection years and/or collection sites. Such 

differences would suggest environmental influences on gene methylation. Third, we 

analyzed whether the patterns of genome-wide DNA methylation are correlated with 

genetic variation. We utilized a MS-AFLP technique to differentiate between methylation 

sensitive loci (MSL) and genetic loci in N. robustus and N. bivocatus collected from three 

different years in grassland sites across Missouri.  

 

Methods 

Specimen Collection: 

 We utilized 94 male N. bivocatus and N. robustus collected in the Summers of 

2006, 2013, and 2014 from eight grassland sites around the state of Missouri 

(Supplemental Table 1). We used males’ calls to localize individuals in the field and 

collected them by hand after sunset. We identified males in the field as belonging to 

members of the target group through their call and morphological features, including 

cone pigmentation and body size, prior to collection (Walker et al. 1973). As the two 

species are morphologically cryptic, we identified individuals as either N. bivocatus or N. 

robustus based on their divergent call characteristics as described below. 

 

Call recordings: 
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 We recorded male calls in 2006 and 2013 within three days of collection using an 

Audiotechnica ATR 55 microphone and a Marantz PMD-671 solid-state recorder (16 bit, 

48 kHz sampling rate). Recordings were made outdoors at ambient temperatures (25-28° 

C) with males placed in individual mesh cages (approximately 10x20x10 cm) spaced at 

least 3 m apart. In 2014, we recorded male calls in the field immediately preceding 

collection using a Tascam DR-40 linear PCM recorder (16 bit, 48 kHz sampling rate). 

Ambient temperatures ranged from 22-27° C. 

 

Temporal call analysis: 

 We marked each sound pulse [produced during a single closing movement of the 

wings (Walker 1975)] using custom software. In short, the recordings were rectified and 

the envelope extracted with a temporal resolution of 0.125 ms. Pulses were detected 

automatically using a threshold based algorithm and manually checked before saving the 

data to text-files. We analyzed about 2 s of each male’s call containing 150-250 pulses. 

Further analyses were conducted on the text files in MS Excel. 

 Male calls of N. robustus have a single pulse rate of about 200/s, equivalent to a 

pulse period of about 5 ms (Walker 1975). Females recognize this pattern by the absence 

of silent gaps longer than about 2 ms (Deily and Schul 2004). In contrast, male calls of N. 

bivocatus have two alternating pulse periods of about 4.5 ms and 7 ms (Deily and Schul 

2004), resulting in a ‘galloping rhythm’ or ‘pulse pairs’. Female N. bivocatus recognize 

this pattern by the rate of the pulse pairs: pulse pair rates around 87/s were attractive and 

attractiveness decreased towards faster and slower rates. For the pulse pairs to be 
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detectable, the two alternating pulse periods must differ sufficiently (Schul, unpublished 

data). 

 We quantified the ratio of the means of the alternating pulse periods (longer pp / 

shorter pp). For the single pulse calls of N. robustus, this should result in values close to 

one, while in N. bivocatus significantly larger values result (Bush and Schul 2010). 

Among the calls of 94 males analyzed, there were two distinct groups of values, one 

between 1 and 1.18 and a second group with ratios > 1.38. A natural break occurred in 

the data between 1.18 and 1.38. We classified ratios < 1.18 as ‘N. robustus’, and > 1.38 

as ‘N. bivocatus’ in call type. 

 

Spectral call analysis: 

 We analyzed the amplitude spectrum of male calls using a fast Fourier 

transformation (FFT, Hamming window, frame length 256) in Audacity v.1.3 (Audacity 

2008). Spectra were averaged over two seconds of the call. The main energy in the 

spectrum of Neoconocephalus calls is concentrated in a narrow band between 7 and 15 

kHz, with the peak frequency differing among species (Schul and Patterson 2003). We 

measured the center frequency of this low frequency band as the geometric mean of the 

upper and lower cut-off frequencies at -3dB from the peak amplitude.  

 In N. bivocatus, the center frequencies of this band have a mean of about 10 kHz 

among individuals, ranging from 7 to 15 kHz. Females have little spectral selectivity in 

this frequency range (Deily and Schul 2006). The center frequencies of calls with a pulse 

period ratio of >1.38 that also fell into this range of center frequencies were classified as 

N. bivocatus. One individual had a pulse period ratio greater than 1.38 and a center 
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frequency lower than seven kHz; this male was classified as an intermediate caller, as its 

call characteristics differed from that of both species. 

 In N. robustus, the low frequency band is narrower than in N. bivocatus and are 

typically limited to 10 kHz and below (Schul and Patterson 2003). Indeed, frequencies 

well above 10 kHz have an inhibitory effect on female phonotaxis (Deily and Schul 

2006). Of the individuals with pulse period ratios < 1.18, center frequencies of all but 

four individuals clustered between 6 and 10 kHz. The four remaining individuals had 

center frequencies ranging from 10.4 to 11.1 kHz, which would be less attractive for N. 

robustus females. These individuals were classified as possessing an intermediate call 

type. All intermediate callers were removed from the analysis of epigenetic and genetic 

differentiation. 

 

Molecular analysis: 

 We removed the hind femurs of collected males and placed them in 95% EtOH 

for DNA preservation. We later extracted DNA from the hind femurs using the DNeasy 

Blood and Tissue Kit (Qiagen Inc., Valencia, CA, USA). DNA quantification was 

performed on each sample by spectrophotometry (NanoDrop 1000, Thermo Scientific, 

Wilmington, DE). Genomic DNA was stored at -80° C prior to molecular analysis. 

 We used a MS-AFLP assay modified from Xu et al. (2000). DNA (55 ng) from 

each sample was digested in two separate double digest reactions (EcoRI/HpaII and 

EcoRI/MspI). EcoRI selectively cuts the sequence 5’-GAATTC-3’. HpaII and MspI are 

isoschizomers, meaning they selectively cut at the sequence (5’-CCGG-3’), but differ in 

their sensitivity to cytosine methylation at those sites. HpaII will only cut if the external 
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cytosine is hemimethylated. MspI cuts when the internal cytosine is either hemi or fully 

methylated. Both enzymes will cut if the target site is completely unmethylated. Using 

this method we can evaluate the CpG methylation of restriction sites by comparing the 

fragments produced by both digests. 

