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Abstract 

We now recognize the pervasiveness of rapid evolution in the wild; yet it remains a challenge to 

identify the key patterns and processes to predict outcomes and inform management decisions. In this 

dissertation, I employ genomic tools and multi-scale analyses over molecules, space, and time to 

improve our understanding of the genomic context of rapid evolution in two systems of management 

concern: the Tasmanian devil, Sarcophilis harrisii, and a classical biological control (biocontrol) 

agent, the tamarisk beetle (Diorhabda spp.). In these taxonomically-distinct systems, the common 

management goal is essentially to allow or provide beneficial genetic variation for adaptation to novel 

selective forces while limiting the potentially adverse effects of fixation and introgression. By 

spanning the tree of life and the unique circumstances of these systems, we can better identify 

strategies informative to systems of management concern.  

Tasmanian devils (Sarcophilus harrisii) are evolving in response to a unique transmissible cancer, 

devil facial tumor disease (DFTD), first described in 1996. Persistence of wild populations and the 

recent emergence of a second independently evolved transmissible cancer suggest that transmissible 

cancers may be a recurrent feature in devils. In Chapter 1, I use range-wide RAD capture data and 

publicly available marsupial genomes to compare signatures of selection across temporal scales. I test 

the hypothesis that genes or gene pathways under contemporary selection have also been subject to 

historical selection. I documented genome-wide contemporary and historical selection, but limited 

evidence of recurrent selection, with no functional enrichment shared among gene sets. My results are 

consistent with a novel, polygenic evolutionary response of devils to DFTD and can inform 

management actions to conserve adaptive capacity of devils by identifying high priority targets for 

genetic monitoring and maintenance of functional diversity. 

In Chapter 2, I examine the genome-wide outcomes of introduction, spread, and gene flow in the 

four cryptic species of the tamarisk beetle (D. carinata, D. carinulata, D. elongata, and D. 

sublineata), introduced to control invasive tamarisk (Tamarix spp.) in North America. I assembled a 

de novo draft reference genome of D. carinulata and used reference-based RADseq to characterize 

the genetic variation associated with establishment, spread, and gene flow.  I found differential 

establishment and spread among the six released populations. Despite evidence of a substantial 

genetic bottleneck among collections of D. carinulata in North America and low levels of genetic 

diversity, populations continue to establish and spread, with one ecotype dominating the southward 

expansion front. I confirmed that Diorhabda hybridizes widely in the introduced range. Genetic 

diversity was greater in populations with hybrids, highlighting potential for increased adaptive 

capacity. These results provide a snapshot of 
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introduced Diorhabda populations and lay the foundation for further application of genomics to 

understand contemporary eco-evolution in classical biological control programs. 

In Chapter 3, I present high-quality assemblies of all four Diorhabda species using iterative, third-

generation sequencing technologies, in collaboration with the United States Dep. Agriculture, 

Agricultural Research Service Ag100 Pest Initiative. I annotate these nearly chromosome-level 

assemblies with population genetic data to validate sex chromosome identification, compare the 

arrangement of single-copy orthologs, and characterize repeat content among the introduced 

biocontrol species. These resources dramatically improve our ability to identify mechanisms of rapid 

evolution in reproductive barriers, adaptation to novel environments, and physiological responses to 

plant hosts. 
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Chapter 1: Contemporary and historical selection in Tasmanian devils 

(Sarcophilus harrisii) support novel, polygenic response to transmissible 

cancer 
 

Forthcoming in Proceedings of the Royal Society B 

 

Abstract 

Tasmanian devils (Sarcophilus harrisii) are evolving in response to a unique transmissible cancer, 

devil facial tumour disease (DFTD), first described in 1996. Persistence of wild populations and the 

recent emergence of a second independently evolved transmissible cancer suggest that transmissible 

cancers may be a recurrent feature in devils. Here we compared signatures of selection across 

temporal scales to determine whether genes or gene pathways under contemporary selection (6-8 

generations) have also been subject to historical selection (65-85 million years), and test for recurrent 

selection in devils. First, we used a targeted sequencing approach, RAD-capture, to identify genomic 

regions subject to rapid evolution in approximately 2,500 devils in six populations as DFTD spread 

across the species range. We documented genome-wide contemporary evolution, including 186 

candidate genes related to cell cycling and immune response. Then we used a molecular evolution 

approach to identify historical positive selection in devils compared to other marsupials and found 

evidence of selection in 1,773 genes. However, we found limited overlap across time scales, with 

historical selection detected in only 16 contemporary candidate genes, and no overlap in enriched 

functional gene sets. Our results are consistent with a novel, multi-locus evolutionary response of 

devils to DFTD. Our results can inform management actions to conserve adaptive potential of devils 

by identifying high priority targets for genetic monitoring and maintenance of functional diversity in 

managed populations. 

Introduction 

Species are subject to selection by pathogens throughout their evolutionary history, shaping lineage 

diversification and leading to complex cellular and molecular defensive mechanisms (Barreiro and 

Quintana-Murci 2010). Still, emerging infectious diseases (EIDs) can cause mass mortality and, given 

sufficient reproduction and genetic variation, initiate rapid adaptive evolution in a naïve host 

population (Epstein et al. 2016). Although the prevalence and severity of EIDs in wildlife populations 

is now well-recognized (De Castro and Bolker 2005; Smith et al. 2006; Jones et al. 2008; Lafferty 
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2009), we are just beginning to understand the evolutionary impacts of disease in wildlife. We have a 

relatively short recorded history of infectious disease in wildlife, and therefore a limited ability to 

predict outcomes or intervene when warranted (McCallum and Dobson 1995; Storfer et al. 2020).   

High-throughput DNA-sequencing techniques and high-quality annotated reference genomes have 

revolutionized our ability to monitor and identify mechanisms of evolutionary responses to pathogens 

(McKnight et al. 2017; Brandies et al. 2019; Storfer et al. 2020). Inter-specific comparisons of non-

synonymous and synonymous variation (dN/dS) within protein-coding regions have long been used to 

identify positive selection at immune-related loci (Li 1993; Yang 1998; Shultz and Sackton 2019). At 

the population level, rapid evolution in response to disease can be detected by tracking changes in 

allele frequency before, during, and after the outbreak of disease (Mathieson and McVean 2013; 

Gompert 2016). Intra-specific comparisons across populations can reveal to what extent the 

evolutionary response to disease is constrained by limited genetic mechanisms or variation for 

adaptation (Yeaman et al. 2018). Reduced representation techniques such as restriction-site associated 

DNA-sequencing (RADseq) (Baird et al. 2008) have made the acquisition of genome-wide, time-

series genetic data more accessible in non-model systems (Andrews et al. 2016). By integrating these 

resources and tests of selection at differing temporal scales, we can assess whether species that show 

rapid evolution in response to contemporary pathogens also show evidence of historical selection to 

similar pathogens. 

A striking example of an EID acting as an extreme selective force in wildlife is devil facial tumour 

disease (DFTD), a transmissible cancer first described in 1996 afflicting wild Tasmanian devils 

(Sarcophilus harrisii) (Hawkins et al. 2006). Tasmanian devils are the largest extant carnivorous 

marsupial, with contemporary wild populations restricted to the Australian island of Tasmania. As a 

transmissible cancer, DFTD tumour cells are transmitted between hosts, behaving as a pathogen 

(Pearse and Swift 2006). Transmission typically occurs as devils bite each other during the mating 

season after devils have reached sexual maturity (Hamede et al. 2008; Hamilton et al. 2019). With 

few notable exceptions documenting regression (Pye et al. 2016a), DFTD tumors escape recognition, 

become malignant, and can kill their hosts within six months (Siddle et al. 2013). Starting from a 

single Schwann cell origin (Murchison et al. 2010), DFTD has now swept across nearly the entire 

species range (Fig. 1.1A). Devil populations have declined species-wide ~80% (Lazenby et al. 2018) 

with local declines in excess of 90% (McCallum et al. 2009). Nonetheless, population genomic 

studies have shown that devils are rapidly evolving in response to DFTD (Epstein et al. 2016; Hubert 

et al. 2018; Fraik et al. 2020), and DFTD has been spontaneously cleared (i.e., regressed) in some 

individuals (Pye et al. 2016a). Long-term field studies and simulation modelling have predicted that 
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cyclical co-existence or DFTD extirpation are more likely scenarios than devil extinction (Wells et al. 

2019). This is particularly alarming because devils have notoriously low genome-wide diversity, 

attributed to climate- and anthropogenic-induced bottlenecks (Brüniche-Olsen et al. 2014; Brüniche–

Olsen et al. 2018; Patton et al. 2019).  Depleted genetic diversity at immune-related loci has likely 

further contributed to DFTD vulnerability (Siddle et al. 2007).   

Despite transmissible cancers being exceedingly rare across animals, a second independent 

transmissible cancer in devils, DFT2, was described in 2014 (Pye et al. 2016b; James et al. 2019). 

Comparative and functional analyses of DFTD and DFT2 showed similar drivers of cancerous 

mutations and tissue type of origin (Stammnitz et al. 2018). Low genetic diversity, chromosomal 

fragility (Deakin et al. 2012), a reportedly high incidence of non-transmissible neoplasms (Peck et al. 

2019), and injury-prone biting behaviour (Hamede et al. 2013) may contribute to a predisposition to 

transmissible cancers in devils (Patchett et al. 2020). These findings suggest that transmissible 

cancers may be a recurring selective force in the Tasmanian devil lineage. If so, this leads to the 

hypothesis that the genes and genetic pathways associated with the ongoing evolutionary response to 

DFTD may have experienced recurrent historical selection in the devil lineage from previous 

transmissible cancers. 

Because of the threat of DFTD and DFT2 to devil populations, there are ongoing conservation efforts, 

including the establishment of a captive devil insurance meta-population. The insurance population is 

managed to maintain genome-wide genetic diversity and serve as a source for re-introductions in an 

effort to increase genetic diversity and size of wild populations (Hogg et al. 2017). To inform 

conservation efforts, it is important to understand what types of genetic variation in natural 

populations may allow for evolutionary rescue from disease and maintain adaptive potential for future 

threats (Hohenlohe et al. 2019). Given evidence for rapid evolution in response to DFTD, monitoring 

of genetic variation at candidate adaptive loci could help evaluate adaptive potential of wild 

populations (Hohenlohe et al. 2019; Wright et al. 2020). In heavily managed (e.g. captive) 

populations, loci associated with an adaptive response to disease could be included in genotyping 

panels for maintaining genetic diversity (Grueber et al. 2019). 

Here we identify targets of selection and signatures of adaptation at both contemporary (6-8 

generations) and historical (65-85 million years) scales in Tasmanian devils. First we test for evidence 

of contemporary genomic response to selection by genotyping thousands of individuals sampled at 

several time points across six populations, using RAD-capture (Ali et al. 2016) to target nearly 16,000 

loci (Margres et al. 2018a). Next we identify signatures of historical selection in the devil lineage by 

comparing across marsupial species with annotated genomic sequence data. Then, we test for 
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evidence of recurrent selection by examining shared contemporary and historical signatures of 

selection, in terms of either specific loci, genes or functional genetic pathways.  

If transmissible cancer is a novel selective force acting on Tasmanian devils, we expect that genes 

under contemporary selection by DFTD will be different from those with a signature of historical 

positive selection. Alternatively, if transmissible cancer is a recurrent selective force in the devil 

lineage that targets the same set of genes repeatedly, we may expect a conserved response among 

populations and an overrepresentation of the same genes or pathways under both contemporary and 

historical selection. However, if there are multiple genetic pathways that could be involved in a 

response to recurrent transmissible cancers, we may expect a polygenic response across contemporary 

populations and little overlap between contemporary and historical timescales. These alternatives can 

inform conservation efforts to manage genetic diversity for resilience in natural devil populations, and 

any genes or functional pathways that show both contemporary and historical selection may be 

relevant to cancer resistance more broadly. 

Methods and Materials 

Contemporary Selection 

We used the RAD-capture method (combining RADseq and sequence capture) (Ali et al. 2016) to 

conduct targeted genotyping of single-nucleotide polymorphisms (SNPs) across 2,562 unique 

individuals from multiple Tasmanian devil populations, sampled both before and after DFTD 

appeared in each population (Fig. 1.1A, Table 1.1, Table A.1) (Hamede et al. 2015; Fraik et al. 2020). 

We constructed RAD-capture libraries following Ali et al (2016), using the restriction enzyme PstI 

and a capture array targeting 15,898 RAD loci selected for membership in one of three functional 

categories: 1) those showing signatures of DFTD-related selection from previous work (Epstein et al. 

2016), 2) loci close to genes with known cancer or immune function, and 3) loci widely distributed 

across the genome (See Margres et al. 2018a for more details on the devopment of this array.; Fraik et 

al. 2020). See Appendix A for multiplexing, read processing, and SNP genotyping details.  

To account for the expected high rates of genetic drift within populations, we used a composite 

statistic to compare signatures of selection across populations. We identified candidate SNPs as the 

top 1% of a de-correlated composite of multiple signals score (DCMS) (Ma et al. 2015), which 

combined the results of three analyses: change in allele frequency in each population after DFTD 

('af), and two methods that estimate strength of selection from allele frequencies at multiple time 

points in multiple populations, the method of Mathieson & McVean (Mathieson and McVean 2013) 

(mm), which allows the estimated selection coefficient to vary over space; and spatpg (Gompert 

2016), which allows the selection coefficient to vary over time and space. Individuals were assigned 
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to generational-cohorts based on their estimated years of birth (Table A.1). We estimated 'af for five 

locations at which we had sampling both before and after DFTD was prevalent, according to DNA 

collection date and estimated date of birth, combining multiple cohorts when applicable (Table 1.1; 

Table A.1). Both time-series methods (mm and spatpg) incorporate estimates of effective population 

size, which ranged from 26-37 according to a two-sample temporal method (Jorde and Ryman 2007; 

Do et al. 2014) (Table A.3). DCMS reduces the signal-to-noise ratio by combining p-values from 

different tests at each SNP while accounting for genome-wide correlation among statistics. We 

included SNPs with results from at least eleven of the twelve individual tests ('af for five 

populations, mm for all six populations, and spatpg) and weighted based on the statistics with results 

at that SNP. To characterize the role of standing genetic variation in rapid evolution (Kelly and 

Hughes 2019), we visualized the initial allele frequencies of each population for each analysis of 

contemporary evolution (Figs. A.2, A.9). We evaluated repeatability among populations by 

comparing population-specific p-values of 'af and mm with the R package dgconstraint for a 

similarity index called the C-score, where 0 indicates no similarity between populations (Yeaman et 

al. 2018). See Appendix A for details of each analysis. 

Historical Selection 

We combined existing genomic resources for the South American grey-tailed opossum (Monodelphis 

domestica) (Mikkelsen et al. 2007) and tammar wallaby (Notamacropus eugenii) (Renfree et al. 2011) 

from the Ensembl database (Aken et al. 2016) and the recently published transcriptome assembly of 

the koala (Phascolarctos cinereus) (Johnson et al. 2018) to identify genome-wide signatures of 

positive selection in devils, relative to these other species using the branch-site test of PAML 

(Phylogenetic Analysis by Maximum Likelihood) (Yang 1997, 2007). We compiled alignments of 

orthologous genes and reduced the marsupial time-calibrated phylogeny of Mitchell et al. (Mitchell et 

al. 2014) to those species for which annotated full genomes are available (Fig. 1B). The branch-site 

test compares likelihood scores for two models which estimate dN/dS among site classes of a multi-

sequence alignment, allowing dN/dS to exceed 1 (positive selection) in a proportion of sites along a 

single branch in the alternative model. We reduced the potential for false positives by filtering any 

putative orthologs with extreme sequence divergence (S > 2), measured as the sum of synonymous 

mutations per gene (S), and ensuring alignments of nucleotides were longer than 100 bp (Anisimova 

et al. 2001; Bielawski and Yang 2005). We identified historical candidates with the likelihood-ratio 

test, comparing the likelihoods of the alternative and neutral models with one degree of freedom and 

an α = 0.05. Historical candidates were those with estimates of dN/dS > 1 along the devil branch and 
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FDR > 0.05 after correcting for multiple testing (Shaffer 1995). See Appendix A for details regarding 

orthology identification and PAML implementation.  

Recurrent Selection 

We refer to genes under both contemporary and historical selection as candidates for recurrent 

selection. To test whether genes under contemporary selection differed from genes under historical 

selection, we first tested for significant overlap with Fisher’s one-tailed test. To test for differences in 

the strength of selection, we compared the distributions of dN/dS and the proportion of sites per gene 

found under positive selection among candidates for recurrent selection to all other historical 

candidates from the genome-wide background using nonparametric tests of equality, the 

Kolmogorov-Smirnov test (Massey Jr 1951), which is more sensitive to the centre of the distributions, 

and the Anderson-Darling test (Scholz and Stephens 1987), which is more sensitive to extreme values 

of the distribution and often has more power. To identify and compare key mechanisms of adaptation 

among candidate genes from each set, we used gene ontology (GO) term enrichment analysis using 

the SNP2GO package (Szkiba et al. 2014), the PANTHER web-interface (Mi et al. 2018), and in gene 

sets of the molecular signatures database (MsigDB), using the subset of genes tested for each test as 

the respective background set (Subramanian et al. 2005). We capitalized on the wealth of ongoing 

research in devils and DFTD by comparing our contemporary and historical candidates to those 

previously identified using different datasets and analytical approaches (Epstein et al. 2016; Wright et 

al. 2017; Hubert et al. 2018; Margres et al. 2018a; Fraik et al. 2020). See Appendix A for details of 

these comparisons.  

Results 

Genomic Data 

To test for contemporary selection, we sampled a total of 2,562 individuals across six localities of 

Tasmania before and after DFTD prevalence (Table 1.1; Table A.1; Fig. 1.1A), with a RAD-capture 

array (Margres et al. 2018a). After filtering, we mapped a total of 517.7 million reads against targeted 

loci. The mean final coverage of targeted loci was 14.8x, with 76.6% of all samples having coverage 

of at least 5x (Fig. A.1). After filtering, we retained 14,585 – 22,878 SNPs for downstream analysis, 

depending on the sampled time point and population. 

