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Next-generation sequencing (NGS) technologies have revolutionized phylogenomics by decreasing the cost and time required to generate sequence data from multiple markers or whole genomes. Further, the fragmented DNA of biological specimens collected decades ago can be sequenced with NGS, reducing the need for collecting fresh specimens. Sequence capture, also known as anchored hybrid enrichment, is a method to produce reduced representation libraries for NGS sequencing. The technique uses single-stranded oligonucleotide probes that hybridize with pre-selected regions of the genome that are sequenced via NGS, culminating in a dataset of numerous orthologous loci from multiple taxa. Phylogenetic analyses using these sequences have the potential to resolve deep and shallow phylogenetic relationships. Identifying the factors that affect sequence capture success could save time, money, and valuable specimens that might be destructively sampled despite low likelihood of sequencing success. We investigated the impacts of specimen age, preservation method, and DNA concentration on sequence capture (number of captured sequences and sequence quality) while accounting for taxonomy and extracted tissue type in a large-scale butterfly phylogenomics project. This project used two probe sets to extract 391 loci or a subset of 13 loci from over 6,000 butterfly specimens. We found that sequence capture is a resilient method capable of amplifying loci in samples of varying age (0–111 years), preservation method (alcohol, papered, pinned), and DNA concentration (0.020 ng/μl - 316 ng/ul). Regression analyses demonstrate that sequence capture is positively correlated with DNA concentration. However, sequence capture and DNA concentration are negatively correlated with sample age and preservation method. Our findings suggest that sequence capture projects should prioritize the use of alcohol-preserved samples younger than 20 years old when available. In the absence of such specimens, dried samples of any age can yield sequence data, albeit with returns that diminish with increasing age.

KEYWORDS
 anchored hybrid enrichment, historical DNA, hybrid capture, Lepidoptera, museomics, archival DNA, Papilionoidea, phylogenomics


Introduction

Next-generation sequencing (NGS) has revolutionized phylogenomics by drastically decreasing the cost and time required to generate large datasets of genome-wide genetic markers. However, while NGS technologies were developed to sequence whole genomes, entire assemblies are generally not preferred for systematics because the surfeit of data is unwieldy. Data files are large, requiring high performance computer clusters and much time for bioinformatics and phylogenetic analysis. In addition, gene duplication and chromosomal arrangements complicate assessment of homology between species and make alignment of whole assemblies difficult (Armstrong et al., 2019). Low-coverage whole genome sequencing is an alternative to traditional high-coverage genome sequencing that shows promise for use in phylogenomics and population genetics (Zhang et al., 2019a; Lou et al., 2021). This method can be used in both model and non-model organisms and for species with relatively small genomes it can be a powerful and cost-effective approach (Zhang et al., 2019b). Low-coverage whole genome sequencing has been used to study evolution of the butterfly family Papilionidae by extracting loci with BLAST-based orthology searches (Allio et al., 2020). There is also potential for combining low-coverage whole genome data with other methods to increase genetic and taxonomic sampling in phylogenetic studies (Ribeiro et al., 2021; Talavera et al., 2021). Despite this, low-coverage whole genome sequencing still retains some limitations of whole genome sequencing, including dependency on existing reference genomes and genomic resources. To overcome these limitations, several reduced representation methods have been developed to target and sequence only homologous loci (Davey et al., 2011). These methods still require high performance computers, but the computational power needed is lower than for assembly of whole genomes. The most common reduced representation methods used in phylogenetics might be divided into three categories: enzymatic digestion methods such as RADseq (Baird et al., 2008); sequence capture including capture and sequencing of ultraconserved elements (UCEs; Faircloth et al., 2012; McCormack et al., 2012), which targets a specific category of genomic areas; and transcriptomics. Transcriptomes, another source of genome-wide markers from protein-coding genes that can be used for phylogenomic reconstruction (Grabherr et al., 2011; Kawahara and Breinholt, 2014; Kawahara et al., 2019). There are costs and benefits of each method (Table 1).



TABLE 1 Advantages and disadvantages of several reduced representation methods for obtaining phylogenomic datasets.
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Reduced representation methods