 Digestion and ligation were carried out together to prevent regeneration of 

restriction sites. Synthetic double stranded DNA adaptors (Xu et al. 2000) were ligated to 

the cleaved ends of restriction sites. The EcoRI/HpaII and EcoRI/MspI digestion/ligation 

reaction (11 ul final volume) is comprised of 1.1 µL 10X CutSmartTM buffer (New 

England Biolabs, USA), 0.55 µg/µL of Bovine Serum Albumin (BSA) (New England 

Biolabs), 0.3 µL water, 5 U of EcoRI HF, 1 U of either HpaII or MspI, 1 U T4 ligase 

(New England Biolabs), 1 µL ATP (10 µM), EcoRI adaptors (5 µM), either HpaII or 

MspI adaptors (50 µM), and 5.5 µL genomic DNA (10 ng/ µL). The reaction was 

incubated at 37 °C for 2 hours. Preselective PCR was conducted with 1:10 dilute 

digestion/ligation products and the Eco+A (5’-GACTGCGTACCAATTCA-3’) and the 

HpaII/MspI+A (5’-GATGAGTCTAGAACGGA-3’) primers using thermocycler settings 

as described in Snyder et al. (2009). We performed selective PCR independently with 

three primer pairs (Table 1) and 1:100 dilute preselective PCR products from both the 

HpaII and MspI reactions. Fluorescently labeled Eco primers (Eco+AAC (6FAM), 

Eco+AGC (PET)) were used in selective PCR (as described in Snyder et al. 2009) and the 

products multiplexed and diluted to produce a 1:10 final dilution of each product. 

Fragments were separated in an ABI 3730 genetic analyzer at the DNA Core Facility, 

University of Missouri. We called MS-AFLP bands using GeneMarker v.1.6 (Softgenetic 

Corp, State College, PA, USA) using an automated peak-calling scheme (as described in 
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Holland et al. 2008) and called alleles between 75-500 bp with a minimum peak intensity 

of 50.  

 

Data analysis: 

 We obtained presence/absence fragment data for both EcoRI/HpaII and 

EcoRI/MspI datasets from GeneMarker. Presence of a fragment in both the EcoRI/HpaII 

and EcoRI/MspI digestions (1/1) was described as unmethylated. The presence of a 

fragment in one digestion, but not the other (0/1 or 1/0), was defined as methylated 

(either hemimethylated or internal cytosine methylated respectively). If fragments were 

absent in both digestions (0/0) the loci was considered uninformative as this state could 

be due to either full methylation at the target site (methylation of both the inner and outer 

cytosine) or the absence of the fragment due to variation in the nucleotide sequence 

between individuals (Schulz et al. 2013; Fulneček and Kovařík 2014).  

 The methylation sensitivity of each locus was identified using the MSAP Package 

(Pérez-Figueroa 2013) in R v.3.2.0. Loci were classified as methylation sensitive loci 

(MSL) if there was evidence of methylation in at least 5% of the sampled individuals at 

that locus. Genetic markers were extracted from the MS-AFLP loci. Fragments that were 

present in one or both MspI and HpaII analyses were scored as present. Fragments that 

were absent in both reactions were scored as absent. This method of using MS-AFLP loci 

to estimate genetic parameters has been found to produce similar results to standard 

AFLP markers (Smith et al. 2016). Only polymorphic MSL and genetic, loci that differed 

among sampled individuals, were used in further analyses. We evaluated variation for 

each epigenetic (MSL) and genetic locus individually then calculated the mean diversity 
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of MSL and genetic loci using Shannon’s diversity index (I). The relative frequency of 

total methylation (internal cytosine methylated and hemimethylated fragments) and 

unmethylated MSL was compared between species, years, and collection sites. 

Significant variation between groups was tested using a Kruskal-Wallis test and Mann-

Whitney U tests for post hoc analyses. 

 We tested for differences in MSL and genetic differentiation using two-way 

analyses of molecular variance (AMOVA; Excoffier et al. 1992) that grouped individuals 

by species, collection years, and collection locality. Significance of the test statistic’s 

(ΦST) deviation from zero was estimated based on 1000 permutations of individuals 

among groups. Principal coordinate analyses (PCoA) of both epigenetic and genetic loci 

were performed using the R stats package v.3.2.0 (cmdscale; R Core Team 2015) to 

visualize the Euclidean distance between species, collection years, and collection 

localities. A population structure analysis was implemented for all individuals using the 

program STRUCTURE v.2.3.3 (Pritchard et al. 2010). The admixture model was used, 

allele frequencies correlated, with a run length of 100,000 (Burnin=10,000) for 10 

replicates each of K=1-10 (genetic clusters). The estimate of the most well supported K 

was calculated as described in Evanno et al. (2005) and implemented in Structure 

Harvester v.0.6.94 (Earl 2012). The program Clumpp v.1.1.2 (Jakobsson and Rosenberg 

2007) was used to align the 10 repetitions of the most well supported number of clusters. 

 If similar signals exist for the MSL and genetic structure then epigenetic and 

genetic distance may be significantly correlated. We estimated the Euclidean distance 

between individuals for both epigenetic and genetic datasets using the R stats package 

v.3.2.0 (R Core Team 2015) and compared the distance matrices using a Mantel test 
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(Mantel 1967; ade4 package v.1.7.2; Dray et al. 2007). We utilized 10,000 permutations 

of the design matrix to determine the significance of the correlation coefficient. 

 

Results 

Genome wide variation in methylation: 

 We included 94 males in our analysis. We determined the males’ species 

assignments based on the temporal and spectral frequency call preferences of N. robustus 

and N. bivocatus. The call analysis classified the 94 males as 31 N. bivocatus, 57 N. 

robustus, and 6 having an intermediate call type; five of the intermediates had the N. 

robustus temporal pattern and one the N. bivocatus pattern, with frequency spectra that 

fell outside of these respective species’ specific pattern (Fig 1). Individuals possessing 

intermediate call phenotypes were removed from further analyses. The MS-AFLP 

analysis yielded 227, 277, and 318 fragments in each of three selective PCR reactions 

(Table 1). Of these fragments, a total of 364 were polymorphic for their methylation 

status among sampled individuals and were classified as MSL. A loci-calling scheme, 

utilizing the MS-AFLP dataset, allowed for the inference of the genetic state of fragments 

among individuals, similar to a traditional AFLP analysis. In total 668 polymorphic 

genetic loci were produced from 822 MS-AFLP fragments. 

 We compared species, years, and localities to determine whether these groups 

differed significantly in their proportion of genome-wide methylated sites. The relative 

frequency of genome wide methylation (combined hemimethylation and internal cytosine 

methylation) shows low (Fig 2; N. robustus = 0.272; N. bivocatus = 0.240) but significant 

variation between species (Mann-Whitney U, W = 587, p = 0.001243). The frequency of 
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unmethylated MSL in 2006 was significantly different than 2013 (Fig 2; Mann-Whitney 

U, W = 257.5, p = 0.002168) and 2014 (Fig 2; Mann-Whitney U, W = 137.5, p = 

0.04183). The variation between collection localities was not significantly different in 

either overall frequency of methylated or unmethylated sites. 