Evidence for contemporary selection 

Among each elementary test for selection signatures, 161 – 232 SNPs (depending on population) 

were in the top 1% of allele shifts following disease ('af), 209 – 217 were in the top 1% of mm 

scores, and 213 were in the top 1% of spatpg scores (Table A.4, Figs. A.7-8). Across populations and 

elementary tests for contemporary selection ('af, mm, spatpg), p-values were not correlated 
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(Pearson’s r < 0.155 for all tests; Fig. A.10). The computed repeatability indexes for population-

specific responses 'af and mm were C'af = 4.86 (p=1e-04) and Cmm= 3.72  (p = 1e-04), which implies 

a low, but significant level of repeatability (Yeaman et al. 2018). In the top 1% of DCMS scores (≥ 

1.167), we identified 144 candidate SNPs for contemporary selection by DFTD; of these, 79 had 

annotated genes (186 total) within 100 kb (Fig. 2.2; Table A.5). The initial frequencies for candidate 

SNPs were not skewed toward intermediate frequencies (Fig. A.9).   

Comparing our contemporary candidates and those previously identified in devils with selection and 

genome-wide association analyses (Wright et al. 2017; Hubert et al. 2018; Margres et al. 2018a; Fraik 

et al. 2020), we found many overlapping genes (discussed below). Notably, we found significant 

enrichment of candidates previously associated with DFTD-related phenotypes in females (14 genes, 

p = 4.2e-08, Odds ratio=7.3) (Margres et al. 2018a). Gene ontology enrichment analysis found middle 

ear morphogenesis (GO:0042474) significantly enriched among contemporary candidate SNPs (FDR 

< 0.05). Five candidate SNPs were within the 100 kb window of two genes associated with this term: 

EYA1 and PRKRA. Both EYA1 and PRKRA are involved in cell proliferation and migration and 

implicated in tumour suppression and angiogenesis (Meurs et al. 1993; Wu et al. 2013; Cai et al. 

2018).  

Evidence for historical selection 

Of the 18,788 genes annotated in the devil reference genome, 6,193 had 1-to-1 orthologs in at least 

three of the four marsupial genomes and an appropriate sequence divergence (S<2). Using the branch-

site test for positive selection in PAML, we found a total of 1,773 genes to be candidates for historical 

positive selection (Table A.6). Estimates of dN/dS spanned the full range of possible values, from 

1.05 – 999 and proportion of sites with substitutions per gene ranged from 0.01 – 0.78 (Fig. 1.3). The 

majority of genes were classified as having a molecular function of binding (GO:0005488) or 

catalytic activity (GO:0003824); a plurality involved in cellular processes (GO:0009987) or 

biological regulation (GO:0065007); and a plurality as participating in the Wnt signalling pathway 

(P00057). None of these pathway classifications were significantly enriched. 

Recurrent selection 

Of the 186 contemporary candidate genes, 68 had 1-to-1 orthologs among the four marsupials and 

were tested for historical selection. Sixteen genes showed evidence of historical selection and are thus 

candidates for recurrent selection (dN/dS > 1, FDR < 0.05; Table A.6). Contemporary candidates 

were not enriched for historical selection according to Fisher’s test (Odds ratio = 0.0, p = 1). Among 

the 16 recurrent candidates, dN/dS estimates spanned 15.7 – 999 and proportion of sites per gene 0.01 

– 0.25 (Fig. 1.3). According to the Anderson-Darling and Kolmogorov-Smirnov tests of equality, 
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neither distributions of dN/dS estimates (Fig. 1.3A; A.D. p = 0.86; K.S. p = 0.58), nor proportion of 

sites (Fig. 1.3B; A.D. p = 0.49; K.S. p = 0.48) differed between candidates for recurrent selection (in 

black) and historical candidates (in red). 

After correcting gene set enrichment for multiple testing (FDR < 0.05) and requiring at least 10 genes 

in the background set, we did not find functional enrichment of any MSigDB gene sets among 

recurrent candidates or shared between both contemporary and historical sets. Importantly, the 

permutation test of shared gene sets found fewer shared between historical and contemporary 

selection than expected by chance (p < 0.001, Fig. A.11). 

Discussion 

Contemporary Responses to DFTD 

Using a targeted set of nearly 16,000 loci, we detected widespread evidence of a response to selection 

by DFTD across the Tasmanian devil genome. Our results extend previous work that has shown 

genomic evidence of a response to DFTD in wild populations (Brüniche-Olsen et al. 2016; Epstein et 

al. 2016; Hubert et al. 2018; Fraik et al. 2020). Here we greatly increased the sample size of 

individuals and genetically independent populations for greater power, resulting in strong evidence of 

a response to selection widely distributed across the genome. We found greater similarity across 

populations within analytical approaches than among methods within populations and relatively low, 

but significant repeatability across populations. This result is consistent with rapid, polygenic 

evolution facilitated by selection for standing variation within populations that was present prior to 

disease arrival. This timescale (3 - 8 generations) would likely be too short for new mutations or 

migration to play a substantial role in DFTD response, and genetic variation is shared across the 

species range, despite geographic population structure (Hendricks et al. 2017; Fraik et al. 2020). 

In line with previous population genomic studies (Epstein et al. 2016; Wright et al. 2017; Hubert et al. 

2018; Margres et al. 2018a; Fraik et al. 2020), our analysis of contemporary evolution detected a 

putatively adaptive response related to the immune system, cell adhesion, and cell-cycle regulation 

(Table A.5). Our GO enrichment result for middle ear development (GO:0042474) among 

contemporary candidates may highlight selection for interactions with the peripheral nervous system 

and cell proliferation. Genes annotated with nervous system associations may indicate selection for 

behavioural changes (Hubert et al. 2018), or highlight importance and vulnerability of peripheral 

nerve repair by Schwann cells in devils, given the prevalence of biting and Schwann cell origin of 

DFT (Patchett et al. 2020). Significant overlap for genes associated with devil infection status (case-

control), age, and survival (Margres et al. 2018a) among our contemporary candidates is a strong 

indicator that these contemporary candidates likely confer relevant phenotypic change. We also 
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confirmed five (CRBN, ENSSHAG00000007088, THY1, USP2, C1QTNF5) of seven candidates 

identified previously (Epstein et al. 2016) in a genome scan for loci under selection from DFTD in 

three of the same populations (Freycinet, Narawntapu, and West Pencil Pine). In contrast, we 

identified those five and only two more (TRNT1 and FSHB) of 148 candidates from a re-analysis of 

that same dataset which studied population-specific responses (Hubert et al. 2018). 

Among genes that have been associated with host variation responsible for tumour regression on 

devils (Wright et al. 2017; Margres et al. 2018b), we found only JAKMIP3, a Janus kinase and 

microtubule binding protein  (Margres et al. 2018b),  in our list of contemporary candidates. 

However, we found devil regression candidates TL11, NGFR, and PAX3, which encodes a 

transcription factor associated with angiogenesis (Fang et al. 2014); as well as GAD2, MYO3A, and 

unannotated ENSSHAG00000009195 (Margres et al. 2018b), among population-specific candidates 

for allele frequency change ('af), possibly reflecting differences in test sensitivities. Overall, the 

paucity of candidates shared between our contemporary analysis and regression studies suggests that 

regression may not be the dominant form of phenotypic response to DFTD; to date tumour regression 

has only been detected in a few populations (Margres et al. 2018b) not represented in our study.  

Historical selection in the devil lineage   

With our genome-wide molecular evolution approach (Yang 2007), we found widespread historical 

positive selection across the devil genome in about 28% of all 6,249 orthologs tested (Table A.6). The 

branch-site test is known to be less conservative than related models, particularly when divergence 

among species is large (Zhang 2004), but the rates of historical selection we found in devils are 

similar to those described in other taxa; e.g. 23% of genome-wide orthologs among 39 avian species 

using a similar approach (Shultz and Sackton 2019).  

We did not find preferential positive selection for immunity-related genes, as has been shown in 

primates (Barreiro and Quintana-Murci 2010), eutherian mammals more generally (Kosiol et al. 

2008), and birds (Shultz and Sackton 2019). Instead, we found the highest proportion of pathways 

under historical selection to be functionally classified within the Wnt pathway, a signalling cascade 

regulating cell adhesion and implicated in carcinogenesis (Nelson and Nusse 2004). As genomic 

resources grow and improve in marsupials (Brandies et al. 2019), interspecific analyses for positive 

selection at finer scales may reveal more recent and specific selection targets in Tasmanian devils. 

Our ability to detect historical selection due to transmissible cancer in devils could be improved by 

genome assembly efforts among more closely related Dasyuridae, as well as complementary 

annotation.  
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Comparing Contemporary and Historical Timescales 

Remarkably few transmissible cancers have been discovered in nature (Metzger et al. 2015; Strakova 

and Murchison 2015), and yet two of those independent clonally-transmitted cancers have been 

discovered in Tasmanian devils in less than 20 years. This and the observed rapid evolutionary 

response to disease suggest that transmissible cancers may be a recurrent event in devils. We found 

no significant overlap of historical and contemporary selection at either individual genes or functional 

gene sets. This does not rule out the possibility of prior transmissible cancers in devils; but it suggests 

that if transmissible cancers have been a recurrent feature of devil evolution prior to DFTD, they did 

not generally impose selection on the same set of genes or genetic pathways that show a 

contemporary response to DFTD. Nonetheless, the 16 candidate genes showing both historical and 

contemporary evidence for selection (Table A.7) raise interesting targets for understanding adaptively 

important variation in devils.  

The 16 candidate genes for recurrent selection (Table A.7) are generally related to three main themes: 

transcription regulation, the nervous system, and the centrosome. Four of these candidates for 

recurrent selection were previously associated with disease-related phenotypes (Margres et al. 2018a). 

We additionally found 82 historical candidates previously identified in the top 1% of SNPs associated 

with disease-related phenotypes with three represented in the top 0.1% associated with large-effect 

sizes for female case-control and survival (Margres et al. 2018a). This overlap lends support to the 

hypothesis of recurrent selection by transmissible cancers, but was not significant (p = 1, odds ratio= 

0). Both our contemporary selection analysis and the genome-wide association study (GWAS) 

approach used by Margres and colleagues (Margres et al. 2018a) are statistically limited by small 

populations, sample size, and the time scale over which DFTD-related selection has occurred. By 

considering the complement of these results together, the overlapping historical, GWAS, and 

contemporary candidates may still be targets of recurrent selection along similar functional axes, 

potentially including transmissible cancer.  

The low prevalence of candidates for recurrent selection and lack of shared functional gene set 

enrichment between both contemporary and historical signatures of selection suggest a novel 

response to DFTD compared to historic selection in the devil lineage. However, there are alternative 

hypotheses. For example, there could be redundancy in genetic mechanisms underlying resistance to 

transmissible cancers, potentially as a result of repeated selection for resistance, allowing selection to 

act across many loci (Casanova and Abel). That is, the low genetic diversity observed in devils could 

be the result of widespread historical purifying selection resulting from transmissible cancers or other 

diseases (Guiler 1992), or historical bottlenecks due to climate change and habitat loss (Brüniche-
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Olsen et al. 2014; Brüniche–Olsen et al. 2018; Patton et al. 2019), that prevent a response to selection 

under DFTD at loci that are still associated with disease phenotypes.  

The widespread contemporary evolution we found in devils reflects the recent prediction (Miller and 

Metcalf 2019) that response to an emergent disease is most likely controlled by many genes 

conferring quantitative resistance (Gandon and Michalakis 2000), for example by reducing the 

within-host growth rate of tumors. DFTD is predicted to become less virulent in the short-term (Wells 

et al. 2019; Patton et al. 2020). If DFTD persists long-term in the devil population with ongoing 

coevolution, it may lead to diversifying selection for specific, qualitative host resistance mechanisms 

(Miller and Metcalf 2019). Indeed, phylodynamic analysis of DFTD as it spread across Tasmania 

supports the hypothesis that devils may be mounting a response; transmission rates have decayed 

such that DFTD appears to be shifting from emergence to endemism (Patton et al. 2020). Although 

host-genomic variation was not jointly considered in that study, the combined evidence of multiple 

studies demonstrating rapid evolutionary response of devils to DFTD, including this one, support 

these interpretations.  

Conservation Implications 

Calls have been made to consider the historical context of adaptation when proposing conservation 

management solutions based on genomic results (Kardos and Shafer 2018). Our analysis of historical 

selection largely supports the hypothesis that DFTD is a newly emerging and novel selective force, 

distinctly shaping today’s remaining wild devils. The targets of novel selection that we identified 

(Fig. 1.2, Supp Table A.4) and their functional roles should be considered for prioritization of 

monitoring and conservation in light of DFTD. At the same time, the wide distribution of 

contemporary candidates across the genome also highlights the importance of standing genetic 

variation to continue to respond to unique selective forces, including local environmental factors 

(Fraik et al. 2020). Genomic monitoring could be useful for maintaining both functional diversity at 

candidate loci and genome-wide variation in captive populations (Wright et al. 2015; Grueber et al. 

2019; McLennan et al. 2020) and in the wild. Multiple genomic tools are available for targeted 

monitoring of large sets of loci (e.g. Campbell et al. 2015; von Thaden et al. 2020) and could be used 

to track adaptive evolution and potential in the form of genetic diversity (Hohenlohe et al. 2019). 

However, before management decisions are made for specific genes, further work would need to 

identify favoured alleles and fitness effects for the genes we identified (Table A.5) .   

 

DFTD has yet to reach devils in the far west (Fig. 1.1A) and continues to circulate throughout the 

island. To maintain long-term adaptive capacity in the face of similar recurrent selective forces 
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including DFT2 and potential future transmissible cancers, our results warrant (1) the monitoring of 

genetic variation in broad functional groups and (2) management strategies to maintain genetic 

diversity across those broad groups. Although these populations were not subject to DFT2 at the time 

of writing, an important and interesting future direction should examine the evolutionary response to 

DFT2 and could compare loci under selection by the two independent transmissible cancers. This 

study could provide a list of candidate loci for development of a genotyping panel for either purpose, 

with flexibility to target many or fewer loci. At the same time, given urgent and unpredictable 

present-day threats including not just emerging diseases but environmental change and population 

fragmentation, it is important that monitoring and population management also focus on maintaining 

genetic variation across the genome. 

Conclusion 

Our results suggest that the contemporary evolutionary response to DFTD is mostly novel compared 

to the genome-wide signature of historical selection. Comparing the degree of overlap and 

distributions among contemporary and historical candidates did not support recurrent selection on a 

common set of genes in response to transmissible cancer. Our work contributes to mounting evidence 

of possible mechanisms by which devil populations are persisting and rapidly evolving in the face of 

DFTD despite overall low genetic diversity and population bottlenecks (Brüniche-Olsen et al. 2016; 

Epstein et al. 2016; Pye et al. 2016a; Margres et al. 2018a; Margres et al. 2020). Broadly, this type of 

approach can be applied to analyses of novel threats in wildlife populations in the current era of 

anthropogenic global change to guide monitoring and management actions focused on genetic 

adaptive potential. 
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Table 1.1 Number of adults sampled before and after the year of first detection of DFTD at each site. See Table 
A.1 for sample size for each year at each locality. 

Location 

Year of First 

Detection 

Samples 

Before 

Samples 

After Total 

wukalina/Mt. William 1996 0 155 155 

Freycinet 2001 300 382 682 

Forestier 2004 131 552 683 

Fentonbury 2005 99 169 268 

West Pencil Pine 2006 52 348 400 

Narawntapu 2007 224 150 374 

Total  806 1756 2562 
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Figure 1.1 Map of the six contemporary sampling locations relative to disease prevalence over time (red lines) 
with the year of first detection labelled at each site. B) Reduced,  unrooted time-calibrated phylogeny (Mitchell 
et al. 2014) of marsupials used to estimate genome-wide historical selection on the devil lineage with estimated 
divergence times (Ma) indicted along edges. Devil cartoon by David Hamilton. Wallaby, koala, and opossum 
digital images retrieved from http://www.shutterstock.com/amplicon. From top to bottom: The tammar wallaby 
(Notamacropus eugenii), koala (Phascolarctos cinereus), Tasmanian devil (Sarcophilus harrisii), and South 
American grey-tailed opossum (Monodelphis domestica). 
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Figure 1.2 Results of each elementary test of contemporary selection across populations and the composite 
scores for final candidate (filled points) and noncandidate (opaque grey points) SNPs, ordered by chromosome 
and colored by population when applicable. From top to bottom: Change in allele frequency (𝛥af), Mathieson 
and McVean (mm) (Mathieson and McVean 2013), spatpg (Gompert 2016), de-correlated composite of multiple 
signals (DCMS) (Ma et al. 2015). 
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Figure 1.3 A) Estimates of dN/dS and B) the proportion of sites under positive selection (Yang 2007) for 
historical candidates across the genome-wide background (red; N=1,982) and candidates for recurrent selection 
(genes with significant results for both historical and contemporary selection; black). Each point represents the 
respective result for a single gene. C) Distribution of -log(FDR) for historical selection across all 6,193 genes 
tested (gray squares, non-significant at both scales; black squares, significant contemporary and non-significant 
historical; red circles, non-significant contemporary and significant historical; black circles, significant at both 
scales). 
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Chapter 2: Hybridization and range expansion in tamarisk beetles 

(Diorhabda spp.) introduced to North America for classical biological 

control 
 

Abstract 

As planned invasions, classical biological control (biocontrol) agents present important opportunities 

to understand the mechanisms of establishment and spread in a novel environment. In some 

biocontrol systems, multiple source populations (ecotypes) or congeneric species are released to 

increase the chance of ecological matching across diverse habitats. The ability of these biocontrol 

agents to spread and adapt, and their effects on local ecosystems, depends on genomic variation and 

the consequences of admixture in the novel environment. Here we examine the genome-wide 

outcomes of introduction, spread, and hybridization in four cryptic species of a biocontrol agent, the 

tamarisk beetle (Diorhabda carinata, D. carinulata, D. elongata, and D. sublineata), introduced from 

six localities across Eurasia to control the invasive shrub tamarisk (Tamarix spp.) in western North 

America. We assembled a de novo draft genome and applied RADseq to over 500 individuals from 

laboratory cultures, the native ranges, and across the introduced range.  Despite evidence of a 

substantial genetic bottleneck among samples of D. carinulata in North America and low levels of 

genetic diversity, populations continue to establish and spread, with one D. carinulata ecotype 

dominating the southward expansion front. We confirmed that D. carinata, D. elongata, and D. 

sublineata hybridize in the field to varying extents, with D. carinata x D. sublineata hybrids being 

the most abundant. Genetic diversity was greater at sites with hybrids, highlighting potential for 

increased ability of hybridized populations to adapt and expand. Our results demonstrate the complex 

patterns of genomic variation that can result from introduction of multiple ecotypes or species for 

biocontrol, and the importance of understanding them to predict and manage the effects of biocontrol 

agents in novel ecosystems. 