Complete taxon sampling is desirable to provide accurate estimates of diversification through time and other questions in macroecology and evolution (Morlon et al., 2011; Jetz et al., 2012). Increased taxon sampling also increases the accuracy of phylogenetic inference by breaking up long branches and minimizing the effects of coalescent stochasticity (Zwickl and Hillis, 2002; Huang et al., 2010). Comprehensive phylogenetic studies that aim to include samples from all described taxa within a group or samples from a geographically broad area are frequently hampered by lack of samples with high quality DNA. Many species are rare, have limited geographic distributions, are protected from collecting by legislation, or live in a part of the world where research permission is difficult to obtain (Rabinowitz, 1981; Prathapan et al., 2018; Wells et al., 2019). Thus, more comprehensive sampling can be achieved by incorporating existing genetic data, such as DNA barcodes or other Sanger data. These pre-existing data cannot usually be combined with UCEs or RADseq data because they rarely have any homologous loci in common (Table 1; Harvey et al., 2016; Toussaint et al., 2021c). However, loci with ample pre-existing data can be targeted by sequence capture. In addition, DNA can be sequenced from museum or herbarium specimens that were not collected specifically for genetic research (Bi et al., 2013; Staats et al., 2013). Following recent usage, we refer to DNA extracted from such specimens as historical DNA or hDNA (Billerman and Walsh, 2019; Raxworthy and Smith, 2021). Historical DNA is typically degraded and fragmented after years of storage at ambient temperatures. Prior to NGS, specimens collected within a few decades could sometimes yield sequence data by labor-intensive means: designing taxon-specific primers to amplify short, overlapping DNA segments usually under 200 bp (Eastwood and Hughes, 2003; Lohman et al., 2008). Fortuitously, preparation of DNA for short-read NGS requires that it be fragmented into short pieces, so specimens collected in the 20th century frequently yield NGS sequence data.

RADseq and allied methods use enzymes to cut high molecular weight genomic DNA into fragments that are then selected based on their size. If the only sample available for a particular taxon is from a decades-old museum specimen with degraded hDNA, the technique will likely not work because the DNA has already been fragmented randomly over time before digestion with site-specific enzymes. Thus, fragments of a given length may not be homologous among samples, and sequence quality may be poor (Graham et al., 2015). While it is possible to map short NGS reads of hDNA to existing RADseq loci or develop sequence capture probes matching the RAD fragments (Tin et al., 2014; Ali et al., 2016; Hoffberg et al., 2016; Suchan et al., 2016; Lang et al., 2020), these methods are more expensive and complex. In addition, it is difficult to distinguish orthologs from paralogs and assess potential linkage disequilibrium with RADseq data (Rubin et al., 2012).

Both UCEs and target capture can use short-read NGS and are thus amenable to sequencing hDNA from museum specimens (Bailey et al., 2016; Blaimer et al., 2016; McCormack et al., 2016). However, target capture has a few advantages over UCEs: Sanger sequences are available for a greater diversity of species because the techniques have been around longer (Table 1). In addition, the function of UCEs and the evolutionary mechanism for their invariance among distantly related taxa are poorly understood (Dermitzakis et al., 2005; Ahituv et al., 2007). Some researchers are therefore reluctant to apply evolutionary models to stretches of DNA flanking the UCE sites, which may evolve in an atypical fashion. With target capture, loci with known evolutionary rates can be targeted to resolve either deep or shallow relationships (Leaché and Rannala, 2011; Townsend and Leuenberger, 2011; Grover et al., 2012; Hamilton et al., 2016). A possible disadvantage of target capture is the time and money that needs to be invested in identifying target loci and developing probes for them (Faircloth, 2017), but probe sets for numerous taxa already exist (Andermann et al., 2020), or can be designed with the help of software packages including MrBait and others (Chamala et al., 2015; Mayer et al., 2016; Faircloth, 2017; Campana, 2018; Chafin et al., 2018). Thus, target capture is frequently the method of choice for phylogenomics projects, especially those that incorporate hDNA from museum and herbarium samples (Jones and Good, 2016). The method has been used to investigate relationships among many taxa including bats (Bailey et al., 2016), birds (Prum et al., 2015), frogs (Hime et al., 2021), spiders (Hamilton et al., 2016; Wood et al., 2018), harvestmen (Derkarabetian et al., 2019), odonates (Bybee et al., 2021), butterflies (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018; Ma et al., 2020), moths (Hamilton et al., 2019; Homziak et al., 2019; Dowdy et al., 2020; Zhang et al., 2020), and a variety of plants (Johnson et al., 2019; Eserman et al., 2021; Acha and Majure, 2022).



Sequence capture: How it works

Sequence capture, also known as target capture, target sequence capture, target enrichment, or anchored hybrid enrichment, is an in vitro process that separates pre-selected loci of interest from other genomic regions (Lemmon et al., 2012). First, genomic regions are selected and single-stranded, oligonucleotide probes complementary to the target sequences are designed using existing genomes (Gnirke et al., 2009). If the probes target exons, the process is sometimes called exon capture (Bragg et al., 2016), and if all of the protein-coding loci in the genome are sequenced, the end result is called an exome. The probes are only ca. 100–200 bp in length, but longer genomic regions can be targeted by overlapping or “tiling” multiple probes to span the desired probe region (Bertone et al., 2006). The success of sequence capture depends on the similarity of the probe sequence to the target sequence, which declines with decreasing relatedness between the taxon used to design the probes and the taxon being enriched. Tiling probes from more than one species’ genome can increase the taxonomic breadth with which the probes can be used.