 

Epigenetic and genetic structure: 

 We examined epigenetic and genetic diversity as they relate to species 

assignment. The within species epigenetic Shannon diversity index was 5.0616 ± 0.2054 

and 5.0094 ± 0.2087, within N. robustus and N. bivocatus respectively. Neoconocephalus 

robustus and N. bivocatus’ genetic Shannon diversity indexes were 5.2802 ± 0.2242 and 

5.2179 ± 0.1943 respectively. Genetic diversity was significantly greater than epigenetic 

diversity in both species (Wilcoxon rank sum test; N. robustus, W = 2760, p < 0.0001; N. 

bivocatus, W = 779, p = 0.0001).  

 Epigenetic and genetic structure was evaluated using a two-level AMOVA. The 

between species epigenetic divergence was ΦST = 0.0504 (P < 0.0001). This is slightly 

less than one-third of the genetic divergence observed between species, ΦST = 0.1591 (P 

< 0.0001). Greater genetic variation between species would suggest that genetic 

mechanisms are underlying species differentiation. Significant genetic and epigenetic 

variation was observed between collection years in both species (Table 2). In particular, 

2006 showed significant differentiation in both MSL and genetic loci from collection 

years 2013 and 2014 in N. robustus (Table 3). In N. bivocatus only genetic differentiation 

was significant between years 2006 and 2013. Neither genetic nor epigenetic markers 

showed differentiation between 2013 and 2014 (Table 3). As only a single 2014 N. 
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bivocatus was present in the dataset, no comparisons were made with N. bivocatus from 

other collection years.  

 We observed no significant epigenetic or genetic differentiation between 

collection sites in either species (data not shown). While samples from most sites were 

composed of predominantly one species or the other, at two sites we collected enough 

individuals of each species to compare genetic and epigenetic differentiation between 

species collected from the same locality. Individuals from Three Creeks Conservation 

Area (Boone County, Missouri. USA) showed significant genetic differentiation between 

species (ΦST = 0.1310; p < 0.0001), but no significant epigenetic differentiation (ΦST  = 

0.0017; p = 0.3987). A second site, Atlanta State Wildlife Area (Macon County, 

Missouri. USA), showed a similar pattern of genetic, but not epigenetic differentiation 

(genetic ΦST  = 0.506, p = 0.0275; MSL ΦST  = -0.022, p = 0.3842); with genetic 

differentiation approaching significance (Bonferroni-corrected alpha level of p < 0.025 

for two tests). 

 The principal coordinate analyses (PCoA), calculated using MSL and genetic 

profiles, showed that genetic variance was smaller than epigenetic variance within 

species (Fig 3). The epigenetic PCoA between species elucidated little meaningful 

differentiation among groups, with ellipses (95% confidence intervals) overlapping 

almost entirely. The PCoA of genetic data between species explained 17.7% of the 

genetic variance in the first two coordinates (Fig 3A) and showed moderate variation 

between individuals based on call phenotype, with species showing divergence in 

Euclidean space. The between year PCoA of epigenetic loci showed little evidence of 

divergence in the first two coordinates (Fig 3D). The PCoA of genetic loci (Fig 3C) 
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showed that individuals grouped predominately along species lines, with some variance 

in the amount of genetic variation present between years. Three N. robustus individuals 

clearly fall into the N. bivocatus cluster within the genetic PCoA (Fig 3A), indicating a 

possible mismatch between phenotypic and genotypic assignments. 

 The Bayesian analysis of genetic structure revealed the best-supported number of 

genetic cluster to be K=2, based on ΔK values (Fig 4B; Evanno et al. 2005). These two 

genetic clusters aligned closely to species boundaries (Fig 4A). As in the PCoA the same 

three individuals identified as N. robustus assigned primarily to the N. bivocatus genetic 

cluster, indicating that they possess the N. robustus call type, but a N. bivocatus 

genotype. As in the PCoA the epigenetic structure analysis did not show support for 

significant epigenetic (MSL) structure between species groups. ΔK values did not rise 

above 30 for any permutation in the number of clusters (Fig 4D), an indication of low 

support for epigenetic structure. In addition, the best supported number of clusters, K=4, 

showed no grouping of epigenetic clusters by species assignment (Fig 4C). 

 In every instance, when significant epigenetic variation was observed between 

species or years, significant genetic variation was also detected. We investigated the 

correlation between inter-individual genetic and epigenetic Euclidean distance. Between 

individual epigenetic and genetic distance showed a strong positive correlation (Fig 5 

Mantel R = 0.8448, p = 0.0001).  

 

Discussion 

 We did not see evidence of epigenetic mediated phenotypic plasticity between N. 

robustus and N. bivocatus. While MSL differentiation was significant between species, 
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genetic differentiation was larger. The AMOVA and PCoA analyses indicate that 

methylation patterns varied among individuals, but showed less differentiation between 

species than genetic markers. In all cases where epigenetic differentiation was observed 

between species or between years, genetic differentiation was as well. A correlation 

between epigenetic and genetic patterns could explain low levels of epigenetic variation 

between groups as correlative and having resulted from being pulled along with genetic 

differentiation.  

 

Genetic differentiation: 

 Genetic differentiation between species was low, but significant, as would be 

expected between two closely related taxa (Snyder et al. 2009). Genetic structure aligned 

with species boundaries, with the exception of the three phenotypically N. robustus 

individuals that showed a majority assignment to the primarily N. bivocatus genotypic 

cluster. Similar occurrences of mismatched genotype/phenotype individuals have been 

found between N. robustus and N. bivocatus previously (Frederick 2013; Ney and Schul, 

In press). These mismatched genotype/phenotype individuals are likely the result of 

recent hybridization events.  

 Individuals from 2006 showed genetic differentiation from both 2013 and 2014. 

We propose this may be the result of significant genetic drift occurring between the years 

2006 and 2013. 2013 followed the most severe year of drought in the Midwest since 1895 

(Hoerling et al. 2014). A severe reduction in population size, as observed during the 

drought (Schul, personal observation), could account for the shift in genetic patterns 

observed between years (Nei et al. 1975). Following a bottleneck event the effects of 
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demographic changes remain in the population, as observed by the lack of significant 

genetic differentiation between 2013 and 2014 samples. 

 

Epigenetic variation: 

 Neoconocephalus robustus showed a significantly higher level of genome wide 

methylation than N. bivocatus (Fig 2). This may be due to variation in the species’ habitat 

preference. Variable environmental conditions can cause shifts in epigenetics, observed 

between diverging natural habitats (Lira-Medieros 2010), as well as between natural and 

altered habitat types (Gao et al. 2010). Neoconocephalus robustus, unlike N. bivocatus, is 

a grassland generalist and may show epigenetic patterns resulting from exposure to a 

more variable set of environmental conditions during a lifetime and across generations. 