   

Introduction 

Human-mediated translocations and climate change have reshaped range limits and previous barriers 

to gene flow on a global scale (Capinha et al. 2015). Understanding the genomic consequences of 

translocations and admixture between introduced populations is key to both preventing the spread of 

invasive species and to improving the conservation of threatened species (Roderick and Navajas 

2003; Fauvergue et al. 2012; McFarlane and Pemberton 2019). However, the spontaneous nature of 



18 
 

accidental introductions makes it difficult to study the outcomes and consequences of eco-

evolutionary processes occurring in these systems, since, among other factors, the introduction history 

and founding population sizes are unknown. Classical biological control programs (hereafter, 

biocontrol) are essentially planned, intentional invasions. In a typical biocontrol program, highly host-

specific natural enemies (agents) are collected in their native range and introduced into a novel 

environment to control invasive pests (targets) (McFadyen 1998). Biocontrol systems thus provide an 

unmatched opportunity to study invasions from a genomic perspective because, compared to their 

respective target invasive species, biocontrol agents were introduced relatively recently and almost 

always intentionally, with known source location, introduction localities, and sometimes known 

introduction population sizes (Marsico et al. 2010). Despite the opportunity biocontrol agents 

represent, genomic tools have rarely been used to identify and characterize the consequences of 

founder effects or evolutionary mechanisms contributing to establishment, persistence, range 

expansion, or rapid evolution in classical biocontrol agents of invasive species (Hopper et al. 2019; 

Szűcs et al. 2019; Leung et al. 2020; Muller-Scharer et al. 2020; Sethuraman et al. 2020).  

Biocontrol scientists have, on several occasions, released several individuals from different locations 

in the native range, with either known, or inferred, differences in phenotypes. These different 

populations are referred to as “ecotypes”. Different ecotypes are often released in the hope that some 

will better match the novel environment (Frick 1970; Room et al. 1981; DeBach and Rosen 1991; 

Smith et al. 2018). While this practice may increase the chance of ecological matching across a 

diverse range of target habitat, it also opens the door for novel phenotypes to arise upon hybridization 

of different ecotypes. Admixture among different populations, and, at an extreme, hybridization 

between different species, may present the genetic novelty and diversity necessary to overcome the 

bottleneck imposed by introduction and adapt, but at the risk of yielding undesirable traits or 

decreases in fitness (Kolbe et al. 2004; Fauvergue et al. 2012; Rius and Darling 2014; Lommen et al. 

2017). The outcomes of multiple agent releases have been understudied, while the consequences of 

hybridization and admixture among divergent biocontrol agents are even less well understood (but see 

Szűcs et al. 2011; Szucs et al. 2012; Szűcs et al. 2012; Szűcs et al. 2021).  Biocontrol efforts could be 

enhanced if hybridization resulted in increased genetic diversity, providing the raw material for the 

regional evolution of more efficacious ecotypes, or increased fitness in populations with higher 

genetic diversity (Tracy and Robbins 2009; Szucs et al. 2012; Szűcs et al. 2012; Bean et al. 2013; 

Bitume et al. 2017; Szűcs et al. 2021). If hybridization resulted in forms with less host specificity than 

seen in parental forms, for example, biocontrol safety could be compromised; though there have been 

no documented cases of evolution in fundamental host range (the range of host species that the agent 

on which the agent can complete development) (Van Klinken and Edwards 2002). Given the potential 
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consequences, post-release monitoring of biocontrol programs involving the release of different 

populations or species is necessary (Hufbauer 2008; McFarlane and Pemberton 2019). Recently 

developed molecular tools can now also be routinely employed to track biocontrol agents at the 

population genetics level. 

The case of Diorhabda spp. (Coleoptera: Chrysomelidae), a leaf beetle released to control invasive 

woody shrubs of the genus Tamarix (hereafter, tamarisk), provides a system in which questions 

relating to the genomic consequences of invasion can be addressed. Tamarisk is native to North 

Africa and Eurasia and has become invasive in riparian areas across the western United States and 

northern Mexico. Stands of tamarisk can form dense monotypic thickets that cause substantial 

economic and environmental damage including increased fire intensity and frequency (Drus et al. 

2013), increased evapotranspiration (Nagler et al. 2014), diminished soil mycorrhizae critical for 

native plant species (Meinhardt and Gehring 2012) as well as a number of other negative impacts on 

native flora, wildlife habitat and recreation (Di Tomaso 1998; Zavaleta 2000; Gaskin and Schaal 

2002; Shafroth et al. 2005). The large extent of the tamarisk invasion, which is estimated to cover at 

least 360,000 hectares (Nagler et al. 2011), coupled with the high value of ecologically-sensitive 

riparian areas and the cost of conventional control which runs in the millions of dollars (US) per 

project (Knutson et al. 2019), provided impetus for development and implementation of a biocontrol 

program.   

The first agent released for tamarisk biocontrol was the northern tamarisk beetle, Diorhabda 

carinulata, originally introduced in 2001 at eight locations in North America (Fig. 2.1) (DeLoach et 

al. 2003). Initial field releases of D. carinulata established at five northern locations but failed to 

establish below the 38th parallel in California and Texas (Lewis et al. 2003) leaving many heavily 

invaded river systems without a biocontrol option. To address this problem and improve ecological 

matching across the diverse invaded range (Sands and Harley 1980), three additional tamarisk-

feeding Diorhabda ecotypes were collected from ecologically distinct locations in North Africa and 

Eurasia and introduced primarily in tamarisk-infested areas of western Texas (Tracy and Robbins 

2009; Michels et al. 2013; Knutson et al. 2019). These ecotypes were elevated to species status in a 

taxonomic revision based in part on morphology of the genital sclerites (Tracy and Robbins 2009). As 

a result, a total of four closely-related, cryptic species in the genus Diorhabda have established in N. 

America: D. carinulata from Fukang, China and Chilik, Kazakhstan; D. carinata from Karshi, 

Uzbekistan; D. sublineata, from Sfax, Tunisia; and D. elongata from Crete and Posidi Beach, Greece 

(Tracy and Robbins 2009).   
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The Diorhabda system is one of the few examples in which contemporary evolution has been 

demonstrated in a biocontrol agent of invasive plants (see also Szucs et al. 2012; Szűcs et al. 2012; 

Szűcs et al. 2019 for work on Longitarsus jacobaeae). Evolution of response to photoperiod signals 

enabled rapidly southward expanding D. carinulata populations to enter diapause in closer synchrony 

with the seasonal timing of senescence of tamarisk stands growing in more southern and warmer 

climates, where the growing season is longer than in the north (Dalin et al. 2010; Bean et al. 2012; 

Hultine et al. 2015). Evolution in diapause induction accompanied faster dispersal than initially 

expected (Nagler et al. 2014), challenging the conventionally expected constraints  to evolution, high 

genetic drift and loss of genetic diversity due to repeated founder effects at the frontier (Excoffier et 

al. 2009; Slatkin and Excoffier 2012). However, range expansion of D. carinulata may be quite 

different from the conventional prediction. Genetic diversity could instead be generated and preserved 

by negative density-dependent dispersal Birzu et al. 2019) and migration en masse (‘swarming’) 

common among mobile insects (Sullivan 1981), especially at range expansion fronts as host resources 

are depleted and aggregation pheromones draw individuals to mating sites (Cosse et al. 2005). In 

addition to photoperiod, released and range-expanding Diorhabda populations encounter myriad 

novel selective forces, including changes in annual temperature variation, host plant genetic 

background, and other biotic interactions, many of which are correlated with latitude (Hultine et al. 

2015; Lee et al. 2018). The role of genetic diversity in this rapid range expansion has not yet been 

tested. 

Additionally, secondary contact between Diorhabda species in North America has likely initiated 

admixture among this cryptic species complex, uniquely providing a window to the stability of 

cryptic species upon secondary contact and represent test cases of (non)ecological speciation (Smith 

et al. 2018). In this case, only D. carinulata and D. carinata are sympatric in the native range, D. 

elongata is in parapatry with D. sublineata to the west and D. carinata to the east, and D. sublineata 

and D. carinata are the only species completely allopatric (Tracy and Robbins 2009). While no 

intermediate forms indicative of hybridization among the four Diorhabda species were found in 

beetles collected from the native range, (Tracy and Robbins 2009), laboratory experiments showed 

that D. carinata, D. elongata, and D. sublineata can readily occur and back-cross with viable eggs. In 

contrast, hybrids and back crosses between D. carinulata and the other three species showed 

significantly reduced egg viability and male sterility (Bean et al. 2013). Later regional studies 

described intermediate morphotypes between D. carinata, D. elongata, and D. sublineata in Texas 

and surrounding states (Michels et al. 2013; Knutson et al. 2019). Hybridization among all Diorhabda 

species may be especially likely and may increase efficacy because the native host plants and the 
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biocontrol targets (Tamarix chinensis and T. ramosissima) exist primarily in N. America as hybrids 

(Williams et al. 2014).  

Evaluating the status of Diorhabda populations in terms of hybridization, genetic diversity, and range 

expansion is a high priority in management of the tamarisk invasion. A long-standing goal is to 

evaluate and enhance Diorhabda as a tamarisk control option, as the tamarisk invasion and the 

expense of controlling the shrub at a regional scale has heightened interest in biocontrol among 

regional resource managers (Bean and Dudley 2018). Recently, because some native species now 

utilize tamarisk, including an endangered bird subspecies, the southwest willow flycatcher (SWFL) 

(Empidonax traillii extimus) known to nest in the shrub, a new challenge has been presented to 

coordinate riparian restoration efforts with declining density of tamarisk brought about by biocontrol 

with rapidly evolving tamarisk beetles  (Sogge et al. 2008; Hultine et al. 2010).  

Existing resources to monitor hybridization and range expansion include mitochondrial COI (mtCOI) 

haplotypes and morphological markers. These conventional and accessible methods have generally 

been in agreement for species identification of expanding populations (Bean et al. 2013; Ozsoy et al. 

2018; Knutson et al. 2019; Ozsoy et al. 2019; Ozsoy et al. 2021), but both morphology and COI can 

lead to incorrect species assignments when hybridization is common, and neither can accurately 

quantify proportions of ancestry (Wayne and Jenks 1991; Rieseberg et al. 1993) or be used to identify 

the genetic-basis of ecologically-relevant traits and inform predictions. Thus, molecular genetic 

analysis at the whole genome level is critical for a more detailed analysis of field populations to 

inform management strategies.   

Here we characterize the genetic and geographic signatures of establishment, hybridization, and range 

expansion in introduced populations of the four tamarisk beetle species. We produced a de novo draft 

genome assembly of the northern tamarisk beetle, D. carinulata, and used it as a reference for 

reduced representation genomic sequencing of over 500 individuals from both the native and 

introduced range. Our primary goals were to (1) identify genetic variation characteristic of the six 

source populations of the four parental species, (2) quantify prevalence and levels of hybridization in 

the introduced range, and (3) examine the consequences of population bottlenecks and admixture on 

genome-wide diversity across broad, landscape-wide expansion fronts and the hybrid zone. We 

predicted that admixture among populations and hybridizing species would lead to an increase in 

genetic variation, while isolation of disconnected patches or range expansion would lead to a 

decrease. We aim here to build the molecular genetic foundation to monitor and predict evolution in 

introduced Diorhabda species and improve our understanding of mechanisms and consequences of 

range expansion and hybridization in novel environments. 
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Methods and Materials 

Whole genome assembly of D. carinulata 

We developed a de novo draft genome assembly using adults from an inbred line established from 

field-collected beetles in Lovelock, NV (40.02°N,118.52°W), where D. carinulata, originally sourced 

from Fukang, China (44.17°N, 87.98°E), were released in 2001. We sampled reproductively-active 

males twice from this line, one at the fifth and one at the twelfth generation.  

We combined two sequencing approaches for reference genome assembly. First, we extracted gDNA 

from the head, thorax, and dissected testes of the G5 male and constructed a library for whole-

genome shotgun sequencing (WGS) using the NEBNext Ultra II DNA library. This WGS library was 

sequenced in one lane of a MiSeq platform (Illumina) using v3 reagents to produce paired 300-bp 

reads, resulting in approximately 10.4 million read pairs. Second, we conducted 10X Chromium 

sequencing, which produces long-distance synthetically linked reads (Weisenfeld et al. 2017). We 

isolated high molecular weight gDNA from the dissected testes of the G12 male, using a MagAttract 

kit (Qiagen). The UC Davis Genome Center prepared a Chromium 10X library with v1 chemistry. 

This 10X library was sequenced on a lane of HiSeq 4000 at UC Berkeley and resulted in 708.96 

million reads with an average length of 139.50 bp following quality and adapter trimming.  

We first assembled the WGS MiSeq 250-bp reads from the G5 male D. carinulata. We used a 

windowed adaptive trimmer, Sickle v1.33, to remove adapters and low quality reads from this library 

(Joshi and Fass 2011) and retained approximately 10.3 million pairs trimmed to an average length of 

249.8 bp. We built contigs and scaffolds from these reads with SPAdes v3.7.1 with one iteration of 

BayesHammer error correction; k-mer values 21, 33, 55, 77, 99, 127; mismatch careful mode turned 

on; repeat resolution and mismatchCorrector enabled; and coverage cutoff turned off (Bankevich et 

al. 2012). Then, we incorporated the 10X Chromium synthetic long reads from the G12 male to 

scaffold these contigs using the ARCS+LINKS pipeline (Yeo et al. 2018).  Briefly, we extracted 

barcodes with the 10X software Long Ranger v2.1.6, aligned these barcoded reads to the SPAdes 

assembly with BWA-MEM v0.7.17 (Li 2013), then supplied the SPAdes assembly and alignments to 

the ARCS (v1.0.1) + LINKS (v1.8.5) pipeline in default mode. ARCS uses the evidence of the 

synthetic linked reads to construct a graph of linkages for LINKS to then resolve phased scaffolds. 

We assessed quality of this assembly in terms of overall contiguity using QUAST v5.0.2 (Mikheenko 

et al. 2018), as well as the completeness of single-copy conserved orthologous genes using BUSCO 
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v5.0.0 with the Insecta database (insecta_obd10) composed of 75 species and 1,367 orthologs (Simão 

et al. 2015).  

Individual genotyping across the native range, introduced range, and lab cultures 

Between 2014 and 2017, we field-collected adult beetles near original source collection sites for D. 

elongata and D. carinulata in Eurasia, sites of the first releases of all four species in North America, 

along the D. carinulata expansion front in Utah, Nevada, and Arizona, and across the suspected 

hybrid zone in New Mexico and Texas (Fig. 2.1, Table B.1, Figs. B.1-B.2). To represent genetic 

variation of source populations of D. sublineata and D. carinata, we sampled from laboratory 

colonies, derived from the same original collections used for the introductions, and maintained at the 

Palisade Insectary, Colorado Department of Agriculture (see (Bean et al. 2007b) for details of 

laboratory culturing). In total we sampled 566 beetles, from 37 locations and two laboratory cultures, 

for population genomic analysis. At each site, we sampled beetles from trees within a 1 km radius and 

limited the collection of beetles to no more than 5 individuals per tree where possible. We could not 

find adults at 19TX and instead collected third-instar larvae which were reared to the adult stage 

under laboratory conditions. Individuals for 31NV, 32UT, 33NV, and 34UT were sampled from the 

second generation of laboratory cultures established from these sites. All samples were adult beetles 

transferred as live individuals to coolers with dry-ice or immediately to a -80°C freezer. All samples 

were stored at -80°C until DNA extraction. 

To prepare restriction-site-associated DNA sequencing (RADseq) libraries, DNA was extracted from 

individual beetles using a QIAGEN DNeasy Blood and Tissue Kit following the manufacturer’s 

protocol. The abdomens of all individuals were removed to avoid DNA of developing embryos, gut 

microbes, or consumed plant material and allow for later morphological characterization. Samples 

were treated with 4 μL Rnase A (Qiagen) to eliminate RNA contamination. DNA sample 

concentration was quantified for each individual by fluorometric quantification (Qubit 2.0 HS DNA 

assay; Invitrogen, Life Technologies, Carlsbad, CA, USA).  

In total we prepared 634 individually-barcoded RADseq samples across eight single-digest RADseq 

libraries using the 8-bp restriction enzyme SbfI (Ali et al., 2016). Of those 634, 37 samples were 

replicated individuals to validate bioinformatic parameter choices and mitigate poor-performing 

barcodes. Adapter-ligated libraries were multiplexed to achieve approximately 69.7 million reads and 

paired-end sequenced to 150-bp on an Illumina HiSeq 4000 across two lanes (Vincent J. Coates 

Genomics Sequencing Laboratory, UC Berkeley). Samples from 47TX-52TX, D. sublineata and D. 

carinata cultures, and replicates of ten samples from the first round of sequencing were sequenced in 
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a NovaSeq lane for 80.3 million additional reads. In total, we obtained 149.99 million paired-end 

reads across all eight RADseq libraries.  

We used Stacks 2.5 (Rochette et al. 2019b) to process raw fastq reads, call genotypes, and produce 

population genetic statistics. First, raw sequencing reads of each library were filtered for PCR 

duplicates using clone_filter. Then reads were de-multiplexed by individual barcode and re-oriented 

using the --bestrad flag in process_radtags, allowing for 3 mismatches and discarding reads with low-

quality scores (Catchen et al. 2013; Rochette et al. 2019b; Stahlke et al. 2020). Each processed 

sample was then aligned to our D. carinulata draft genome using the --very_sensitive flag of bowtie2 

v2.2.9 (Langmead and Salzberg 2012a), and sorted with SAMtools v1.9 (Li et al. 2009). We called 

genotypes for all sequenced individuals together in the Stacks 2 module gstacks with the default 

maruki_low model (Maruki and Lynch 2017). Then, we required that retained sites were present in 

the majority of all samples (-R 50) and extracted a random SNP from each ordered locus. Individuals 

were further filtered to retain those with >4x  effective coverage and <75%  missing genotypes with 

VCFtools v0.1.16 (Danecek et al. 2011). We removed 82 individuals from the dataset with this filter. 

Finally, genotypes were called again, variant calling format (vcf) files generated, and population 

genetic summary statistics evaluated using Stacks populations. We refer to the final catalog of SNPs 

comprising all 552 individuals as the global dataset.  

Source Population Ancestry and Hybridization 

We used Structure v2.3.4 (Pritchard et al. 2000) to characterize population structure and admixture. 

Given that founding populations were from distinct sources across Eurasia and the potential for rapid 

range expansion to lead to dramatic differences in allele frequency among sites, we used the 

uncorrelated allele frequency model and allowed the alpha parameter to be inferred for each 

population (Falush et al. 2003). For each K from 1 to 10, we executed 10 independent runs, allowing 

a burn-in period of 10,000 steps and 10,000 Markov chain Monte Carlo replicates, and printed the 

estimation of 90% credible intervals. We used PopHelper 2.3.0 (Francis 2017) to visualize results and 

characterize the posterior probability across values of K. After assessing global ancestry assignment 

with Structure, we checked for relationships between missing genotype rates, alignment rates and 

individual species ancestry assignment (Fig. B.3).  