Because of this N. robustus may possess a larger repertoire of adaptive genes for the 

varied environmental conditions it may utilize. The higher level of methylation found in 

N. robustus may therefore be the result of higher levels of methylation required to silence 

the large repertoire of adaptive genes when not in use. 

 While epigenetic differentiation between species was significant, it remained 

lower than genetic differentiation. This study did not show support for the epigenetic 

regulation of species-specific phenotypes; however this does not eliminate a possible 

epigenetic mechanism underlying phenotypic differentiation. The MS-AFLP technique 

has many benefits; however there are also some inherent limitations to its application. 

MS-AFLPs can underestimate genome-wide levels of methylation due to several 

limitations (Fulneček and Kovařík 2014). As a genome wide scanning method MS-AFLP 

only detects methylation at 5′-CCGG-3′ sites. In addition it is unable to discriminate 
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between full methylation states (hypermethylation of both cytosines) and sequence 

variation at or near the restriction site (Xiong et al. 1999). This technique is most 

valuable as a first step in investigating genome wide methylation patterns. Phenotypic 

variation controlled by a smaller number of methylated sites is unlikely to be detected. A 

similar investigation into genome-wide methylation found no significant differentiation 

in methylation between the solitarious and gregarious phases of Locusta migratoria 

(Robinson et al. 2011), despite divergent phenotypes and the identification of 

differentially expressed genes between morphs (Kang et al. 2004).  

 

Correlation between epigenetic and genetic diversity: 

 MS-AFLP variation often shows correlations with genetic variation (Liu et al. 

2012; Lira-Mereiros et al. 2010; Zhang et al. 2010). We observed that individuals 

showing greater genetic variation on average varied more epigenetically as well (Fig 5). 

Changes in DNA methylation over time are correlated with genetic relatedness and 

suggest that DNA methylation maintenance may be under genetic control (Bjornsson et 

al. 2008). In addition, genetic variation in retrotransposons (i.e. their presence/absence) 

could affect the methylation state of retroelements, requiring more methylation the more 

repetitive elements are present (Michaud et al. 1994). Repetitive elements have been 

estimated to make up thirty percent of the genome of the Orthopteran L. migratoria 

(Wilmore and Brown 1975). In addition, the retrotransposon SINE is differentially 

methylated between the solitarious and gregarious phases of the species (Guo et al. 

2010). 
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 Mechanisms of neutral drift could also account for the correlation between 

epigenetic and genetic variation. In the event of substantial gene flow between species, 

strong divergent selection would be needed to maintain divergent epigenetic variation 

between species. Gene flow between groups would reduce differentiation accumulated 

via drift. Evidence from this study however suggests that genetic differentiation between 

species is significant and gene flow, therefore, relatively low (Table 2). Stochastic 

processes of drift then could allow epigenetic patterns to diverge between species in 

parallel, resulting in correlations between epigenetic and genetic variation, without a 

causal link (Richards et al. 2010). 

 

Conclusion: 

 While our findings did not suggest a mechanism of genome wide methylation in 

regulating phenotypic variation, we observed clear evidence of genomic methylation in 

Neoconocephalus. Epigenetics may still play a key role in phenotypic differentiation 

within Neoconocephalus katydids through the differential regulation of a relatively small 

number of genes of large effect; a mechanism not detectable with the methods used here. 

Further work identifying differentially expressed genes between call types could allow 

for the targeted analysis of methylation patterns at these sites.  
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Figure 1: Species assignment based on call pulse period ratio and center frequency. 

Labeled boxes indicate the calls classified as N. robustus and N. bivocatus. Individuals 

that fall outside of species classifications were removed from further epigenetic and 

genetic analyses. 
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Table 1: Selective primer combinations used in the MS-AFLP analysis, number of 

scored bands per primer pair, and the number of those bands classified as polymorphic 

methylation sensitive loci (MSL) and polymorphic genetic loci. 

EcoRI MspI/HpaII  Bands MSL Genetic loci 
-AAC -ATC 277 183 265 
-AGC -AAT 227 49 102 
-AGC -ATC 318 170 301 
 Total 822 402 668 
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Figure 2: Comparison of genome wide methylation levels between species (left) and 

collection years (right). Mann-Whitney U test; p < 0.005(**) p < 0.05 (*). Between-

species significant variation is in total methylation (internal cytosine methylated and 

hemimethylated fragments). Between-year significant variation is in total unmethylated 

MSL. 
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Table 2: Two-level AMOVA of methylation sensitive loci (MSL) or genetic loci 

produced from MS-AFLP markers among populations grouped by species assignment 

and collection year. Included is genetic and epigenetic variance between groups, ΦST, and 

the corresponding p value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Between group 
variance 

Within group 
variance ΦST p value 

Between species 

MSL (epigenetic)  
Genetic loci 

3.429 (5.04%) 
15.38 (15.91%) 

64.54 (94.96%) 
81.28 (84.09%) 

0.0504 
0.1591 

< 0.0001 
< 0.0001 

Between years (N. robustus) 

MSL (epigenetic) 
Genetic loci 

2.473 (3.00%) 
2.553 (2.99%) 

62.82 (97.00%) 
82.93 (97.01%) 

0.0379 
0.0300 

0.0004 
< 0.0001 

Between years (N. bivocatus) 

MSL (epigenetic) 
Genetic loci 

1.073 (2.23%) 
5.726 (7.27%) 

47.05 (97.77%) 
73.03 (92.73%) 

0.0968 
0.0727 

0.0019 
0.0014 
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Table 3: ΦST values computed from AMOVA of MSL (epigenetic) and genetic loci. 

Significant values (p < 0.05) in bold. As only a single 2014 N. bivocatus is represented in 

the dataset, these comparisons have been omitted. 

 MSL ΦST Genetic ΦST 
N. robustus 
2006 / 2013 0.068 0.055 
2006 / 2014 0.057 0.055 
2013 / 2014 0.011 -0.001 
N. bivocatus 
2006 / 2013 0.022 0.073 
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Figure 3: PCoA of N. robustus and N. bivocatus utilizing genetic and epigenetic data 

separately. A and C: Genetic Euclidean distance with individuals grouped by species and 

by year respectively. B and D: Epigenetic Euclidean distance with individuals grouped by 

species and by year respectively. Group labels show the centroid of the points for each 

group. The long axis of the ellipse represents the direction of maximum dispersion and 

the short axis the direction of minimum dispersion. 
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Figure 4: (A and C) Bar plot using MS-AFLP loci to estimate genetic and epigenetic 

structure among N. robustus and N. bivocatus using the software package STRUCTURE. 

(B and D) Delta K graphs for K=1-10 genetic clusters showing moderate support for K=2 

genetic clusters and low support for K=4 epigenetic clusters. 
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Figure 5: Scatterplot of between individual Euclidean genetic and epigenetic distance 

showing significant positive correlation between genetic and epigenetic differentiation. 

The correlation was tested using a Mantel test and 10,000 permutations of the design 

matrix to determine significance. 
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Supplemental Table 1: Sample collection localities, locality coordinates, and number of 

each species sampled in each year (N. robustus / N. bivocatus). Species assignments were 

determined based on call phenotypes as show in Figure 1 and described in the methods. 

The six individuals possessing intermediate phenotypes are not included. 

Locality Coordinates 2006 2013 2014 

Atlanta State Wildlife Area 39.886, -92.504 -- / -- 2 / 7 -- / -- 

Dunn Ranch Prairie 40.500, -94.110 -- / -- 4 / 1 -- / -- 

Eagle Bluffs Conservation 
Area 38.883, -92.461 8 / -- 8 / 2 17 / -- 

Grassland Trailhead 38.865, -92.321 -- / -- -- / 5 -- / -- 

Oberle Prairie 40.128, -92.756 -- / -- -- / 4 -- / -- 

Star School Hill Prairie 
Conservation Area 40.550, -95.624 -- / -- 5 / -- -- / -- 

Three Creeks Conservation 
Area 38.849, -92.279 2 / 7 5 / 4 3 / -- 

Tucker Prairie Natural Area 38.948, -91.994 1 / -- 2 / -- -- / -- 
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Chapter 4 

 

A POST-PLEISTOCENE CALIBRATED MUTATION RATE FROM INSECT 
MUSEUM SPECIMENS 

 
To be submitted to PLOS Currents: Tree of Life  

with Katy Frederick and Johannes Schul as coauthors 

 

Abstract 

 Quantifying the age of recent species divergence events can be challenging in the 

absence of calibration points within many groups. The katydid species Neoconocephalus 

lyristes provides the opportunity to calibrate a post-Pleistocene, taxa specific mutation 

rate using a known biogeographic event, the Mohawk-Hudson Divide. DNA was 

extracted from pinned museum specimens of N. lyristes from both Midwest and Atlantic 

populations and the mitochondrial gene COI sequenced using primers designed from 

extant specimens. Coalescent analyses using both strict and relaxed molecular clock 

models were performed in BEAST v1.8.2. The assumption of a strict molecular clock 

could not be rejected in favor of the relaxed clock model as the distribution of the 

standard deviation of the clock rate strongly abutted zero. The strict molecular clock 

model resulted in an intraspecific calculated mutation rate of 14.4-17.3 %/myr, a rate 

substantially higher than the common rates of sequence evolution observed for insect 

mitochondrial DNA sequences. The rate, however, aligns closely with mutation rates 

estimated from other taxa with similarly recent lineage divergence times. 
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Introduction 

 In recent years, many examples of rapid speciation and diversification occurring 

during the last glacial cycle (i.e. within 500 kyr BP, Rohling et al. 1998), or even after the 

last glacial maximum (LGM, 19 kyr BP, Yokoyama et al. 2000) have been described. 

Arguably, the most impressive examples of rapid diversification are the cichlid radiation 

events within the African Rift Valley, where a small number of founding species 

diversified into hundreds of species after the LGM (Meyer et al. 2015, 2006, Nagl et al. 

2000). Other examples include the old world pea aphids (Peccoud et al. 2009), North 

American songbirds (Weir et al. 2008, Milá et al. 2007, Johnson and Cicero 2004), and 

the threespine sticklebacks of British Columbia (Taylor and McPhail 1999); in some 

cases, significant diversification arose in as little as 50 years (Lescak et al. 2015).  

 Estimates of nucleotide evolutionary rates vary greatly dependent with the age of 

the calibrating point, with younger calibration points resulting in higher rate estimates 

(Ho et al. 2005, Ho and Lo 2013, Papadopoulou et al. 2010). Fossils and most 

biogeographic events are ancient (millions of years old) and are appropriate for the dating 

of similarly ancient events. The few available rate estimates using very young age 

calibration points (< 200kyrs; Clarke et al. 2001, Gratton et al. 2008, Haag-Liautrard et 

al. 2008) suggest an exponential increase of estimated rates (Ho et al. 2007, 2008, 2015); 

additional data is needed to support this pattern. The exponential pattern of estimates is 

likely an artifact of the estimation methods and does not reflect true differences in rates 

on nucleotide evolution (Ho et al. 2005).  One reason for the small number of estimates 

for recent lineage divergences is that suitably recent calibration points are scarce (Ho et 

al. 2008), since these events are too recent to use fossil evidence. 
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 Here we use a postglacial vicariance event to calibrate a lineage specific mutation 

rate for North American Neoconocephalus katydids. At a time following the LGM, water 

from the North American Great Lakes drained through the Mohawk-Hudson Outlet to the 

Atlantic coast (Teller 2003). Wetland habitats formed within the Hudson and Mohawk 

Valleys, which allowed coastal plain species to expand their ranges into the wetlands 

surrounding the Great Lakes (Reznicek 1994). The opening of the St. Lawrence Seaway 

(10,750-10,600 14C yr BP; Rayburn et al. 2005), diverted melt water and led to the drying 

of the wetlands in the Mohawk-Hudson outlet. This vicariance event left disjunct wetland 

habitats in the Midwest (mainly bogs and fens) and along the Atlantic Coast (bogs and 

marsh habitat). Such disjunct ranges matching this pattern are found in plant, reptile, 

amphibian, and insect species possessing a coastal plain affinity (Reznicek 1994, Thomas 

1951, Thomas 1933). Neoconocephalus lyristes is an example of such a habitat specialist, 

limited to bog and fen wetlands. The species’ described range follows the pattern of the 

Mohawk-Hudson Divide, with isolated populations in the Great Lakes area (Thomas 

1933) and North Atlantic Coast (Rehn and Hebard 1915; Fig. 1). 

 The eleven North American Neoconocephalus katydid species possess markedly 

little genetic variation despite their high diversity of species-specific call patterns and 

may be an example of a recent species radiation (Snyder et al. 2009, Frederick 2013). The 

accurate timing of this radiation will help identify the evolutionary mechanisms leading 

to rapid species diversification observed in this group. Neoconocephalus lyristes provides 

a unique opportunity among species of Neoconocephalus for the calibration of a post-

Pleistocene mutation rate as gene flow between these two disjunct ranges likely ceased 

with the draining of the Mohawk-Hudson Outlet (10,750-10,600 14C yr BP, Rayburn et 
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al. 2005). Here we sequenced mtDNA from museum specimens representing both 

populations and estimated an intraspecific mutation rate using a coalescent Bayesian 

method. 