We compiled published data (Hudgeons et al. 2007; Knutson et al. 2012; Michels et al. 2013; 

Knutson et al. 2019; Pratt et al. 2019) and grey literature describing original releases (directly from 

the native range) and redistribution efforts (translocations from original release localities) to guide our 

inference of ancestry assignment (Table B.2). Then we used the Structure ancestry assignments of 

parental species from lab cultures, single source population release sites (e.g., Fukang ecotype D. 
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carinulata at 1WY and Chilik ecotype at 34UT) (Table B.2), and the native range (46CH and 37CR-

43GR) to guide our ancestry inference at the remaining localities and quantify hybridization in the 

remaining samples. Using those diagnostic samples, we examined the confidence intervals across 

independent runs to conservatively identify the threshold at which ancestry could be confidently 

inferred, q = 0.067 (i.e. the lower-bound of the 90% credible interval), below which admixture 

identification could be unreliable and due to technical biases (Caniglia et al. 2020). Finally, we 

visualized the distributions of q-values (‘hybrid index’) for pairs of inferred ancestral taxa to estimate 

the degree of back-crossing among pairs (McFarlane and Pemberton 2019).  

To characterize the distribution of established and range expanding source populations within D. 

carinulata and D. elongata (i.e., population substructure), we constructed population maps for 

individuals that had D. carinulata or D. elongata ancestry (respectively) above the 0.066 threshold, 

then re-filtered SNPs as above in the Stacks populations module. We then re-ran Structure for each 

subset of individuals. This secondary analysis also provided a check for sensitivity of population 

genetic statistics and ancestry assignment to unbalanced sampling in the global Structure analysis 

(Meirmans 2019).  

We were interested in preliminarily testing whether the distribution of Diorhabda species ancestry or 

ecotypes showed evidence of local adaptation or environmental filtering related to latitudinal 

variation, which serves as a proxy for photoperiod, temperature, and host-genotype variation. To test 

for a relationship between ancestry and latitude, we constructed linear models of D. carinulata source 

population ancestry and D. sublineata ancestry within the hybrid zone predicting the relevant q-value 

from latitude.   

Genomic Diversity 

We quantified differentiation among all individuals within and across sites using population-based 

measures of genomic differentiation. We used the populations module of Stacks to calculate 휋 

(nucleotide diversity), FIS (the inbreeding co-efficient), and private alleles. We present 휋 and FIS 

calculated from only variant sites, and private alleles were counted among all sites (variant and 

invariant).  

To test whether genetic diversity results (휋,  FIS, and private alleles) were statistically different 

between hybrids versus pure species and native versus introduced, we performed a one-way ANOVA 

in R. We grouped samples within localities according to Structure results using the threshold 

described above. Native range populations included 46CH, 43GR, 44GR, 41 CR, 37CR, 39CR, and 

38CR.  We excluded laboratory colony populations from this analysis.  
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To quantify isolation-by-distance (IBD), we calculated the distances between the latitude and 

longitude coordinates of each sampling locality using the haversine formula and constructed a 

pairwise distance matrix (Sinnott 1984). Then, using the vegan package (Oksanen et al. 2019), we 

conducted a Mantel test with 999 permutations on pair-wise FST and distance matrices (Hutchison and 

Templeton 1999) for the following groups: (a) introduced D. carinulata, (b) native range D. elongata, 

and (c) the suspected hybrid zone. After characterizing IBD, we tested for a linear relationship 

between latitude of collection site and Chilik ancestry for the D. carinulata SNP dataset and, 

separately, D. sublineata ancestry using the global SNP dataset.  

To examine the consequences of rapid range expansion in D. carinulata, we tested for the signal of 

asymmetrical range expansion with two origins (1WY and 34UT) across all of introduction sites of D. 

carinulata. Although 1WY is not the source population for D. carinulata released in Nevada, 

Colorado, and Utah, it is the best representative population for Fukang releases (Table B.2). We 

filtered genotypes in the Stacks populations module for only those populations. We used the 

rangeExpansion R package v0.0.0.9000 to estimate the strength of founder effects, the fit of the 

predicted range expansion dynamic, and the directionality index (ψ), which is a measure of 

directional clines in allele frequency created by successive colonization events (Peter and Slatkin 

2013).  

Results 

Genome assembly 

Using SPAdes, we first obtained 90,101 scaffolds with an N50 of 52.957 KB, an L50 of 1,917, a total 

length of 382.446 MB, a BUSCO score of 83.9% Complete single-copy orthologs of the 1,367 genes 

in the BUSCO Insecta set, (86.2% of those represented a single time and 0.7% duplicated), 1.8% 

fragmented, and 14.3% missing. We improved this assembly by incorporating the 10X Chromium 

synthetic long reads with the LINKS+ARCS hybrid de novo genome assembly approach. This de 

novo draft D. carinulata reference genome was composed of 84,491 scaffolds with an N50 of 720.04 

Kbp from 103 scaffolds (L50), a total length of 382.502 MB, and more complete, single-copy 

orthologs according to BUSCO with 98.2% complete, (97.4% single, 0.8% duplicated), 1.1% 

fragmented, and .7% missing.  

SNP Genotyping 

We constructed a total of nine bestRAD libraries containing over 552 individuals across lab cultures, 

the native range, and the introduced range. We removed an average of 39.52% reads identified as 

PCR duplicates across libraries and retained or recovered a total of 86.28 million reads after initial 

filtering and demultiplexing. Individual reference alignment rates against the de novo draft assembly 
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of D. carinulata were 72.77% on average, but we noted two distinct peaks near 75% and 100% that 

reflected species assignments (Fig. B.3). Effective coverage averaged 24.1x after removing 

individuals with coverage < 4x. In the global SNP dataset, 153,453 loci were merged across paired-

end reads for an average locus length of 854.16 bp (std. error = 2.70) and a total of 2,247,632 

nucleotide sites. We retained 1,457 SNPs with an average of 8.1% missing data. In the subset of 

samples with D. carinulata ancestry, we retained 2,629 SNPs across 182 samples. In the subset of 

samples with D. elongata ancestry, we retained 1,766 SNPs across 99 samples.  

Source Population Ancestry and Hybridization 

Structure analysis suggested differential establishment, range expansion, and admixture among all six 

source populations. We present first the results from the global dataset consisting of all samples from 

all collections. The greatest change in likelihood, (i.e., the Evanno method; (Evanno et al. 2005), 

occurred at K=2, splitting D. carinulata from the other three introduced Diorhabda spp. and hybrids 

(Figs. B.4-B.5). At K=4, change in likelihood values plateaued (i.e. the Ln’’deltaK method; Fig. B.4) 

and matched species identities for lab cultures, native range, and isolated release sites. The modal 

ancestry assignments for K=4-8 were identical across reps after aligning clusters, i.e., no additional 

clusters were recovered (Fig. B.6). Therefore, we used cluster assignments from K=4 to infer parental 

species and hybrid ancestry. 

Using a threshold of q=0.067 for inferring ancestry from a parental species, we found pure ancestry 

(no interspecific admixture) in 179 D. carinulata, 176 D. sublineata, 69 D. carinata, 93 D. elongata.  

We did not find evidence of hybridization among laboratory cultures or in the source populations for 

D. carinulata (46CH) and D. elongata (44GR-41CR). Most of the hybridization was found at sites 

near the Pecos River (28NM, 27NM, 26NM, 21NM, 20NM, and 18TX), near where all four species 

were released (Figs. 1-2, Table B.2) (Knutson et al. 2019). We identified 32 likely hybrids in the 

suspected hybrid zone: 24 D. carinata x D. sublineata, three D. carinata x elongata, three D. 

elongata x sublineata, one D. carinulata x D. sublineata, and one triad hybrid between D. carinulata 

x D. carinata x D. sublineata. Ranges of q-values for D. carinata x D. sublineata hybrids included 

extreme and intermediate values (Fig. B.7A); whereas the other hybrid pairs had ranges less than 0.25 

or greater than 0.75 (Fig. B.7B and C). The two putative D. carinulata hybrids were from 6KS 

(G5_rep) and 28NM (G48_rep). G48_rep was assigned largely to D. sublineata ancestry with qsublineata 

= 0.912, while G5_rep was assigned to tri-specific ancestry with qcarinulata = 0.664, qsublineata = 0.071, 

qcarinata = 0.265 (Fig. 2.2, Table B.3). 

We further investigated hierarchical substructure among previously identified ecotypes within D. 

carinulata and D. elongata (Fig. 2.3), indicated within the global structure results in a minority of 
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runs (Fig. B.5). We found that the Chilik ecotype, first introduced in 34UT, was the dominant ecotype 

represented along the Virgin River expansion front (Figs. 1 and 3A). Individuals from sites 5CO and 

11CO in eastern Colorado showed admixture with the Chilik ecotype (Fig. 2.3A), likely due to 

anthropogenic movement of individuals from western Colorado, which was colonized by individuals 

from southeast Utah (Table B.2). We detected D. carinulata farther east than its suspected range in 

6KS, 28NM, and 18TX and assigned to Fukang ancestry (Fig. 2.3A). Some hybrid individuals 

showed ancestry from a third cluster (other Diorhabda species; Fig. 2.3).  

We found highly significant linear associations with large residuals between latitude and  both D. 

sublineata in the global SNP dataset (Adjusted R2 = 0.433; p < 0.01) (Fig. B.9A) and the Chilik 

ecotype in the D. carinulata  (Adjusted R2 = 0.239; p < 0.01) ( Fig. B.9B), demonstrating that 

latitudinal variation may have influenced differential establishment and spread among genotypes.   

Genome-wide diversity 

We found significant differences in genetic diversity metrics among hybrid, pure, and native range 

populations. Nucleotide diversity (휋) was significantly greater at sites with hybrids (mean = 0.0863) 

than in either the sites with pure individuals (mean = 0.0335) or from the native range (mean = 

0.0381), supporting the prediction that hybridization could increase genetic diversity (Fig. 2.4). The 

number of private alleles was greater among sites within the native range (mean = 17.86) than in 

introduced sites with pure individuals (mean = 7) and hybrids (mean = 7), supporting a bottleneck 

upon introduction for D. carinulata and D. elongata (Fig. 2.4). Sites with hybrids also had a 

significantly higher average FIS value (mean = 0.157) than either the sites with pure individuals (mean 

= 0.0454) or within the native range (mean = 0.027; Fig. 2.4), consistent with recent hybridization 

and/or assortative mating among species. All results were significant at 𝛼 = 0.05 (Table B.4). 

Taking genetic diversity results into a spatial context, we characterized the relationship between 

divergence and geographic distance among collection sites. Overall evidence for IBD was weak (Fig. 

2.5): Mantel’s r = 0.4481 (p = 0.1011) for D. carinulata, Mantel’s r = 0.08 (p = 0.49167) for native 

range D. elongata, Mantel’s r = 0.5108 (p < 0.005) across the suspected hybrid zone.  Only the 

suspected hybrid zone had a positive IBD signal significant at 𝛼= 0.05. Pairwise comparisons across 

introduced D. carinulata ecotypes and native range D. elongata had greater FST values and were 

further apart (Fig. 2.5, Fig. B.10).    

We detected asymmetric range expansion and estimated two distinct origins for D. carinulata 

ecotypes (Fig. B.11; p < 0.01). Origin 1 was estimated to be near 1WY (44.86°N, 108.18°W), Origin 

2 near the Hoover Dam (35.97°N, 114.64°W), and the origin of their union in central Nebraska 
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(42.63°N, 101.08°W).  The directionality index (ψ) was greatest between 32UT (an introduction site 

of the Chilik ecotype) and 1WY (a Fukang introduction site) at 0.144, supporting two distinct 

introduced populations, and the least non-negative between 2CO and 18TX (0.0142). Orienting ψ 

from greatest to least generally reflected suspected expansion fronts within and among the two source 

populations (Fig. B.11).   

Discussion 

To better understand the genetic consequences of admixture and range expansion in the Diorhabda 

biocontrol system, we built a crucial foundation by describing the current distribution of species and 

ecotypes in the introduced range, contact zones, admixture among populations, and genome-wide 

diversity. We discuss these results in the context of eco-evolutionary processes, highlight implications 

for the tamarisk biocontrol program in North America, and discuss opportunities for further study of 

this system to improve our understanding of contemporary evolution and biocontrol of invasive 

plants. 

Distribution of parental taxa and hybridization  

We found clear evidence for differential establishment of introduced Diorhabda populations and 

spread of these beetles from release sites across the introduced range. On one hand, among many 

original release sites and along suspected colonization routes, individual ancestry assignments were 

largely composed of respective source populations, suggesting that the extant populations at these 

release sites remained stable for several generations and naturally expanded along riparian corridors 

in a predictable pattern. The Fukang release in Lovell, WY (1WY) appeared stable, with uniform 

ancestry represented (Fig. 2.3A) and a lack of inbreeding (Fig. 2.4) despite being relatively isolated. 

In terms of spread, ancestry assignment (mostly Chilik) and range expansion signatures supported 

natural spread from 34UT to 12AZ along the Virgin R. corridor.  On the other hand, the eco-

evolutionary mechanisms driving differential establishment and spread among Diorhabda populations 

will require further study. For example, it is unclear why very little D. elongata ancestry was detected 

in N. America despite many releases in Texas and New Mexico (Fig. 2.1). The appearance of the D. 

carinulata Fukang ecotype in Kansas (6KS), New Mexico (28NM), and Texas (18TX) (Fig. 2.3A) 

was surprising given the lack of establishment reported previously (Bean et al. 2012), although 

releases of that population did occur near there (Fig. 2.1). We have preliminary evidence of 

environmental filtering or adaptation among Diorhabda source populations, with genomic clines 

forming for the D. carinulata Chilik ecotype and D. sublineata along latitudinal gradients. However, 

the distributions are confounded by release history (Fig. 2.1, Table B.2), and the large residuals of this 

model due to the presence of the D. carinulata Fukang ecotype at southern latitudes of NM and TX 
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(Fig. B.9B), suggest that specific genetic variation, rather than broad ecotype identity, could be 

important.    

Differential rates of hybridization among Diorhabda spp. suggest that there may be several outcomes 

of multiple closely related taxa released together, depending on reproductive barriers, at least. 

Hybridization frequency in the introduced range supported predictions of (non)ecological speciation 

theory (Czekanski-Moir and Rundell 2019) based on the native range distributions of species in 

Eurasia (Tracy and Robbins 2009), that reproductive isolation maintained by geography (allopatric D. 

sublineata and D. carinata) is more likely to break down upon secondary contact than in species that 

are sympatric in their native range which have evolved isolating mechanisms (D. carinata and D. 

carinulata).  Although we were not surprised to find hybrids between D. carinata, D. elongata, and 

D. sublineata (Bean et al. 2013; Bitume et al. 2017; Knutson et al. 2019), the high abundance (N=24) 

and intermediate distribution of individual q-values among D. carinata x D. sublineata hybrids in 

particular suggest a lack of reproductive barriers or even increased fitness relative to parental species, 

while the distributions of q-values among the other pair-wise hybrids were extreme and could indicate 

pre- or post-zygotic barriers to hybridization (Fig. B.7) (McFarlane and Pemberton 2019). In contrast, 

it is surprising to find D. carinulata hybrids (N=2) with any of the other species, because laboratory 

crosses found little to no mating success among those pairs; although D. carinulata males could 

reproduce with females of the other species (Bean et al., 2013). Sex-biased asymmetry of 

hybridization could be examined by employing existing mtCOI efforts with genome-wide ancestry 

analyses like these (Petit and Excoffier 2009; Ozsoy et al. 2018; Ozsoy et al. 2019; Ozsoy et al. 

2021).We did not recover mtDNA loci in this dataset. The elevated FIS observed in localities with 

multiple ancestry (Fig. 2.4; e.g., 6KS and 28NM with both ‘pure’ samples and hybrids) reflects that 

parental species were still detected as partially isolated, sympatric populations, not a panmictic 

population, in the introduced range (i.e. the Wahlund effect) (Waples 2015). Examining the 

mechanisms that contributed to speciation of Diorhabda in the native range (e.g., divergent 

environments, ecological interactions, sexual selection) and the role of those barriers in the introduced 

range present would improve our understanding of the stability of cryptic species broadly and in 

biocontrol (Rundle and Nosil 2005; Fišer et al. 2018; Smith et al. 2018). 

Genomic Diversity during Range Expansion in D. carinulata  

The genomic basis of rapid range expansion in D. carinulata provides yet another example of the 

long-held ‘genetic paradox of invasions’, that a reduction of genetic diversity during introduction 

does not preclude establishment and spread (Estoup et al. 2016). While we found a clear signature of 

population bottleneck by comparing the number of private alleles between samples from the native 
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range (46CH) to those in N. America (Luikart et al. 1998),  neither the number of private alleles, nor 

nucleotide diversity (휋) declined along range expansion fronts (Fig. 2.4). The weak signal of 

asymmetrical range expansion (Fig. B.11) and lack of significant IBD (Fig. 2.5) suggests that, at least 

at the time of sampling, population expansion was not unidirectional or smoothly distributed across 

the landscape, possibly reflecting anthropogenic-mediated dispersal. Alternatively, these results could 

support a role for negative density-dependent dispersal in preserving genetic diversity. If large census 

and effective population sizes and are maintained by this mechanism, it could facilitate rapid local 

adaptation in novel environments and evolution along expansion fronts by assortative mating for co-

dispersers (Burton et al. 2010).  

To better understand range expansion in this biocontrol system and others like it, a different approach 

that incorporates anthropogenic movement, spatial distribution of habitat, and informed dispersal 

parameters would likely yield a more informative result regarding the genomic mechanisms, routes, 

and impacts of range expansion. These rangeExpansion results indicated suggested a contact point for 

the two introduction sites in Nebraska, far outside the range geographic possibilities, likely due to the 

Fukang D. carinulata observed in Kansas (6KS) and Texas (18TX) (Fig. 2.3B). Similarly, several of 

our sampled sites in the range expansion analysis were not connected by natural dispersal even 

though they were most genetically similar. We could build upon this work with biologically-realistic 

simulations (Haller and Messer 2019; Landguth et al. 2020) and approximate Bayesian computing 

(Estoup and Guillemaud 2010) to more accurately assess genomic mechanisms and consequences of 

rapid range expansion. For example, remote sensing of D. sublineata defoliation and expansion has 

shown that tamarisk continuity and area width predict dispersal distance along a riparian corridor (Ji 

et al. 2017), whereas rangeExpansion assumed a continuous habitat and natural dispersal (Peter and 

Slatkin 2013). Further work investigating the ongoing range expansion of D. carinulata should also 

examine possible roles for few loci of large effect (Dlugosch et al. 2015) and plasticity (Bay et al. 