 

Methods 

 Over three years of searching previous collection sites we found only a single 

extant population of N. lyristes, in Cedar Bog Nature Preserve, Urbane, OH. Due to 

apparent local extinction of N. lyristes from most of its Midwest and its entire Atlantic 

range, we used museum samples collected in the first half of the 20th century. We 

selected 18 dried N. lyristes specimens, from the Hebard Collection at the Academy of 

Natural Sciences of Drexel University for DNA extraction and analysis. Specimens 

represent samples from both Atlantic Coastal and Midwest populations (Fig. 1), with 

collection dates ranging from 1905-1932. We used a non-destructive method for DNA 

extraction (modified from Gilbert et al. 2007). A hind leg was removed and placed in a 

1.5 ml microcentrifuge tube fully submerged in one ml of digestion buffer: 3 mM CaCl2, 

2% sodium dodecyl sulphate (SDS), 40 mM dithiothreitol (DTT), 250 mg/ml proteinase 

K, 100 mM Tris buffer pH 8 and 100 mM NaCl (quantities represent molarity of final 

concentrations). Hind legs were incubated overnight (17-19 hrs.) at 55°C. Following 

digestion we removed the hind legs from buffer and placed them in 100% EtOH for two 

hours to stop enzymatic activity. Extraction of DNA contained in the buffer was 

completed using the standard Qiagen DNeasy Blood + Tissue Kit (Qiagen Inc., Valencia, 

CA, USA) extraction method. 
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 Amplification took place in a laboratory without prior exposure to DNA that 

could be amplified by primers used in this study. Polymerase chain reaction (PCR) prep 

was performed in a UV hood. All equipment and surfaces were sanitized with a 10% 

bleach solution and tools were sanitized in a UV Stratalinker 1800. For this study we 

designed six overlapping primer pairs (Supplemental Table 1) around non-variable 

regions of the mitochondrial gene cytochrome oxidase I (COI). These primers were based 

upon extant N. lyristes, N. robustus, and N. bivocatus COI sequences and designed using 

the Primer3 (Untergasser et al. 2007) plugin in Geneious v6.0.5 (Kearse et al. 2012). 

Each primer pair amplified approximately 150 bp; combined, they provide complete 

coverage of the 743 bp target region.  

 PCR amplification was performed on an Eppendorf Mastercycler gradient 

(Eppendorf-Brinkman Instruments Inc., Westbury NY, USA) using Taq DNA 

polymerase (Platinum Taq, Invitrogen Inc., Carlsbad, CA). All primers were used at a 

concentration of 10 mM. Thermocycling conditions for all six primer-sets are as follows: 

Hot start at 94°C 2 min, denaturation at 94°C 30 sec, annealing at 56°C 30 sec, extension 

72°C 40 sec, repeated 40x, with a final 72°C extension for 7 min. Amplified PCR 

products were prepared for sequencing using a ExoI/SAP enzymatic cleanup (2.75 µl 10x 

SAP buffer, 0.5 µl SAP, 0.25 µl ExoI per 20 µl of PCR product) incubated at 37°C for 30 

min, followed by 80°C for 15 min to inactivate enzymes. Sequencing was performed at 

the DNA Core Facility, University of Missouri, Columbia, MO on an ABI 3730 DNA 

Analyzer, using standard Big Dye Terminator cycle sequencing chemistry (Applied 

Biosystems, Foster City, CA, USA). Sequences were edited, aligned and trimmed in 

Geneious v6.0.5 (Kearse et al. 2012). We used a global alignment with free end gaps and 
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70% similarity rule. Regions of sequence with high ambiguity were labeled as missing. 

One individual, with greater than ten percent ambiguity, was removed from the analysis 

(m017). Individual m007 failed to amplify. We successfully sequenced COI from 16 

individuals. 

 We evaluated substitution models using jModel Test v0.1.1 (Posada 2008) and 

found GTR+Γ to be a suitable model. Phylogenetic analyses were conducted using a 

coalescent method as implemented in BEAST v1.8.2 xml (Drummond et al. 2012); input 

files were formatted using BEAUti v1.7.4 (Drummond et al. 2012). Our analysis assumed 

a constant population size for the coalescent inferences (Kingman 1982). We performed 

ten runs with twenty million generations sampled every two thousand trees. This analysis 

was performed using both a strict, (Drummond et al. 2006) as well as a relaxed molecular 

clock model (Zuckerkandl and Pauling 1965). The Midwest individuals were run both 

unconstrained as well as constrained to monophyly. The constrained run assured that the 

age calibration point was assigned to the correct node in all trees (Papadopoulou et al. 

2010). To evaluate the influence of the prior settings on the posterior samples, we 

repeated the analysis as above but without any sequence data.  

 Using the radiocarbon date of 10,750±150 14C yr BP, the end of 150-300 year 

period of steady melt water flow following the final large flood through the Hudson 

Valley at 10,900 14C yr BP (Rayburn et al. 2005), we calibrated the calendar age of the 

Mohawk-Hudson Divide. We performed the radiocarbon to calendar age conversion 

using the IntCal13 curve in OxCal v4.2 online (Reimer et al. 2013). The age estimate was 

fixed to the highest likelihood value within the 95% confidence interval; yielding a 

calibrated date of 10,739.5 cal BP. Being a known biogeographic barrier we allowed the 
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node age prior probability of the Midwest clade to vary along a normal distribution, with 

the calibrated date as the mean age and a standard deviation of one-thousand years. This 

allows for the possibility of lineage divergence prior to the biogeographic event, as well 

as the overestimation of the events age (Ho 2007). The Euclidean mean and standard 

deviation priors were set to exponential with mean values of 10 and 0.3 respectively. 

Convergence of MCMC runs was visualized using Tracer v1.5 (Rambaut and Drummond 

2007). With Tracer v1.5 we ascertained the average mutation rate between populations of 

N. lyristes based on the Mohawk-Hudson calibration.  Runs were combined in 

LogCombiner v1.8.2 (Drummond et al. 2012) and a maximum clade credibility 

consensus tree was formed in TreeAnnotator v1.7.4 (Rambaut and Drummond 2013). 

 

Results 

 We successfully sequenced 743 bp of the mitochondrial gene COI from sixteen 

individuals (5 from Midwest and 11 from Atlantic Coast populations, Table 1). Sequence 

similarity among the 16 samples ranged from 92.0% to 99.8%. We found the greatest 

diversity within the Atlantic population. The Midwest clade fell within the larger clade of 

Atlantic Coast N. lyristes (Fig. 2). This observation is congruent with the hypothesized 

biogeographic history of the species where the Midwest populations diverging from the 

ancestral Atlantic population.  

 Using the unconstrained coalescence model, four out of five Midwestern 

individuals formed a clade within the larger clade of Atlantic Coast N. lyristes. One 

Midwest individual (m010) grouped among Atlantic individuals (Supplementary Fig. 1). 

In order to prevent the age calibration point from being assigned to the wrong nodes in 
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some trees we constrained the Midwest clade to monophyly in further analyses 

(Papadopoulou et al. 2010). The resulting constrained consensus tree (Fig. 2) is congruent 

with the hypothesized biogeographic history of the species, with the Midwest population 

diverging from the ancestral Atlantic population. 

 Using a relaxed clock model, we obtained branch specific mutation rates between 

14.4 and 37.5 %/myr from the consensus of the ten runs. The average rate of mutation 

among branches was 15.8 %/myr, ranging from 15.7-15.9 %/myr between the ten 

independent runs. The distribution of the standard deviation of the clock rate strongly 

abutted zero when the relaxed molecular clock was used (Fig. 3). This indicates support 

for a constant rate of substitution and a strict molecular clock was used (Heath 2015). The 

strict molecular clock analysis produced a tree (Fig. 2) with a similar, but not identical, 

topology to the relaxed clock’s consensus tree. The relationship between Midwest 

animals and their relationship to the Atlantic clade remained unchanged, with minor 

changes in the relationships between Atlantic individuals. The strict consensus tree 

possessed an average mutation rate of 17.3 %/myr, with mutation rates between the ten 

runs. Predictably, a slower rate of 14.4 %/myr was obtained when the same analysis was 

run with individual M010 removed. These two rates, while diverging slightly, both 

indicate a rate of mutation significantly faster than most reported in the literature [Ho et 

al. 2005, Ho and Lo 2013]. 

 

Discussion 

 Here, we focused on the calibration of an intraspecific mutation rate at a very 

recent timescale. Evolutionary rates calibrated across divergent timescales can be 
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markedly different (Ho et al. 2008), with younger calibration dates  (< 1 Mya) showing 

substantially higher estimates of rates divergence than older lineages (Ho et al. 2005, Ho 

and Lo 2013). In mammals, for example, the age of the calibration dates shows a negative 

relationship with estimates for molecular evolutionary rates (Ho et al. 2005, Shapiro et al. 

2004). Metastudies utilizing insect mtDNA rates estimated from both inter- and 

intraspecific calibrations show a similar pattern to that observed in mammals 

(Papadopoulou et al. 2010, Ho and Lo 2013). Available data suggest an exponential 

increase of estimated rates (Clarke et al. 2001, Gratton et al. 2008, Haag-Liautard et al. 

2008) with decreasing calibration age  (Fig. 4). The exponential pattern of estimates is 

likely an artifact of the estimation methods and does not reflect true differences in rates 

on nucleotide evolution (Ho et al. 2005).  

 The sequence variation among populations has two components, fixed 

substitutions between them that have accumulated since divergence and current within 

population variation (Ho et al. 2005). The fixed substitutions among lineages represent 

the actual evolutionary divergence. Most of the within population genetic variation will 

be removed over time by genetic drift and selection and therefore only a small fraction 

will ultimately contribute to lineage divergence (Ho et al. 2005, 2007). For young 

divergence times, the within species variation will contribute a much larger fraction of 

the total nucleotide differences, as only few fixed substitutions have accumulated. For 

ancient divergence times, in contrast, the same amount of within population variation 

would be dwarfed by fixed substitutions accumulated since divergence. Thus, short 

calibration times should lead to gross overestimations of evolutionary divergence rates, 
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while ancient calibration times (>1 Mya, Ho et al. 2005) should provide much more 

realistic estimates. 

 

Insect mtDNA rates of mutation 

 We estimated a mutation rate for COI at 14.4-17.3 %/myr, using the strict 

molecular clock model and a very recent calibration time. Our estimate is significantly 

higher than the commonly assumed mtDNA mutation rate of 1.15 %/myr (Knowles 2000, 

Brower 1994), which were based on much older divergence times. Estimates of 

substitution rates calibrated from the age of the Mid-Aegean Trench (9-12 Mya), for 

example, within an insect model range from 1.0-2.7 %/myr dependent upon application 

of various substitution and clock models (Papadopoulou et al. 2010). Our estimated rate 

of 14.4-17.3 %/myr, on the other hand, aligns with estimates found using similarly recent 

calibration dates. A mutation rate of 19.2 %/myr was estimated for the European butterfly 

Parnassius mnemosyne. As in our analysis, a coalescent model was run in BEAST 

utilizing a vicariance event calibrated at 10,000 years BP (Gratton et al. 2008). 

Intermediate calibration dates resulted in an intermediate estimate of evolutionary rates. 

The mutation rate for the North American ground beetle (Nebria) was estimated at 5.7 

%/myr, using a vicariance event dated to 150,000 years BP (Clarke et al. 2001). Our 

estimates for N. lyristes fit into the exponential pattern previously described (Fig. 4). 

Thus, this study agrees with the slower estimates of Orthopteran mtDNA sequence 

evolution and may serve as an internal calibration point for Neoconocephalus 

diversification.  
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 As more evidence accumulates supporting the occurrence of postglacial species 

diversification, the greater the need for appropriate tools for timing these events. This 

will in part include the utilization of young vicariance events for molecular clock 

calibration. Geologically supported postglacial vicariance events within North America 

are lacking for many taxa groups (Brooks and McClennan 2012, Avise 2000). The 

Mohawk-Hudson Divide provides a recent biogeographic vicariance event, with the 

potential for the calibration of lineage specific mutation rates for a number of plant, 

amphibian, reptile, and insect groups. 

 

Use of museum samples 

 The use of ancient DNA (aDNA) samples can be hindered by severe degradation 

(Gilbert et al. 2007, Andersen and Mills 2012). In this study two of the eighteen samples 

could not be sequenced successfully. These two samples were not the oldest, nor from the 

same locality. Severe degradation of DNA, beyond that in the other sixteen samples, or a 

mismatch in primer binding sites may account for failed amplification (Table 1). In those 

samples that were sequenced successfully ambiguities were high, while this is likely due 

to the degraded nature of aDNA, the coamplification of nuclear pseudogenes could also 

led to such ambiguities. The amplification of relatively short (150 bp) segments increases 

the likelihood of amplifying pseudogenes, not amplified when targeting longer 

sequences. Nuclear pseudogenes of COI, while not noted in Neoconocephalus, have been 

found in other Orthopterans (Song et al. 2008). While internal stop codons, common 

within pseudogenes, were absent from our sequences we cannot rule out the presence of 

pseudogenes completely.  
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 In this study museum specimens replaced extant samples, necessitated by the 

rarity, or likely local extinction, of N. lyristes from most of its known range. Despite the 

additional challenges of working with museum specimens, aDNA can replace extant 

specimens when collection is either not possible because of extinction (Zedane et al. 