2017) operating in the evolution of CDL in D. carinulata. 

Eco-evolutionary processes influence the impacts of biocontrol  

Evolutionary processes have long been of interest in the field of biocontrol (e.g. Simmonds 1963), 

and has included efforts to mitigate potential negative effects of losing genetic diversity by 

augmenting population sizes, and of avoiding ecological mismatch through introducing individuals 

from deliberately targeted locations in the native range. Despite this long interest, only in recent years 

are the potential consequences of eco-evolutionary processes on the success of biological control 

programs being acknowledged and explored (Szűcs et al. 2019). Here we provide further evidence 

that more detailed and nuanced information, including genomic data, can help us better understand 
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the eco-evolutionary processes occurring among introduced biocontrol agents.  Our work specifically 

documents population expansion despite a dramatic genetic bottleneck, differential establishment and 

spread among source populations, and differential admixture among those populations. 

Widespread hybridization may have implications for both the safety and efficacy of Tamarix 

biocontrol in North America. Considering that previous laboratory experiments with hybrids created 

in the lab showed changes in phenotypes related to both fecundity and host-preference (Bitume et al. 

2017), the abundance of admixture we observed warrants further study. These laboratory results have 

not been verified in the field, and host preference was measured to the third generation (Bitume et al. 

2017). A recent regional decline in Diorhabda population density, and extirpation from some 

previously occupied areas, has been noted in Texas, Oklahoma, and Kansas (Knutson et al. 2019). 

This underscores the possibility that hybrid breakdown could compromise fitness of Diorhabda in the 

field, an interpretation consistent with the observation that up to 57% of field-collected hybrids 

displayed abnormal genitalic sclerites (Knutson et al. 2019). Testing of these traits in field-collected, 

genotyped populations is critical to better understand changes in risk or efficacy of the biocontrol 

program due to hybridization.  Our dataset could be used to develop a panel of markers for more rapid 

and cost-effective identification of hybrids with targeted sequencing (e.g., RAD-capture, GTseq) 

(Meek and Larson 2019; Reid et al. 2020).  

Our population genomics approach presents a much-needed tool to monitor biocontrol releases of 

multiple populations and cryptic species, highlighted by a notable discrepancy between 

morphological analyses (Knutson et al. 2019). The laboratory cross found by Bitume et al., (2017) to 

be the most fecund relative to parental types, D. carinata x D. sublineata, were the hybrid pairs we 

found to be most abundant and widely distributed here, but they were not previously described in the 

morphological analysis of hybridization in this region. One possible explanation is that the sampling 

design of Knutson et al., (2019) did not include sites farther north into New Mexico, where the bulk 

of our D. carinata x D. sublineata hybrids were found. However, we also found some of these 

hybrids in Texas, in close proximity to the locations sampled by Knutson et al., (2019). Our dataset 

could be used to improve the accuracy of morphological hybrid identification by validating 

morphological markers (Padial et al. 2010; Griffin et al. 2020).  

Our inferences regarding the mechanisms and impacts of range expansion and hybridization are 

currently limited because Diorhabda collections were sometimes transported without detailed 

documentation regarding population sizes or population sources. Therefore, we cannot determine 

based on these data alone whether any hybrid genotype or ancestry combination is more successful 

without more complete records. For example, we know that many D. carinulata releases were made 
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in New Mexico (Table B.2), but the source, precise release sites, precise release numbers, and 

establishment rates are largely unknown. In general, the practice of anthropogenic movement, often 

undocumented within management units, presents an interesting tradeoff. On one hand, this increases 

the availability and likely efficacy of biocontrol across users; but on the other, it makes it more 

difficult for biocontrol research to understand the patterns of range expansion and adaptation. 

Evolutionary biologists, biocontrol scientists, and the stakeholders of target invasive species would be 

well-served with improved records and catalogs of genetic material from biocontrol agent source 

populations, releases, and follow-up monitoring. Currently there is no entity charged with genomic 

monitoring of biocontrol releases and these efforts rely on short-term funding and idiosyncratic 

academic-governmental relationships for each biological system. 

The application of genomic approaches in biocontrol systems has the potential to improve both our 

understanding of contemporary evolutionary processes and management of invasive species 

(Roderick and Navajas 2003; Szűcs et al. 2019; Leung et al. 2020; Muller-Scharer et al. 2020; 

Sethuraman et al. 2020). The draft assembly of D. carinulata is one of only two currently available 

reference genomes (Bouchemousse et al. 2020) of biocontrol agents of invasive plants, both in the 

family Chrysomelidae, subfamily Galerucinae, an inviting opportunity for broader comparative work. 

The resource we developed here is unique in that it can be used for four intentionally released 

biocontrol agents (the four Diorhabda spp.), compared to Ophraella communa, which was not 

intentionally released and is spreading adventively (Müller‐Schärer et al. 2014).  Nonetheless, only 

two genomes for any biocontrol agents of invasive plants represents a substantial missed opportunity 

considering that there are over 332 established invasive plant biocontrol agent species worldwide 

(Schwarzlander et al. 2018). Further development of the D. carinulata reference genome, including 

annotation, would greatly improve our ability to identify SNPs, structural variants, and genes 

associated these traits of interest.  Still another opportunity is presented by coupling genomic studies 

of biocontrol agents with genomic resources from the invasive pests (Lee et al., 2018) to examine co-

evolutionary interactions (Sun et al. 2020). Our results provide a baseline timepoint upon which we 

can build to further disentangle the mechanisms of rapid range expansion and consequences of 

hybridization in Diorhabda.   
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Figure 2.1 Solid black points indicate sampling localities in western North America at original release sites and 
along expansion front of Diorhabda carinulata (squares), and across original release sites within the suspected 
hybrid zone of D. carinata, D. elongata, and D. sublineata (closed circles). Transparent filled points indicate 
known field-releases (Knutson et al 2019; Table B.3) for each respective species. Rivers are drawn in blue. 
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Figure 2.2 Genetic clustering using Structure (Pritchard et al 2000) for K=4 across all species. Each individual 
sample is represented by a bar. Individuals are grouped by collection site and ordered by localities of Table B.1. 
Groups from left to right are (A) D. carinulata Fukang source collection, then north to south from original 
release sites along expansion front; D. carinata and D. sublineata lab cultures and native range D. elongata 
collected in Greece follow. (B) Individuals collected within the hybrid zone of North America, from north to 
south. 
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Figure 2.3 Genetic clustering at K=3 within populations of (A) D. carinulata and (B) D. elongata.  
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Figure 2.4 Population  genetic statistics, 흅 (top panel), the number of private alleles (middle), and FIS (bottom) 
for the global SNP dataset, consisting of all individuals collected at each locality and grouped (from left to 
right) by collections within the D. carinulata range, laboratory cultures, the native D. elongata range, and those 
within the suspected hybrid zone (ordered as in Figure 2.2). Shading of individual bars indicates whether the 
collection was an original release site, site within the native range, natural colonization site, or lab culture (from 
darkest to lightest). Bars represent +/- the standard error for the respective statistic. 
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Figure 2.5 Pairwise-FST compared to haversine distance between respective sites indicate patterns of isolation-
by-distance associated with population structure for (A) D. carinulata collected in North America  (Mantel’s r = 
0.4481, p = 0.1011 and (B) across the potential hybrid zone (Mantel’s r = 0.5108, p < 0.005). Crossed-squares 
indicate pair-wise comparisons within ecotype, solid squares across ecotype, and filled circles for the hybrid 
zone. A linear model for each distribution projected behind points as a red line with standard error in grey to aid 
in visualization. 
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Chapter 3: De novo chromosome-level genome assemblies and synteny 

analysis of four cryptic tamarisk biocontrol agent species: Diorhabda 

carinulata, D. carinata, D. elongata, and D. sublineata. 
 

Abstract 

 

Cryptic species of classical biological control agents (BCA), natural enemies from the native range of 

a target pest introduced for control in the invaded range, offer unique and important opportunities to 

examine the outcomes of anthropogenic translocations and secondary contact among closely related 

species. Unfortunately, genomic resources for any BCA are lacking, and none exist among closely 

related species. Here we generated PacBio HiFi and Illumina Hi-C data from a single male of each of 

four cryptic BCA species, the tamarisk beetles Diorhabda carinata, D. carinulata, D. elongata, and 

D. sublineata, notable for documented rapid evolution and hybridization in the introduced range that 

could impact the biocontrol program. Our approach yielded high-quality, nearly chromosome-level 

assemblies four all four species. The 90th percentile of scaffolds according to length was between 

4.257 - 18.376 MB and included 12-14 chromosome-level scaffolds. Total assembly lengths were in 

agreement with flow-cytometry estimated sizes between 417-481 MB. We annotated repeat content 

and conserved single-copy orthologs, provided relevant gene evidence with RNAseq data from D. 

carinulata, and incorporated existing population genomic data to identify sex chromosomes. All four 

Diorhabda assemblies were annotated with about 50% repeat content which could indicate a role for 

transposable elements in modulating rapid evolution and species boundaries. Likely telomeres, 

centromeres, and, in D. carinulata, male sex chromosomes were annotated with especially high repeat 

content. Chromosomal synteny analysis according to conserved single-copy orthologs revealed 

chromosomal homology among D. carinata, D. elongata, and D. sublineata, contrasted by likely 

rearrangements between D. carinulata and the other species, reflecting the current frequencies of 

hybridization in the introduced range. Together these assemblies and annotations provide insight to 

the outcomes of secondary contact among cryptic species and possible mechanisms of rapid 

evolution.   

Introduction 
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Classical biological control agents (BCA) are organisms intentionally introduced from the native 

range of a target invasive species for control in the invaded range (McFadyen 1998). With known 

source populations, well-characterized host-ranges, intentional releases, and follow-up monitoring, 

BCA present excellent and important systems for a range of eco-evolutionary questions (Szűcs et al. 

2019; Muller-Scharer et al. 2020; Sethuraman et al. 2020). Biocontrol agents that are cryptic species, 

i.e., recently diverged taxa with little morphological differentiation (Bickford et al. 2007), have been 

recently recognized for their important role in offering control within distinct host and environmental 

niche space (Smith et al. 2018); however, the stability, i.e., species coexistence, of cryptic BCA in the 

introduced range has been rarely studied.  

Genome architecture plays a fundamental role in determining the outcomes of secondary contact by 

shaping the landscape of recombination at the chromosomal scale (Noor et al. 2001). For example, 

loci with suppressed recombination, such as the Y chromosome, or regions of rearrangement, can 

broaden the effects of genes involved with reproductive barriers due to extended linkage (Rieseberg 

2001). Among phytophagous insects, exemplar natural systems of ecological speciation (Funk et al. 

2002), chromosomal rearrangements have been attributed to the evolution of host-choice and 

phenology (Feder et al. 2003; Dowle et al. 2017). Similar studies in closely related BCA of invasive 

plants (‘weed biocontrol’) could improve the predictability of secondary contact. Unfortunately, 

genomic resources for biocontrol insects of invasive plants are lacking: At the time of writing, there is 

only one publicly available reference genome for biocontrol agents of invasive plants (Bouchemousse 

et al. 2020). This dearth presents a missed opportunity, considering that 462 invasive plant biocontrol 

species have been released worldwide (Schwarzlander et al. 2018), several of them closely related, 

cryptic species (Smith et al. 2018). 

Until recently, high-quality genome assemblies were largely inaccessible for budget- and sample-

limited organisms, such as biocontrol agents. Small chitinous organisms present challenges for high-

quality assemblies simply due to limitations in available tissue and accessibility of high molecular 

weight extraction from a single individual. New low-input libraries and long reads with single 

individuals are now accessible and revolutionizing insect genomics (Kingan et al. 2019). The PacBio 

Sequel II system now offers a large increase in yield relative to the required loading mass per single 

molecule real-time (SMRT) cell and increased accuracy from circular consensus sequencing (CCS) 

by the PacBio. Hi-C data, which capitalizes on chromatin contacts within chromosomes to reveal 

long-distance spatial proximity (Rao et al. 2014), can be used to orient and scaffold long contigs 

generated by PacBio data for chromosome-scale assemblies (Dudchenko et al. 2017). Consortia are 

capitalizing on these technologies to create fast, accurate, and efficient pipelines (Lewin et al. 2018). 
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Among these initiatives, the United States Department of Agriculture, Agricultural Research Service 

(USDA-ARS) Ag100 Pest Initiative has developed pipelines to provide high-quality reference 

genomes to accelerate genomics research in insect pests (Childers et al. 2019). There is an 

opportunity to apply this approach to address the dearth of resources in biocontrol agents of plant 

pests.  

An inviting test-case to apply the Ag100 genome assembly approach for the study of invasive plant 

biocontrol agents is presented by four cryptic species of the genus Diorhabda (Chrysomelidae), D. 

carinata, D. carinulata, D. elongata, D. sublineata, released to control the invasive riparian shrubs of 

the genus Tamarix (DeLoach et al. 2004). The first population introduced to N. America ca. 2001, D. 

carinulata from northern China (44.17°N; 87.98°E), did not successfully establish at southern 

latitudes due to premature diapause induction (Lewis et al. 2003; Herrera et al. 2005; Bean et al. 

2007a). Additional populations were introduced from distinct regions across Eurasia occupying 

different climatic niches and preferences for various Tamarix spp., and later delimited as cryptic 

species (Lewis et al. 2003; Tracy and Robbins 2009). Following introduction, laboratory experiments 

indicated that hybridization could readily occur between D. carinata, D. elongata, and D. sublineata, 

and to a far lesser degree between D. carinulata and the others (Bean et al. 2013), despite a lack of 

any intermediate morphology in the native range (Tracy and Robbins 2009). Morphological analysis 

of field-collected individuals between 2014 and 2018 suggested widespread hybridization where all 

four species were released (Knutson et al. 2019). By 2011, the timing of diapause induction had 

evolved in D. carinulata, allowing rapid southward range expansion (Bean et al. 2012).   

The importance of the role of contemporary evolutionary processes in shaping the biocontrol program 

and restoration outcomes has motivated ongoing genetic work in Diorhabda (Bean et al. 2013; Ozsoy 

et al. 2018; Ozsoy et al. 2019; Ozsoy et al. 2021). Recent genomic analysis of 1.4K SNPs aligned to a 

draft de novo assembly of D. carinulata (Stahlke et al. in prep) showed widespread hybridization 

between these three, but especially between D. sublineata and D. carinata, a cross which is known to 

result in increased fecundity (Bitume et al. 2017). Regarding the rapid range expansion of D. 

carinulata, this approach found a substantial bottleneck in allelic diversity comparing native range 

samples to those in the introduced range and low levels of nucleotide diversity, challenging the 

conventional expectations of the role of genetic diversity in limiting rapid evolution and supporting 

the paradox of invasions (Excoffier et al. 2009; Slatkin and Excoffier 2012). To further investigate the 

outcomes of hybridization and mechanisms of rapid range expansion, improved resources are 

necessary. 
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Here we present high-quality de novo genome assemblies of each Diorhabda species introduced for 

biocontrol in N. America, using D. carinulata as an anchor upon which to compare the other three 

species. With this in mind, we generate and assemble RNAseq data to annotate D. carinulata. We 

efficiently produce chromosome-scale phased assemblies from a single individual of each species, 

using low-input libraries to generate contigs from PacBio HiFi reads and, from the same individual, 

Illumina Hi-C reads for scaffolding. Then we annotate repetitive elements and incorporate existing 

population genomic data to identify sex chromosomes and regions of divergence between D. 

carinulata and the other species. To examine the role of genome structure in maintaining species 

boundaries upon secondary contact, we quantify the degree of synteny with conserved single-copy 

otrthologs.  In addition to an improved D. carinulata reference genome, we discuss new insight and 

opportunities to investigate the role of genome structure presented by these high-quality resources.  

Methods 

Sample Collection 

For genome assembly, we used a single snap-frozen adult male beetle of each species from the 

respective culture maintained by the Palisade Insectary, Colorado Department of Agriculture. The D. 

carinulata culture was held for two generations from collections made in Delta, UT (39.23°N, 112.93 

°W) from Tamarix ramosissima/cheninsis, where D. carinulata were from Chilik, Kazakhstan 

(43.6°N 78.25°E) released in 2001(Carruthers et al. 2008).  The D. carinata culture was established 

from individuals collected in Karshi (Qarshi), Uzbekistan (38.86°N, 65.72°E) from Tamarix (spp.) 

and has been kept in lab culture since 2002. The D. elongata culture was held for two generations 

from collections made near Cache Creek, CA (38.72°N, 121.80°W), where D. elongata were released 

in 2004 from collections made in Sfkaki, Crete, Greece (35.42°N, 24.69°E) on Tamarix parviflora. 

The D. sublineata culture was established from individuals collected in Sfax, Tunisia (39.23°N, 

112.93°E) from Tamarix (spp.) and has been kept in lab culture since 2008. Unless specified, 

methods for each step of the genome assembly and annotation from these samples are the same for all 

species. Expected genome sizes of males and females from each Diorhabda species were estimated 

by flow-cytometry of propidium iodide-stained nuclei (Johnston et al. 2019). 

Genome Assembly 

HiFi & Hi-C library preparation and sequencing 

High molecular weight DNA was extracted from the heads of individuals. To optimize the size and 

consistency of fragment length for accurate CCS HiFi reads, we used the Diagnode Megaruptor 

(Lakha et al. 2016), targeting 12-18 KB fragments in length. Each library was sequenced on a single 

8M SMRT Cell on the Sequel II System with the Sequel II Sequencing Kit. D. elongata and D. 
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sublineata samples were both 50:50 on two cells for a combined single cell each. Then, we used the 

thorax of the same individual to generate Hi-C data for scaffolding. 

Following individual barcode de-multiplexing, raw PacBio subreads were converted to fastq using 

bamtools v2.5.1 (Barnett et al. 2011). Then we removed PacBio adapters using a custom BLAST 

(McGinnis and Madden 2004) script against a database of sequences including the PacBio internal 

control sequence, blunt adapter, and C2 primer. We generated a k-mer distribution (k-mer length=21) 

of the filtered CSS reads with Jellyfish2 v2.2.9 (Marçais and Kingsford 2011) and supplied the k-mer 

histogram to GenomeScope (Vurture et al. 2017) for a complementary estimate of genome size, 

heterozygosity, and unique sequence.  