2016, Rasmussen et al. 2009) or broad resampling is untenable (Dentinger et al. 2016). 

 With advances in the amplification of ancient DNA (Bakker et a. 2016, 

Timmermans et al. 2016, Staats et al. 2013), museum collections are also opening up 

areas of study that are not possible with extant data alone (Heyduk et al. 2016, Zedane 

2016, Besnard 2014). Ancient DNA can be utilized in the calibration of molecular clocks 

through dating tip ages (Debruyne et al. 2008). Samples from multiple time points, can 

provide additional information about the genetic and demographic changes in groups 

over time (Fulton et al. 2013). Ancient DNA has been used in the reconstruction and 

timing of many mammal groups (Shapiro et al. 200 4, Wisely et al. 2004, Fulton et al. 

2013, Seguin-Orlando et al. 2013), but remains underutilized in the timing of insect 

lineages despite the abundance of specimens in museums.  

 Next generation sequencing is able to vastly improve the sequencing of aDNA. 

High throughput sequencing has the capability to target short and degraded DNA 

samples, a major issue in the sequencing of aDNA from museum specimens (Burrell et 

al. 2015). Using next generation techniques the sequencing of whole genomes from 

aDNA has been accomplished in plants, animals, and fungi (Dentinger et al. 2016, Der 

Sarkissian et al. 2015, Staats et al. 2013). Genomes as old as 735 kyr BP have been 

sequenced from bones of a prehistoric horse species preserved in arctic regions (Seguin-

Orlando et al. 2013). Less destructive sampling techniques are also possible because of 
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the need for smaller amounts of starting material (Wolinsky 2010, Tin et al. 2014, 

Thomsen et al. 2009). The expanded use of next generation sequencing in recent years, 

along with the abundance of insect specimens held in museum collections, has and will 

continue to increase the questions being addressed using aDNA.  
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Figure 1: Collection records for N. lyristes overlaid with hypothesized range: 

Hypothesized N. lyristes range (modified from Walker 2000, Whitesell 1969) based on 

literature and collection records. The collection localities of museum samples used in this 

study are indicated in red.  
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Table 1: Museum specimen list: N. lyristes pinned specimens obtained from the Hebard collection at the Academy of Natural 

Sciences of Drexel University. Included is all relevant data from specimen label, as well as the ambiguities present in final sequences. 

(*) denotes samples removed from analysis for failed amplification or excess ambiguity. 

Study 
reference # 

Locality Collection 
Date 

Collected/ID By Ambiguities 
(#/743 bp) 

m001 Cape May Court House, NJ 1914 Hebard 0 
m002 Cape May Court House, NJ 1914 Hebard 1 
m003 Cape May Court House, NJ 1914 Hebard 0 
m004 Cape May Court House, NJ 1914 Hebard 1 
m005 Cape May Court House, NJ 1914 Hebard 0 
m006 Cape May Court House, NJ 1914 Hebard 24 
m007 Cedar Swamp, OH 1929 Unknown N/A* 
m008 Cedar Swamp, OH 1932 Edward S. Thomas 25 
m009 Cedar Swamp, OH 1932 Edward S. Thomas 0 
m010 Chicago, IL (Beach IL) 1906 Unknown 2 
m011 Chicago, IL (S. of Jackson Park) 1905 Unknown 18 
m012 Chicago, IL (S. of Jackson Park) 1905 Unknown 15 
m013 Whitesbog, NJ 1923 Det. D.C. Rentz (1974) 0 
m014 Whitesbog, NJ 1923 H. Fox 0 
m015 Whitesbog, NJ 1923 Unknown 0 
m016 Whitesbog, NJ 1923 H. Fox 0 
m017 Whitesbog, NJ 1923 Unknown 103* 
m018 Whitesbog, NJ 1923 Unknown 1 
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Figure 2: Consensus tree from coalescence analysis using a strict molecular clock model 

and Midwest clade constrained to monophyly: Nodes possessing < 0.85 posterior 

probabilities were collapsed. Red star represents the Mohawk-Hudson Divide, with the 

prior of the node age set to a normal distribution with a mean age of 10,739.5 cal BP. The 

Midwest specimen m010 fell outside of the Midwest clade prior to constraining the group 

to monophyly. 
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Figure 3: Distribution of the standard deviation rates from relaxed clock analysis: 

Includes data from ten combined runs (twenty million generations sampled every two 

thousand trees) using a relaxed molecular clock model. Units for the clock rate are in 

substitutions per site per million years. The distribution strongly abuts zero, indicating 

support for a strict molecular clock (Heath 2015). 
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Figure 4: Estimates of evolutionary rates (%/myr) plotted against calibration age (myr): 

The black data points were obtained directly from Papadopoulou et al (2010) and Ho and 

Lo (2013). The red point represents the mutation rate estimate from this study. Note both 

axes are in log scale. 
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Supplemental Table 1: Table of primers designed for amplification of N. lyristes COI 

sequences: Primers were designed from reference sequences of extant N. lyristes, N. 

bivocatus, and N. robustus. 

Primer name Primer sequence 
lyF68 (forward) 5’-GGA ATT GCA CAT GCT GGA GC-3’ 
lyR197 (reverse) 5’-GTG ATA TTC CTG GGG CAC GT-3’ 
lyF187 (forward) 5’-ACG TGC CCC AGG AAT ATC AC-3’ 
lyR336 (reverse) 5’-CCG GCA GGA TCA AAG AAT GA-3’ 
lyF317 (forward) 5’-TCA TTC TTT GAT CCT GCC GGA-3’ 
lyR466 (reverse) 5’-GGC TTC CTT TTT CCC ACT TTC T-3’ 
lyF440 (forward) 5’-AGT CAA GAA AGT GGR AAA AAG GA-3’ 
lyR589 (reverse) 5’-AGC TGA AGT AAA ATA RGC TCG TG-3’ 
lyF545 (forward) 5’-ACA GTA GGA ATG GAT GTT GAT ACA C-3’ 
lyR694 (reverse) 5’-GCC TAG AGC TCA TAA AAG GGA AG-3’ 
lyF666 (forward) 5’-ACA GTC CTT CCC TTT TAT GAG CT-3’ 
lyR811 (reverse) 5’-AGA TAG AAC ATA ATG GAA ATG GGC T-3’ 
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Supplemental Figure 1: Consensus tree using a strict molecular clock and the Midwest 

clade unconstrained: Node values represent posterior probabilities calculated from 

eighteen million total trees. Red taxa represent Midwest samples and black taxa Atlantic 

samples.  
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