To assemble the PacBio HiFi reads, we used the efficient, accurate, phased assembler Hifiasm v0.14 

(Cheng et al. 2021)on these filtered CSS reads to produce the primary and alternate contig assemblies. 

Using the any2fasta tool (https://github.com/tseemann/any2fasta), we converted the primary and 

alternate haplotype resolved unitig graphs to fasta format. 

We extracted, assembled, and annotated mitochondrial contigs using MitoFinder (Allio et al. 2020) 

from each resultant primary contig assembly using previously published Diorhabda mitochondrial 

genomes as the seeding reference (Stahlke et al. 2019). Based on phylogenetic relationships among 

Diorhabda (Bean et al. 2013), we used the published mitochondrial genomes of D. carinata 

(MK359256) as the reference for D. carinata, D. elongata, and D. sublineata; and D. carinulata 

(MK359257) for D. carinulata. 

Scaffolding contigs with Hi-C 

Raw paired-end Hi-C reads were aligned to the primary contig assembly using BWA-MEM (Li 2013) 

with the -5SP options employed to retain the chromosomal capture information of the paired reads. 

We removed PCR duplicates with samblaster (Faust and Hall 2014) and filtered the alignment to 

retain only primary alignments (-F 2316) in the resultant bam, using samtools (Li et al. 2009). We 

used the matlock tool provided by PhaseGenomics to convert the filtered bam to linked juicer formats 

and sort alignments (matlock.py), then evaluated the sorted, aligned Hi-C data to the respective contig 

bam (hic_qc.py). Finally, we visualized the Hi-C contacts heatmap and manually edited each 

candidate assembly with Juicebox (Durand et al. 2016) for translocations and suspicious fragments 

before exporting the final scaffolded assembly of each Diorhabda species.  

Assessment 

We assessed the quality of each assembly in terms of contiguity and length and completeness of 

conserved orthologous genes.  We quantified contig and scaffold length distributions with bbtools 
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v38.79 (Bushnell 2014). We assessed completeness of each assembly by searching for conserved 

single-copy orthologs with BUSCO v5.0.0 (Benchmarking Universal Single-Copy Orthologs), 

(Simao et al. 2015; Waterhouse et al. 2017) using the MetaEuk gene prediction tool kit (Levy Karin, 

Mirdita, and Söding 2020) and the insecta_odb10 database, composed of 1,367 genes from 75 insect 

species.  

Genome Annotation 

Repeat Content 

We constructed de novo lineage-specific repeat libraries for each species using the RepeatModeler 

pipeline v2.0.1 (Flynn et al. 2020). We classified the resultant repeat libraries and created a genomic 

features file (GFF) for assembly annotation with RepeatMasker v4.0.6 (Smit et al. 2015). We used the 

custom python script FindTelomeres.py (https://github.com/JanaSperschneider/FindTelomeres) to 

search for canonical telomeric repeats (TTAGG/CCTAA) within the first and last 500 bp of each 

scaffold. 

Sex Chromosomes 

To identify sex chromosomes for each species we first used existing population genomic data 

(Stahlke et al. in prep) and RADsex v1.1.3 (Feron et al. 2020), to efficiently compare the association 

between RADseq locus presence and phenotypically sexed individuals across RADseq loci. These 

individual samples were previously assigned to species ancestry using the D. carinulata draft 

reference genome and a balanced reference panel of each species (Stahlke et al. in prep). For sex 

marker identification here, we divided the population genomic samples into pure D. carinulata 

samples and those with some combination of ancestry from D. carinata, D. elongata, and D. 

sublineata from three different localities. Unfortunately, we did not have any pure, sexed samples 

available due to widespread hybridization in this region (Stahlke et al. in prep). Then we used RadSex 

v1.1.3 to identify markers with sex bias using the distrib and signif commands with default settings. 

To infer sex determination type and distribution of markers along assembled scaffolds, we visualized 

the results with the R package SexGenomicsToolkit (Feron 2021).  

We extracted the sex-biased scaffolds we identified in D. carinulata associated with males (see 

Results) and used the lastal aligner of last v869 (Frith and Kawaguchi 2015) (Frith and Kawaguchi 

2015) to find highly similar sequences in the other Diorhabda genomes. For this, we constructed a 

lastal database from each query reference fasta, then retained alignments meeting E-values less than 

0.05. We used the last post-mark tool to discard alignments composed of only simple repeats (Frith 

2011).   



45 
 

Reference-guided transcriptome assembly of D. carinulata 

Species-specific gene evidence for submission to the automated NCBI RefSeq genome annotation 

platform was derived from an RNAseq experiment designed to later characterize diapause induction 

in D. carinulata. Adult beetles were collected in Fillmore, UT (39.12°N, 112.74°W) on September 

17, 2017 and reared for a generation in the lab in reproductive conditions (16:8 Light:Dark) to reduce 

maternal effects. Virgin adults from the next generation (G2) were used to construct two families with 

one male and three females. After five days of oviposition, the next generation (G3) was reared at 

16:8 and prepared for a switch. After adult eclosure, male-female pairs were formed in individual 

cups.  On Day 5, we harvested three males for RNA isolation, then subjected three other pairs to a 

diapause-inducing photoperiod treatment (11:13). On Day 10 (five days after the switch), we 

harvested 3 males each from 16:8 and 11:13. In total, we harvested nine males from these treatments: 

Three on Day 5 at 16:8, three from Day 10 at 16:8 and three from Day 10 at 11:13. Whole beetles 

were snap-frozen in liquid nitrogen and stored at -80° C until RNA isolation.  

RNA was isolated from individually dissected heads using the Qiagen RNeasy Micro Kit for each 

individual sample following the manufacturer’s protocol. Beetle heads were crushed in liquid 

nitrogen with a disposable pestle for tissue disruption. The liquid nitrogen was allowed to evaporate 

while keeping the tube on dry ice. A total of 1050 uL RLT buffer was added. A syringe with 20-

gauge needle was used for homogenization by passing the lysate at least 5-10 times. The lysate was 

centrifuged for 3 minutes at full speed. The supernatant was transferred to a fresh tube and used 

immediately. 

From these samples, we constructed a library for transcriptome assembly. A cDNA library was 

constructed by the IBEST Genomics Resources Core from pooled equal mass RNA from these nine 

starting samples using a stranded RNA-Seq kit from Kapa. qPCR was performed to determine the 

quantity of sequenceable library. The resultant stranded library of nine pooled male heads was 

sequenced in one lane of a 2x300 Miseq run at the IBEST GRC, resulting in a total of 19.85 million 

raw paired reads.  

We began reference-guided transcriptome assembly by visualizing raw reads in FASTQC (Andrews 

2010) then removed adapters and trimmed reads with Trimmomatic v0.39 (LEADING:3 

TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36) (Bolger et al. 2014). The remaining 19.811 

million trimmed paired reads were aligned to this de novo D. carinulata reference genome with the 

fast, splice-aware HiSat2 v2.2.1 (Kim et al. 2015; Kim et al. 2019), then assembled transcripts with 

StringTie2 (Kovaka et al. 2019). Transcript sequences were extracted using gffread (Pertea and Pertea 

2020).  
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We assessed the quality of the transcriptome assembly by aligning QuantSeq reads (Moll et al. 2014) 

generated from the same individuals (NCBI SRX10122873 - SRX10122884) to the resultant 

transcriptome assembly with bowtie2 v2.2.9 (Langmead and Salzberg 2012b). Additionally, we ran 

BUSCO v5.0.0 in transcriptome mode and quantified the number of fully assembled transcripts with 

blastx (Camacho et al. 2009).  

Synteny across Diorhabda species 

To improve our understanding of barriers to hybridization and the genomic landscape of speciation, 

we examined the chromosomal distribution of two independent results: 1) mapped BUSCOs, and 2) 

RADseq loci that did not align to the D. carinulata genome. For BUSCO comparisons, we merged 

the full table of BUSCO results for each species, then visualized orthologous gene abundance 

between scaffolds. Then, to examine unique loci between species, we used samples that were 

previously assigned to have dominant D. carinata, D. elongata, and D. sublineata ancestry (Stahlke 

et al. in prep). First, we aligned the RADseq loci of those individuals to the D. carinulata assembly 

presented here and captured the paired-end reads that did not align concordantly with bowtie2. Then, 

we aligned those paired-end reads to assemblies of D. carinata, D. elongata, and D. sublineata. For 

alignments, we used the --very-sensitive wrapper to allow for more divergent alignments based on 

sequence identity. We quantified genome coverage across 10 kb windows using the multicov tool of 

bedtools v2.26.0 (Quinlan 2014) and visualized the distribution of aligned reads for each species.  

We computed summary statistics and prepared visualizations in R v4.0.3 (R Core Team 2020), 

employing dplyr v1.04 (Wickham et al. 2016) (Wickham Hadley, François Romain, Henry Lionel, 

Müller Kirill 2021), ggplot2 v3.3.3 (Wickham 2016), and ggalluvial v0.12.3 (Brunson and Read 

2020).  

Results 

Genome assembly and assessment 

By flow cytometry, genome sizes of D. carinata and D. elongata were estimated to be 443.6 MB and 

472.5 MB. Genome sizes of both males and females were estimated to be 395.8 +/- 0.5 Mb and 404.1 

+/- 0.6 MB D. carinulata, and 455.5 +/- 0.9 MB and 465.0 +/- 0.5 MB for D. sublineata, respectively, 

indicating male heterogamy and possible karyotypic differences between species.  

For each of the species, we generated 1,205,352 - 2,881,478 PacBio HiFi reads, ranging from 43 - 

37,739 bp and an average of 9,081 bp in length (Table 3.1). K-mer based assessment of PacBio HiFi 

reads for each species estimated genome sizes for each species (350-375 MB), with heterozygosity 

between 50-60% (Table 3.1; Fig. 3.1). The PacBio library for D. carinulata had the highest effective 
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k-mer coverage (33.5x), while D. carinata, D. elongata, D. sublineata each had about half the 

coverage (approx. 17x). Unique sequence for all libraries was estimated to be about 85% for all 

species.  

Each primary contig assembly of these Diorhabda species resulted in long, nearly chromosome 

length contigs and very high rates of complete single-copy orthologs according to BUSCO (Table 

3.2). For all four species, chromosome-level scaffolds were recovered in the largest 11-13 scaffolds of 

the L90 (Table 3.2, Fig. 3.2).  

We successfully extracted mitochondrial genomes for all four species and circularized those of D. 

carinata and D. carinulata. Using the MitoFinder pipeline, we identified 16-20 of the 22 expected 

tRNAs and 9-13 of the 13 expected protein coding genes (depending on species), however several of 

these were fragmented.   

Genome Annotation 

Repeat Content 

Classifying sequences from the de novo repeat libraries revealed a moderately high rate of repetitive 

content in all four Diorhabda species, between 47.05 - 53.89%, and scaling with genome size. The 

assembly of D. carinulata had the least repeat content and D. elongata had the most (Table 3.3). 

Across species, the majority of transposable elements were unclassified DNA interspersed repeats 

(45.98 - 52.81%) (Table 3.3). We identified canonical telomere repeats in 13 scaffolds of D. 

carinualata (three end to end), 10 in D. carinata (four end to end), 16 in D. elongata (three end to 

end), and ten in D. sublineata (one end to end). Regions of high repeat content indicative of telomeres 

(at the end of scaffolds) and centromeres (in the middle of scaffolds) were evident by visualization of 

genome-wide repeats (Fig. 3.6).  

Sex Chromosomes 

The distribution of RADseq markers from population sampling supported male heterogamy for all 

four species, with several markers significantly detected in females compared to males (Figs. 3.3-4). 

Aligning these significant markers to each scaffolded assembly here, we identified the chromosome-

scale scaffold from each species with significant sex-biased coverage for female samples, an X 

chromosome, which also had less coverage than other scaffolds in the Hi-C plots (Fig. 3.2). We also 

identified two scaffolds indicative of at least one Y chromosome in D. carinulata (Fig. 3.5), but we 

did not find significantly sex-biased RADseq loci indicative of a Y chromosome in the other species. 

Population structure was evidenced by patchy in the distribution of RADseq markers for the hybrid 

samples (Fig. 2.4). 



48 
 

Aligning the putative Y chromosome scaffolds (scaffolds 14 and 15) we identified in D. carinulata to 

the other three species, we recovered scaffolds with significant sequence homology that did not share 

homology with other chromosomes. In D. carinata, scaffold 13 had the greatest shared sequence 

identity with both Y scaffold candidates of D. carinulata. In D. sublineata, high-scoring homology 

was only found between scaffold 14 of D. carinulata and scaffolds 422 and 13. 

Reference-guided transcriptome assembly of D. carinulata 

Using the trimmed, paired-end RNAseq data from the nine male D. carinulata heads, we assembled 

28,162 transcripts, comprising 562,547,083 nucleotides. The median, mean, and N50 contig lengths 

were 6,572.5 bp, 19,975.40, and 62,976 respectively. Single-end QuantSeq reads from the same 

individuals as those used to build the transcriptome aligned back to the assembly at an acceptable rate 

(85 - 95%). The assembled transcriptome and QuantSeq reads passed sufficient quality for 

submission to the NCBI RefSeq annotation platform.  

Synteny across Diorhabda species 

Upon visual inspection of BUSCO mapping across assemblies of D. sublineata, D. elongata, D. 

carinata, and D. carinulata, we identified conserved chromosomal homology among some 

chromosomes, as well as putative chromosomal rearrangements unique to D. carinulata and 

conserved between D. carinata, D. elongata, and D. sublineata (Fig. 3.8).  For example, 

Chromosome 1 of D. carinulata shares orthology with Chromosome 1and 2 of D. carinata, but 

Chromosome 1 and 2 of D. carinata are respectively completely orthologous with distinct 

chromosomes of D. elongata (Chr001 and Chr004, respectively) and (Chr001 and Chr002, 

respectively). Contrastingly, we did not find any such splits in seven of the 12 apparent chromosomes 

of D. carinulata. Examining pairwise orthology from west to east, e.g., D. sublineata vs D. elongata, 

we found the greatest number of rearrangements between D. carinata and D. carinulata.  

To examine interactions between genome evolution and sequence divergence, we compared the 

number of reads that aligned to either D. carinata, D. elongata, or D. sublineata, and did not align to 

the D. carinulata genome (Fig. 9). We found that D. carinata had the highest average coverage of 

reads/10KB window with 569.30, followed closely by 564.63 for D. sublineata, then 502.43 for D. 

elongata. The number of alignments decreased moving east to west, with the fewest aligned reads 

against the D. sublineata genome and in the fewest regions.  
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Discussion 

High-quality genomic resources 

We produced high-quality, nearly chromosome-scale de novo genome assemblies from single 

individuals of D. carinulata, D. carinata, and D. elongata with a single pipeline that scaffolded 

PacBio HiFi reads with Hi-C data. These assemblies mark a dramatic improvement from the first 

draft assembly of D. carinulata (Stahlke et al. in prep), from an N/L50 of 3,561/.70 MB and the 

genome totaling approx. 84,000 scaffolds to an N/L50 of 5/33.547 MB and a total of 132 scaffolds 

(Fig. 7). This improvement is marked by an increase in total assembly length, from 382.502 MB to 

414.77 MB, with 30% greater repeat content annotated, including telomeres, centromeres, and highly 

repetitive scaffolds associated with males (Y chromosomes) (Fig. 3.7). Similarly, the mitochondrial 

genomes we describe here are about 1 KB longer than the previously published mitochondrial 

genomes of D. carinata and D. carinulata (Stahlke et al. 2019), likely due to more accurate assembly 

of the repetitive control region and intergenic content. Using Hifiasm, we also recovered highly 

continuous alternate assemblies, i.e., phased haplotypes, for all four Diorhabda assemblies. These 

highly continuous assemblies will accelerate studies of hybridization and contemporary evolution by 

providing a basis for fine-scale maps of recombination and long-range context of linkage 

disequilibrium (McKinney et al. 2017; Dias-Alves et al. 2018) More broadly, our work sheds light on 

the role of genome evolution in determining the outcomes of secondary contact among cryptic BCA 

species and demonstrates an efficient approach to test hypotheses regarding stability. 

Sex chromosomes 

Our findings of male heterogamy and specific identification of the X chromosome in all four species 

present a significant opportunity to examine sex-chromosome specific research in Diorhabda. Sex 

chromosomes can harbor key genes related to reproductive barriers (Presgraves 2008; Dowle et al. 

2017; Baiz et al. 2020; Schield et al. 2021) and play large roles in rapid evolution due to their 

differential inheritance and recombination (Charlesworth et al. 1987; Meisel and Connallon 2013; 

Lasne et al. 2017). Relevant to Diorhabda, loci involved with diapause regulation are commonly 

found on sex chromosomes (Hagen and Scriber 1989; Ikten et al. 2011; Chen et al. 2014; Fu et al. 

2015; Pruisscher et al. 2018). Differential introgression and reproductive barriers are expected along 

the X-chromosome in Diorhabda due to female-biased mortality observed in previous lab-crosses 

(Bean et al. 2013), male-biased dispersal due to semiochemicals and aggregation pheromones (Coss 

et al. 2005; Wertheim et al. 2005; Gaffke et al. 2018), and mito-nuclear discordance found in the 

native range (Bean et al. 2013) and in recent secondary contact between D. carinulata and D. 

sublineata (Ozsoy et al. 2021).  
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The lack of any signal of male-specific RADseq loci may indicate that these species lack a Y 

chromosome (Fig. 3.4). However, even at relatively high coverage and with the relatively high-

quality assemblies as we present here, Y chromosomes can be hard to assemble. Because of lower 

effective population sizes, lack of recombination, and the dominance of X-chromosomes, they can 

become highly repetitive and may lack genes (Bachtrog 2013). Y chromosomes have been lost among 

many taxa, including multiple independent events in Coleoptera (Blackmon et al. 2017) (Blackmon, 

Ross, and Bachtrog 2017), although loss is hypothesized to be less common in Polyphaga due to 

achiasmatic pairing during male meiosis (Blackmon and Demuth 2014). Nonetheless, without 

additional species-specific population genomic data for D. elongata, D. carinata, and D. elongata, we 

could not confidently identify a Y chromosome, but did identify homologous sequences based on 

alignment. Species-specific genomic data and basic cytological karyotyping could be performed to 

validate the presence or absence of a Y chromosome in D. carinata, D. elongata, and D. sublineata.  

 Transposable Elements 

Transposable elements are increasingly appreciated for their role in rapid, contemporary evolution 

(Stapley et al. 2015; Schrader and Schmitz 2019) and reproductive isolation (Dowle et al. 2017). The 

relatively high rate of transposable elements we recovered in all four Diorhabda assemblies (47-54%; 

Table 3.3), suggest that they should be considered for a number of traits in Diorhabda; for example, 

in diapause regulation (Yamashita et al. 2001; Robich et al. 2007; Yocum et al. 2011; Sasibhushan et 

al. 2012) and host specificity (Schoville et al. 2018). We found that TE and genome size scale 

accordingly across Diorhabda, similar to other arthrpods (Talla et al. 2017; Blommaert et al. 2019). 

Similar rates of repetitive content were found in another Chrysomelid BCA known for rapid evolution 

to novel environments, Ophrealla communa (Bouchemousse et al. 2020), supporting family-wide 

patterns typical among insects (Petersen et al. 2019). Further work to understand the role of these 

repetitive elements should employ additional resources and tools (Hoede et al. 2014) to classify these 

largely unclassified repeats found in 16-28% of these assemblies (Table 3.3).  

Synteny and the stability of cryptic species 

The role of chromosomal rearrangements in driving ecological speciation and preventing gene flow 

has been debated (Rieseberg 2001; Faria and Navarro 2010). With chromosome-scale assemblies for 

all four introduced Diorhabda species, previous laboratory crossing experiments (Bean et al. 2013; 

Bitume et al. 2017), and current distributions of introduced-range hybridization (Ozsoy et al. 2018; 

Knutson et al. 2019; Ozsoy et al. 2021) we can address these hypotheses. We found that coexistence 

of cryptic BCA species upon secondary contact may be predicted by genome structure and native 

range species distributions. Sympatric D. carinulata and D. carinata  have reduced rates of shared 
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BUSCO synteny; while peripatric and allopatric D. sublineata, D. elongata, and D. carinata (ordered 

west to east), have conserved chromosomal assignment of BUSCOs (Fig. 3.7) (Tracy and Robbins 

2009). The lower rates of synteny between D. carinulata and all three species also reflect the 

outcomes of laboratory crosses (Bean et al. 2013), with genital mismatch (Sota and Kubota 1998) 

leading to high rates of mortality for D. carinulata females and low rates of egg-hatch. Conserved 

synteny between D. carinata, D. elongata, and D. sublineata suggests one fewer barrier to 

reproductive isolation and reflects both the success of  laboratory crosses (Bean et al. 2013; Bitume et 

al. 2017) and high frequencies of hybridization where all three species were introduced (Knutson et 

al. 2019).  

D. sublineata x D. carinata hybrids, compared to hybrids with D. elongata, have been described at 

greater frequency, with evidence of back-crossing in N. America (Stahlke et al. in prep), and showed 

increased fecundity in laboratory crosses (Bitume et al. 2017), suggesting a lack of reproductive 

barriers evolved in allopatry compared to peripatric D. elongata. The relatively conserved synteny we 

observed among the three hybridizing species according to BUSCO mapping was supported by 

alignment rates of RADseq loci, wherein alignment success was lowest for D. elongata suggesting 

increased sequence divergence despite chromosomal homology. A comparison of islands of 

divergence (Turner et al. 2005) among these species would allow us to examine these hypotheses 

more directly. For example, among sympatric and allopatric bumblebees, allopatric species had fewer 

islands of divergence than those in sympatry which had evolved barrier loci in regions of reduced 

recombination (Christmas et al. 2021). Notably, D. elongata has the largest genome among all four 

Diorhabda and the highest percentage of bases identified as repetitive content, which may suggest a 

role for TEs in generating reproductive barriers. 

Future directions with gene evidence 

The highly continuous genome assemblies we produced here are likely to facilitate studies of gene 

family evolution across the genus (Li et al. 2019); for example, to investigate gene family evolution 

related to herbivory and host-specialization (Goldman-Huertas et al. 2015; Calla et al. 2017; 

Comeault et al. 2017). To fully realize the potential of these Diorhabda assemblies, additional 

species-specific gene evidence should be generated for multiple life-stages and tissue-types. 

However, the mito-nuclear discordance observed among D. carinata, D. elongata, and D. sublineata 

in the native range (Bean et al. 2013) suggests incomplete lineage sorting, which should be explicitly 

modeled to account for hemiplasy (Szöllősi et al. 2015; Guerrero and Hahn 2018). Nonetheless, the 

gene evidence and transcriptome we generated here from D. carinulata will be useful to study the 

evolution of diapause.  
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Conclusion 

These assemblies are part of a broader project, the Ag100 Pest Initiative (Childers et al. 2019), to 

address the needs of agriculture in the United States and contribute high quality reference genomes of 

agricultural importance to the Earth BioGenome Project (Lewin et al. 2018). This pipeline was shown 

to be a highly effective approach across these four Diorhabda, with all four meeting the Earth 

BioGenome standards for continuity of contigs, with the NG50 of contigs >10 MB, and 

completeness, with BUSCO single-copy orthologs over 95%. Additionally, our work represents the 

first chromosome-level assemblies in BCA of invasive plants and presents a path forward to address 

the current dearth of genomic resources therein. 
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Table 3.1 Input sequence characteristics for PacBio HiFi reads, genome characteristics estimated by 
Genomescope (Vurture et al. 2017) from HiFi k-mers, and Hi-C alignments according to the PhaseGenomics 
Hi-C QC tool. For GenomeScope, estimates of genome characteristics based on 21-mer histograms for the HiFi 
reads following adapter removal. 

Input Data Statistics D. carinulata D. carinata D. elongata D. sublineata 

Raw PacBio HiFi Reads     

Number of Sequences 2,881,478 1,649,607 4,531,085 6,180,692 

Total length (bp) 26,169,167,863 15,252,588,416 41,421,756,279 56,674,344,695 

Minimum length (bp) 43 44 48 49 

Average length (bp) 9,081.90 9,246.20   

Maximum length 37,739 39,481 27,247 31,295 

GenomeScope Estimates     

Heterozygosity 0.59% 0.48% 0.51% 0.51% 

Genome Haploid Length (MB) 340.621 360.197 362.213 362,326,287.00 

Genome Repeat Length (MB) 47,956,677.50 58,337,352.50 60,999,126.50 61,018,284.00 

Genome Unique Length (MB) 292.58 301.86 301.21 301.310 

Genome Unique Content (%) 0.00% 83.80% 83.16% 83.16% 

Model Fit 96.93% 96.72% 97.21% 98.22% 

Read Error Rate 0.13% 0.21% 0.14% 0.14% 

Hi-C QC     

Same Strand (%) 37.08% 35.72% 37.85% 37.08% 

Informative Read Pairs (%) 63.47% 63.30% 68.89% 67.48% 

Noninformative Read Pairs 

(%) 

0.62% 0.27% 0.27% 0.23% 

Long Contacts 57.07% 57.04% 59.01% 56.96% 

Intercontig Contacts 14.91% 14.57% 24.10% 24.44% 

Usable high-quality read pairs 

per contig (contigs > 5K bp) 

2,129.30 2,673.77 1,473.79 1,046.62 

 

  

https://paperpile.com/c/HGgAak/wUNf
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Table 3.2 Primary contig assembly statistics and final Hi-C scaffolded assembly statistics after manual curation. 

Primary Assembly Statistics D. carinulata D. carinata D. elongata D. sublineata 

Number of Scaffolds 132 83 299 422 

Number of Contigs 143 109 355 467 

Total Length (MB) Scaffolds 417.239 448.661 481.404 456.344 

Total Length (MB) Contigs, % 

gap 

417.237, 

0.000% 

448.658, 

0.001% 

481.400, 

0.001% 

456.339, 

0.001% Scaffold N/L50 (MB) 5/33.547 6/40.833 6/39.447 6/36.832 

Contig N/L50 (MB) 8/21.665 7/24.528 12/12.818 13/13.817 

Scaffold N/L90 12/14.207 11/18.376 14/4.257 13/13.817 

N/L90 (MB) 22/8.164 19/6.897 44/2.534 55/1.025 

Largest Scaffold 68.588 48.62 47.753 44.198 

Largest Contig (MB) 37 46 40 29 

Number of scaffolds > 50 KB 48 29 87 173 

% main genome in scaffolds > 50 

KB 

99.49% 99.66% 99.16% 98.84% 

Contig BUSCO Single 

(Insecta_odb10) 

98.70% 98.40% 98.50% 98.50% 
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Table 3.3 Classified repeat content for the assembled genomes of each Diorhabda species. 

Repeat Classification D. carinulata D. carinata D. elongata D. sublineata 

SINEs 0.07 0.06 0.05 0 

LINEs 8.64 8.27 7.23 8.12 

LINE1 0.04 0 0.01 0 

LINE2 0.96 0.78 0.73 0.74 

L3/CR1 0.36 0.34 0.29 0.31 

LTR elements 1.98 2.1 1.58 1.7 

ERVL 0 0 0 0 

ERVL-MaLRs 0 0 0 0 

ERV Class I 0.01 0 0.01 0.01 

ERV Class II 0 0 0 0 

DNA elements 18.78 17.32 15.55 17.67 

hAT-Charlie 1.07 0.72 1.13 0.91 

TcMar-Tigger 0.17 0.14 0.12 0.15 

     

Unclassified 16.55 19.33 28.4 22.04 

Total interspersed repeats 46.01 47.06 52.81 49.53 

     

Small RNA 0.37 0.35 0.41 0.12 

     

Satellites 0.05 0.5 0.03 0 

Simple repeats 0.75 0.7 0.63 0.7 

Low complexity 0.11 0.11 0.1 0.11 

Total bases masked 47.05% 48.63 % 53.89% 50.39 % 
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Figure 3.1 Profiles of 21-mer histograms according to coverage and respective frequency and Genomescope 
(Vurture et al. 2017) model-fit for the CSS reads of all four species following adapter removal. The short peak 
with less coverage for all species indicates heterozygosity. 

 

  



57 
 

Figure 3.2 Hi-C contact heatmaps and curated scaffolds for assemblies of each Diorhabda species. 
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Figure 3.3 Distribution of RADseq markers by female and male coverage across population sampling of D. 
carinulata. Markers significantly associated with males or females are highlighted in red boxes.  
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Figure 3.4 Distribution of markers by female and male coverage for the D. carinata, D. elongata, and D. 
sublineata samples. 
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Figure 3.5 Manhattan plot of markers from male and female D. carinulata samples aligned against the 
scaffolded D. carinulata assembly. Scaffolds are ordered from largest to smallest. The second largest scaffold 
(labeled Chr2 here) is saturated with female biased markers, shown as significantly reduced coverage. The 
fourteenth and fifteenth largest scaffolds (Chr14 and Chr15) have markers significantly associated with males.  
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Figure 3.6 Genome-wide repeat content annotated along ordered scaffolds of D. carinulata. Chromosome-level 
scaffolds are ordered by size, followed by sex chromosomes identified with population genomic data (Fig. 3.5), 
labeled here as ChrX and ChrY1 and ChrY2. 
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Figure 3.7 BUSCO synteny between the improved assembly produced here with HiFi and Hi-C data (top) 
versus the first scaffolded assembly of D. carinulata using Shotgun and 10X Chromium data (Stahlke et al. in 
prep) (bottom). The HiFi + Hi-C chromosome-length scaffolds are ordered by length (Chr001 - Chr012), 
followed by the X chromosome, then one scaffold (Scaff129) at the end. The Shotgun + Chromium assembly is 
ordered according to scaffold length. Blocks are sized according to the number of BUSCO genes mapped to that 
chromosome or scaffold. BUSCO paths are colored according to chromosome assignment in the new HiFi + Hi-
C assembly.   
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Figure 3.8 BUSCO synteny across assemblies of D. sublineata, D. elongata, D. carinata, and D. carinulata, 
ordered from left to right by native range west to east, and colored according to the assigned D. carinata 
chromosome. The small number of BUSCOs that were not found (‘Missing’) are shown in the bottom row. 
Blocks are sized according to the number of BUSCO genes mapped to that chromosome or scaffold. 
Chromosomes are ordered by size within each species, followed by the X chromosome. D. carinulata was the 
only species with a twelfth chromosome-level scaffold.  
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Figure 3.9 Coverage of reads from samples of D. sublineata, D. elongata, and D. carinata that did not align 
concordantly to the D. carinulata assembly. Chromosome-level scaffolds are ordered by size within each 
species, followed by the X chromosome  
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Appendix A - Supplementary to Contemporary and historical selection in 

Tasmanian devils (Sarcophilus harrisii) support novel, polygenic response 

to transmissible cancer 

Rapture Sequencing for Contemporary Selection 

We multiplexed 672-868 individuals per lane of Illumina NextSeq, obtaining 2.4 billion 150 base pair 

(bp) paired-end reads. We later re-sequenced 2,379 individuals from those Rapture libraries on an 

Illumina HiSeq 4000 to increase coverage and confidence in genotype inference. Finally, we also 

incorporated data from standard RAD sequencing libraries on four additional individuals from two of 

the six populations, West Pencil Pine and Fentonbury (see Epstein et al. 2016 for details.; Hendricks 

et al. 2017).  

For each individual, we merged all available reads from across sequencing efforts. Then reads were 

de-multiplexed and low-quality reads were removed using process_radtags in Stacks using the ‘--

bestrad’ option which checks for the single restriction enzyme cut site on either read; this step also 

removed any reads without recognizable barcodes or cut sites (Rochette et al. 2019a). The Stacks 

clonefilter program was used to remove potential PCR duplicates (Andrews et al. 2016). Using 

bowtie2 (Langmead and Salzberg 2012b), reads were aligned to the S. harrisii reference genome 

Devil_ref v7.0 (Murchison et al. 2012), downloaded from Ensembl in June 2014. Population allele 

frequencies can often be estimated with greater accuracy and reduced bias than individual genotypes 

(Warmuth and Ellegren 2019). To do this, we used ANGSD v0.910 (Korneliussen et al. 2014). For 

each set of individuals, we calculated genotype likelihoods and estimated allele frequencies within 

regions using the settings in Table A.2. Regions on the X chromosome were excluded. 

Spatial and temporal analysis of contemporary selection 

First, we calculated allele frequency change after DFTD infection. Within the five locations for which 

we had sampling both before and after DFTD appearance, we estimated the magnitude and direction 

of allele frequency change at SNPs with data from at least 10 individuals at both time points and a 

minor allele frequency (MAF) ≥ 0.05 and a likelihood-ratio test p-value (for presence of a SNP from 

ANGSD) ≤ 10  in at least one of the time points. For this analysis, individuals were assigned to 

“before” or “after” time points based on the date of DNA collection. Table A.1 presents the first year 

of DFTD detection in each population and samples collected from individuals after those years were 

considered “after.” DFTD could have been present at very low frequency prior to detection in some of 

these populations, but we believe using these dates of detection still provides a good estimate of pre-

DFTD allele frequencies. We performed an arcsine (Fisher’s angular) transformation on the estimated 
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allele frequencies to reduce bias induced by the allele frequency spectrum (Fisher and Ford 1947). 

The SNPs were ranked by the magnitude of change, and the fractional rank was used as a pseudo- p-

value for the composite statistic (described in the Main Text).     

Then, we identified SNPs with estimates of strong selection using two time-series approaches which 

account for a population structure: the method of Mathieson & McVean (Mathieson and McVean 

2013) (hereafter mm), which allows the estimated selection coefficient to vary over space; and 

spatpg, which allows the selection coefficient to vary over time as well as space (Gompert 2016). 

Individuals were divided into two-year cohorts based on their year of birth, starting with 1997 and 

ending with 2012 (Table A.1). Only SNPs with MAF ≥ 0.05, minor allele count ≥ 3, and p-value 

from ANGSD ≤ 10  in at least five population / cohort combinations were tested. For mm, we 

assumed the same effective population sizes as Epstein et al. (2016), and otherwise assumed similar 

effective population sizes where previous estimates did not exist (Table A.3). For spatpg, variance 

effective population sizes were estimated within the program with a bounded prior between 25 and 

40. We created input allele count files for both spatpg and mm by multiplying allele frequencies 

estimated in ANGSD and the number of individuals and rounded to the nearest whole number. Due to 

computational limits, the dataset was randomly divided into 18 separate spatpg runs.  Following 

spatpg recommendations in the manual (Gompert 2016),  we calculated a support value for each SNP 

by taking the proportion of the posterior distribution (i.e. proportion of MCMC steps) for which the 

regression coefficient 훽, was non-zero (0 < 훽 or 0 >  훽, whichever was smaller), where 훽 describes 

the association between allele change and presence/absence of DFTD within a population. We 

multiplied these support values by two and treated them as pseudo- p-values when calculating a 

genomic inflation factor and the composite statistic.  

Following the recommendations in Francois and colleagues (Francois et al. 2016), we adjusted the p-

values of each test to reduce false positives. If the distribution of p-values was not uniform, we 

divided the Z-scores by the inflation factor. The inflation factor was calculated as the ratio between 

the median Z-scores and the expected median Z-scores for a 휒  distribution with one degree of 

freedom. The genomic inflation factor varied from 0.25 – 0.58 for mm analyses of each population. 

For spatpg, we found an inflation factor of 0.44. 

Using the adjusted p-values and pseudo p-values from the individual analyses, we calculated the 

DCMS statistic (Ma et al. 2015). This statistic combines the p-values from different tests at each SNP 

while accounting for genome-wide correlation among statistics. For each SNP, we used a weight 

based on only the statistics with results at that SNP, and we only included SNPs with results from at 
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least eleven of the twelve individual tests ('af for five populations, mm for all six populations, and 

spatpg). 

We then divided DCMS by the number of defined tests to get a mean composite score and ranked 

SNPs by this mean score. Because DCMS is not defined when one of the p-values is one or zero, we 

replaced p-values of one with 0.99999, and values of zero (only occurred for spatpg) with 0.00005 

before performing the calculation. In accordance with previous linkage disequilibrium estimates 

(Epstein et al. 2016), we identified candidate genes within 100 kb of top SNPs, using bedtools  

v2.26.0 (Quinlan 2014); and supplemented annotations of novel genes with the Ensembl Compara 

gene family pipeline (Yates et al. 2020). 

Historical Selection 

To test for historical selection we used the branch-site test of PAML (Phylogenetic Analysis by 

Maximum Likelihood; (Yang 1997, 2007), implemented in the Bio.Phylo toolkit (Talevich et al. 

2012) of BioPython (Cock et al. 2009). The branch-site test estimates the ratio of nonsynonymous-

synonymous mutation rates (dN/dS) among aligned codons using a phylogenetic tree to allow for the 

appropriate evolutionary model to be employed. In the neutral model, all site classes and branches are 

constrained to dN/dS ≤ 1. In the alternative model, dN/dS of Site Class 2 is allowed to exceed 1 for 

only the foreground branch, while constraining the background branches to dN/dS ≤ 1.  

The devil, wallaby, and opossum orthologous genes and respective sequences were mined from the 

Ensembl database with BioMart (Durinck et al. 2005; Durinck et al. 2009). For the koala, we used the 

orthologs identified with blastx v2.2.27 (Camacho et al.) supplied by Johnson and colleagues 

(Johnson et al. 2018). If splicing variants were available, only the first (most common) variant was 

retained for downstream data preparation. Only 1-to-1 orthologs were retained (i.e., paralogs were 

excluded). Orthologous gene tables were then reduced to genes with at least three of four possible 

sequences present and the respective species were pruned from the greater phylogeny. For the koala, 

we used an open reading frame finder, getorf from EMBOSS, (Rice et al. 2000) to generate amino 

acid sequences. The peptide sequence alignments were generated with MUSCLE v3.8.31 (Edgar 

2004a; Edgar 2004b),  then used to guide alignments of nucleotides with tranalign.  

Functional Enrichment of Genes Under Selection 

For contemporary candidate SNPs, we used the SNP2GO package (Szkiba et al. 2014) in the R 

environment v3.4.3. We filtered the most recent Gene Transfer File 

(Sarcophilus_harrisii.DEVIL7.0.100 ) and Ensembl gene ID GO term associations downloaded from 

Ensembl May 7, 2020 to include only genes which were within 100 kb of targeted loci and account 
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for the biased subset of targeted genes. We limited enrichment analysis to GO terms with a minimum 

of one association in the reference set and allowed an extension window of 100 kb from a candidate 

SNP. For GO term enrichment analysis of historical selection, we used the PANTHER web-interface 

with HUGO gene names (Braschi et al. 2019) and the reference set defined as all genes that were 

tested in PAML (Mi et al. 2018). 

We only compared the distributions among genes for which dN/dS > 1 and were statistically 

significant according to the likelihood ratio test. To account for the bias induced by targeted 

sequencing among contemporary candidates, we defined the reference set as all genes that could have 

been detected in both tests for a given overlapping or enrichment analysis  

We capitalized on the wealth of ongoing research in devils and DFTD by comparing our 

contemporary and historical candidates to those previously identified using different datasets and 

analytical approaches (Epstein et al. 2016; Wright et al. 2017; Hubert et al. 2018; Margres et al. 

2018a; Fraik et al. 2020) using Fisher’s Exact Test implemented in the R package GeneOverlap (Shen 

and Sinai 2020). We then tested for overrepresentation of contemporary and historical candidates in 

gene sets of the molecular signatures database (MsigDB) (Subramanian et al. 2005). MSigDB 

contains several libraries of gene sets which allowed us to gain further insight to pathways that may 

be under selection in devils. We compared our contemporary and historical candidate gene lists to 

gene sets from the MsigDB Hallmark, Curated, Computational, Oncogenic Signatures, and 

Immunologic Signatures (Liberzon et al. 2015; Godec et al. 2016). We built 2x2 contingency tables 

for each set of genes under positive selection and in each of the tested gene sets of MsigDB. Despite 

limitations, this overrepresentation method is straight-forward and flexible for non-model organisms 

and targeted sequencing. To identify intersecting gene sets, we first converted all Ensembl gene IDs 

of interest to HUGO annotations with Biomart. Second, we created appropriate background sets (of 

length N) by intersecting each MsigDB gene set with the respective list of all genes that were tested 

for selection.  Lastly, from these contingency tables we computed overlaps, using the hypergeometric 

distribution (dhyper(c(0:x), m, n, x, log = FALSE), where  c(0:x) is a vector of quantiles representing 

the number of genes both under selection and found in an MsigDB gene set; m is the number of genes 

in the candidate gene list, n is the number of genes in the candidate gene list but not in the MSigDB 

gene set, and x is the number of candidate genes in the MsigDB gene set list. After accounting for 

multiple testing with the Benjamini-Hochberg correction (Shaffer 1995), we considered the 

overrepresentation result statistically significant with adjusted p-values < 0.05 and background gene 

sets greater than or equal to ten genes. Finally, we performed a permutation test to establish a null 

expectation for the rate of shared gene sets between contemporary and historical selection and 
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compared the resultant empirical null to our observed proportion of shared gene sets. To do this, we 

randomly selected the same number of candidate genes with HUGO annotations (112) from the list of 

all HUGO annotated contemporary candidates (3,920) 1,000 times, with replacement, and performed 

gene set overlap analysis as above with only the known gene sets significantly overlapping with the 

historical candidates. 
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Table A.1 Number and year of sampling across six localities. 

Population Year Number of 

individuals wukalina/Mt. William 2004 11 
wukalina/Mt. William 2005 28 
wukalina/Mt. William 2006 20 
wukalina/Mt. William 2007 21 
wukalina/Mt. William 2008 17 
wukalina/Mt. William 2009 14 
wukalina/Mt. William 2010 8 
wukalina/Mt. William 2011 15 
wukalina/Mt. William 2012 4 
wukalina/Mt. William 2013 10 
wukalina/Mt. William 2014 8 

Freycinet 1999 107 
Freycinet 2000 122 
Freycinet 2001 71 
Freycinet 2002 65 
Freycinet 2003 38 
Freycinet 2004 60 
Freycinet 2005 54 
Freycinet 2006 27 
Freycinet 2007 32 
Freycinet 2008 21 
Freycinet 2009 7 
Freycinet 2010 10 
Freycinet 2011 10 
Freycinet 2012 18 
Freycinet 2013 12 
Freycinet 2014 26 
Forestier 2004 131 
Forestier 2005 46 
Forestier 2006 168 
Forestier 2007 98 
Forestier 2008 93 
Forestier 2009 107 
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Forestier 2010 13 
Forestier 2012 26 
Forestier 2013 1 

Fentonbury 2004 47 
Fentonbury 2005 52 
Fentonbury 2006 58 
Fentonbury 2007 63 
Fentonbury 2008 37 
Fentonbury 2009 11 

West Pencil Pine 2006 52 
West Pencil Pine 2007 71 
West Pencil Pine 2008 33 
West Pencil Pine 2009 57 
West Pencil Pine 2010 33 
West Pencil Pine 2011 84 
West Pencil Pine 2012 62 
West Pencil Pine 2013 43 
West Pencil Pine 2014 13 

Narawntapu 1999 33 
Narawntapu 2003 9 
Narawntapu 2004 46 
Narawntapu 2005 27 
Narawntapu 2006 64 
Narawntapu 2007 45 
Narawntapu 2008 63 
Narawntapu 2009 30 
Narawntapu 2010 27 
Narawntapu 2011 15 
Narawntapu 2012 22 
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Table A.2 ANGSD genotype calling settings. 

Option Setting Description 
-

minMapQ 

40 Minimum read mapping quality 
-minQ 25 Minimum base Phred score 
-baq 2 Perform extended base quality adjustment around indels 
-GL 2 Use the (old) GATK genotype likelihood model 

-doMaf 2 Estimate allele frequencies assuming one known allele 
-

doMajorMinor 

4 Use the reference allele as the known allele 
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Table A.3 Estimates of effective population size. 

 

 

 

 

 

 

 

Population         Ne 

estimate   Fentonbury        35 
 Forestier         35 
 Freycinet         34 
 Narawntapu        37 
 West Pencil Pine  26 
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Table A.4 Number of shared genes within 10000 bp of the top 1% of SNPs for the DCMS list of contemporary candidates and each intermediate test. The total 
number of genes in each list is found in the diagonal. Populations are abbreviated as follows: FEN = Fentonbury, FOR = Forestier, FREY = Freycinet, wuk = 
wukalina/Mt. William, NAR= Narwantapu, and WPP = West Pencil Pine. 
 

DCMS FEN 

'af 

FEN 

mm 

FOR  

'af 

FOR 

mm 

FREY 

'af 

FREY 

mm 

wuk  

mm 

NAR 

'af 

NAR 

mm 

spatpg WPP 

'af 

WPP 

mm DCMS 247 14 60 34 67 28 32 41 17 55 39 14 26 
FEN 

'af 

- 165 20 24 31 15 8 19 26 21 9 4 16 
FEN 

mm 

- - 279 33 22 23 22 8 42 38 19 18 20 
FOR 

'af 

- - - 301 30 20 28 28 25 48 17 34 22 
FOR 

mm 

- - - - 283 14 14 38 28 26 21 28 28 
FREY 

'af 

- - - - - 299 19 8 29 12 31 24 42 
FREY 

mm 

- - - - - - 289 16 16 53 13 16 26 
wuk 

mm 

- - - - - - - 295 21 48 39 8 22 
NAR 

'af 

- - - - - - - - 282 24 21 46 42 
NAR 

mm 

- - - - - - - - - 314 36 21 30 
spatpg - - - - - - - - - - 284 15 21 
WPP 

'af 

- - - - - - - - - - - 329 29 
WPP 

mm 

- - - - - - - - - - - - 232 
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Table A.5 Annotated Tasmanian devil gene IDs of within 1000 bp of the top 1% of composite SNPs; 
i.e., candidates for contemporary selection, provided at: 
https://github.com/Astahlke/contemporary_historical_sel_devils/blob/master/contemporary/angsd_20
19-01-18/next/composite_stat/2019-2-
22/results/annotation_top1.0/composite.snps.everything.top.genes.100000bp.txt 
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Figure A.1 Mean coverage of individuals across populations at targeted loci. 
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Figure A.2 The folded allele frequency spectra for each population before DFTD became prevalent. 
wuaklina/Mt. William is not presented because it was first sampled in 2004, eight years after DFTD was first 
described at that locality. 
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Figure A.3 Un-adjusted p-values for all SNPs of each population analyzed with mm (Mathieson and McVean 
2013). 
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Figure A.4  Adjusted p-values for all SNPs of each population analysed with mm (Mathieson and McVean 
2013). 
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Figure A.5 Un-adjusted p-values for all SNPs across all populations analysed with spatpg (Gompert 2016). 
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Figure A.6 Adjusted p-values (Francois et al. 2016) for all SNPs across all populations analysed with spatpg 
(Mathieson and McVean 2013; Gompert 2016). 
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Figure A.7 Allele frequency change ('af) for each population separately. SNPs in the top 1% are indicated by 
more opaque points. The threshold line for the top 1% within each population is indicated by a dashed line. 
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Figure A.8 Signatures of selection as detected by mm for each population separately. SNPs in the top 1% are 
indicated by more opaque points. The threshold line for the top 1% within each population is indicated by a 
dashed line. 
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Figure A.9 Binned initial allele frequency distributions for DCMS candidates and non-candidates across all 
populations with samples before DFTD became prevalent. 
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Figure A.10 Correlations among elementary statistics: afchange = Allele frequency change ('af);  mm = 
Mathieson & McVean (2013). Correlations are clustered by similarity along the x-axis. 
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Figure A.11 Histogram of shared MSigDB (Subramanian et al. 2005) gene set overlaps between contemporary 
and historical candidates, i.e. the signature of ongoing selection, in a permutation test of 1000 draws with 
replacement. We observed no shared gene set overlaps between contemporary and historical candidates. Of the 
1000 permutations, 100% had more overlapping sets than observed.  
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Appendix B - Supplementary to Hybridization and range expansion in 

tamarisk beetles (Diorhabda spp.) introduced to North America for 

classical biological control 
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Table B.1 Sampling locality identification codes (Locality ID), site names, latitude and longitude coordinates, 
dates and sample sizes for each collection effort. Locality IDs include the country or state sampled and symbols 
for relevant groups as follows: * = native range, ∆ = source population, ∇=release sites, ● = hybrid zone, ■ = D. 
carinulata expansion front. 

Locality ID Site Name Latitude 

(°N) 

Longitude 

(°E) 

Date 

Collected 

Sample 

Size D. carinulata sites 

46CH*∆ Bitun, China 47.30 87.75 7/3/16 24 

1WY∇ Lovell 44.86 -108.18 9/3/14 17 

34UT∇ Delta 39.23 -112.93 10/15/14 16 

2CO∇ Fountain Creek 38.34 -104.61 9/2/14 16 

4CO■ Adobe Reservoir 

(Blue Lake) 

38.26 -103.25 9/4/14 16 

5CO■ SE corner 37.70 -103.42 8/21/14 19 

11CO■ Wilkinson 37.34 -104.16 9/18/14 11 

32UT■ St. George 37.07 -113.58 10/15/14 10 

31NV■ Virgin River,  

 Gold Butte 

36.69 -114.26 10/15/14 19 

33NV■ Lake Mead,  

Stewarts Pt 

36.38 -114.40 10/15/14 12 

12AZ■ Big Bend 35.12 -114.64 9/18/14 20 

Laboratory cultures 

CARINA_LAB D. carinata Lab 

Culture 

  1/7/18 20 

SUB_LAB D. sublineata Lab 

Culture 

  1/7/18 7 

Native range D. elongata 

43GR*∆ Posidi, Greece 39.97 23.37 7/6/15 9 

44GR* Delta Aksiou, Greece 40.55 22.74 7/6/15 12 

41CR* Plakias, Crete, Greece 35.19 24.40 7/4/15 11 

37CR* Rethimno, Crete, 

Greece 

35.37 24.47 7/2/15 6 

39CR* Panaramnos, Crete, 

Greece 

35.42 24.68 7/4/15 16 

38CR*∆ Sfkaki, Crete, GR 35.42 24.69 7/4/15 17 

Suspected Hybrid Zone 

6KS●  W Finney County 37.99 -101.08 8/8/14 15 
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8OK● Guymon 36.70 -101.55 9/16/14 18 

28NM● Tucumcari Lake 35.19 -103.69 10/6/14 20 

26NM● Lake Sumner 34.15 -104.48 9/29/14 16 

27NM● Roswell E 33.40 -104.41 9/29/14 15 

15TX● NE Post 33.32 -101.26 9/26/14 15 

19TX● Aspermont 33.17 -100.24 9/27/14 18 

21NM●∇ Artesia Wildlife 

Reserve 

32.98 -104.44 10/7/14 17 

16TX●∇ Lake JB Thomas 32.61 -101.22 9/26/14 17 

20NM● Malaga 32.22 -104.08 9/27/14 21 

18TX● Orla 31.49 -103.48 9/27/14 8 

52TX● Tornillo 31.44 -106.09 8/3/17 14 

50TX● Presidio Hwy 29.34 -104.07 8/3/17 25 

51TX● CO Canyon Boat 

Ramp 

29.34 -104.06 8/3/17 27 

47TX● Rio Grande Village   29.18 -102.96 8/3/17 14 

49TX∇● Santa Elana 29.16 -103.60 8/3/17 17 
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B.2  Available data on releases of the different Diorhabda species by year and state. Note: This table does not 
reflect every release since not all data was accessible at time of publication. Provided at: 
https://github.com/Astahlke/DiorhabdaPopulationStructure/blob/master/info/Supp%20tab%203%20Diorhabda
%20release%20table.xlsx  
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B.3  Detailed Structure results for one repetition of K = 4 (presented in Figure 2.2), including sample ID, 
locality ID, inferred cluster assignments, and 90% credible intervals, available at 
https://github.com/Astahlke/DiorhabdaPopulationStructure/blob/master/structure_analysis/ancestry_confidencei
ntervals.csv.   
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Table B.4 Estimates of 흅 (nucleotide diversity), FIS (inbreeding), and number of private alleles for hybrid 
populations, pure populations, and native populations of Diorhabda (spp.) by sample size (N). Superscript 
letters indicate significant differences at p < 0.05. 

 
N Mean (95% CI) P 

π       

Hybrid 7 0.0863 (0.063, 0.11)a 

0.002 Pure 21 0.0335 (0.015, 0.062)b 

Native 7 0.0381 (0.014, 0.062)b 

FIS       

Hybrid 7 0.157 (0.098, 0.217)a 

0.004 Pure 21 0.0454 (0.011, 0.080)b 

Native 7 0.027 (-0.033, 0.0868)b 

Private alleles       

Hybrid 7 4.71 (-2.63, 12.1)a 

0.019 Pure 21 6.24 (2.00, 10.5)a 

Native 7 17.86 (10.52, 25.2)b 
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Figure B.1 Sampling sites and original source population locations from the native range of D. 

elongata. 
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Figure B.2  Sampling sites and original source population locations from the native range of D. carinulata. 
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Figure B.3  Percent of paired reads that mapped concordantly to the D. carinulata genome per sample, 
according to group. The mean of 72.78% is plotted as a horizontal line. 
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Figure B.4  Change in likelihood values from Structure results for the global SNP dataset, visualized according 
to four methods (A-D) for values of K = 1 to K = 10. 
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Figure B.5  Modal structure results for the global SNP dataset for K=2, K=3, and K=4, from top to bottom. 
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Figure B.6  Structure results for the global SNP dataset across all ten repetitions of K=4. 
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Figure B.7  Histograms of individual q-values (as a hybrid index) from modal K=4 Structure (Pritchard et al 
2000) results for bi-parental hybrid individuals. Each histogram is symmetric about the 0.50 line and colors 
indicate the assigned ancestry for the respective cluster. Ordered leading with most abundant pair: A) D. 
carinata x D. sublineata hybrids (n=24) have both extreme (near 0 and 1) and intermediate values suggesting a 
lack of barriers. B) D. elongata x D. carinata hybrids (n=3) and C) D. elongata x D. sublineata hybrids (n=3) 
both have more extreme q-values with one likely back-crossed hybrid (0.25, 0.75). 
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Figure B.8  Change in likelihood values from Structure results for the D. carinulata SNP dataset, visualized 
according to four methods (A-D) for values of K = 1 to K = 10. 
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Figure B.9 Change in likelihood values from Structure results for the D. elongata SNP dataset, visualized 
according to four methods (A-D) for values of K = 1 to K = 10. 
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Figure B.10 Estimated ancestry according to latitude for individuals from sites indicated by color and shape of 
A) D. sublineata from the global set of Structure results and B) D. carinulata Fukang ecotype from the D. 
carinulata substructure results. The linear model for each distribution is plotted as a red line with standard error 
in grey shading. 

 

  



119 
 
 

 

Figure B.11 Pairwise-FST compared to haversine distance between respective sites indicate patterns of isolation-
by-distance associated with population structure for D. elongata collected from the native range in Greece 
(Mantel’s r = 0.086, p = 0.492). Crossed-squares indicate pair-wise comparisons within ecotype, solid squares 
across ecotype. A linear model for each distribution projected behind points as a red line with standard error in 
grey to aid in visualization. 
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Figure B.12 Directionality index (ψ) for both D. carinulata ecotypes (origins) in North America. Positive 
stepwise increasing values suggest a directional founding effect. Each ecotype is outlined by a box, with 
admixture zones (Fig. 2.3) overlapping.   
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