Probes can be synthesized commercially or be made from the modified PCR products of high-quality genomic DNA (Maricic et al., 2010; Peñalba et al., 2014; Knyshov et al., 2019; Zhang et al., 2019a, 2019b). One advantage of PCR-generated probes is that a reference genome is not required to design the probes, and sequence capture may therefore be used in taxa that lack genomic resources (Jones and Good, 2016). The probes are then biotinylated and combined with streptavidin-coated magnetic beads. Ratios of different probes should be carefully controlled so that sequencing coverage will be equal for all loci, which requires reducing the concentration of probes for organellar DNA in relation to nuclear DNA because it is more abundant in DNA extracts (Peñalba et al., 2014).

To prepare specimens for sequence capture, genomic DNA is extracted from each sample and transmogrified into a “library” by chopping it into short pieces with ultrasound or enzymes, then ligating sequencing adapters and sample-specific indexes (a.k.a. barcodes) to the ends of the DNA fragments (Bronner and Quail, 2019). At this stage, multiple libraries can be multiplexed by combining them and sequencing them together (Meyer and Kircher, 2010). Next, the probes and libraries are combined in a solution hot enough to denature double-stranded library fragments, and the temperature is lowered so that target sequences anneal to their complementary probes. The biotin within the probe then irreversibly binds to the streptavidin on the magnetic beads. A neodymium magnet is placed near the tube, causing the targeted fragments, now bound to the magnetic beads, to adhere to the sides (Paijmans et al., 2015). The fluid is then removed from the tube along with non-target DNA in solution. After a purification step, the tube is re-filled with buffer, heated so the hydrogen bonds binding the target DNA to the probes break, thus releasing the targeted library fragments from the probes and into solution, and—with the magnet still in place—the buffer perfused with DNA fragments from targeted regions is removed and sequenced on a short-read NGS platform such as Illumina. Libraries can be PCR amplified before and/or after the hybridization step. The resulting short reads are bioinformatically demultiplexed, quality-controlled, and assembled.

First, low quality reads and sequence contaminants including adapters are removed. Next, the filtered reads are assembled in one of several ways: de novo, with reference sequences, or via reference-guided assembly (Allen et al., 2017). Paralogs are then removed, and consensus sequences are extracted (Andermann et al., 2020). Several bioinformatic pipelines for assembling short of target loci are available (Faircloth, 2016; Johnson et al., 2016; Allen et al., 2017; Andermann et al., 2018). The final product is a set of homologous sequences for a group of taxa.



Sample preservation and DNA quality

Decades of research have identified best practices for preserving tissues for genetic and other molecular research. The high molecular weight nucleic acids present in the nuclei of living tissues quickly degrade into ever-smaller fragments as the post-mortem interval increases (Ludes et al., 1993; Camacho-Sanchez et al., 2013). When genetic data became more commonplace in evolutionary and systematic studies in the late 1980s, it was apparent that standard methods of specimen preservation, such as pinning insects and preparing vertebrate skins, was not ideal for preserving DNA. Conventional wisdom held that thin insect legs dried quickly and often yielded DNA suitable for PCR, but drying, relaxing, spreading, and re-drying Lepidoptera specimens accelerated DNA fragmentation. Experiments to find the best DNA preservation methods ensued (Arctander, 1988; Pyle and Adams, 1989; Post et al., 1993) and continue to be tested as new preservatives are developed (Dillon et al., 1996; Dawson et al., 1998; Camacho-Sanchez et al., 2013; Moreau et al., 2013). The current consensus affirms that cryopreservation in liquid nitrogen or −80°C storage is the preservation method of choice for animal tissues because it preserves DNA, RNA, and proteins indefinitely if the cold chain remains unbroken (Prendini et al., 2002). However, it is often not feasible to lug a nitrogen vapor shipper into the field, keep it charged with liquid nitrogen, and convince airline staff that the bomb-shaped container is safe to bring on an airplane. Thus, fieldwork-friendly alternatives are required. Comparative studies on vertebrate tissues find that some buffers can preserve RNA and DNA at room temperature for long periods of time (Camacho-Sanchez et al., 2013), while a dimethylsulfoxide-sodium solution works well for marine invertebrates (Dawson et al., 1998). Strong (95–100%) ethanol is the favored preservative for insects (Quicke et al., 1999; King and Porter, 2004; Moreau et al., 2013), and drying specimens quickly using silica gel also works well for preserving insect DNA (Post et al., 1993; Dillon et al., 1996). Other types of alcohol, such as methanol and propanol, are not as effective as ethanol for DNA preservation (Post et al., 1993). Killing insects with ethyl acetate seems to degrade DNA (Dillon et al., 1996), and should therefore be avoided. Since the scaly wings of Lepidoptera would be disfigured if immersed in ethanol, making them difficult to identify, one or both forewing-hindwing pairs are removed and placed in a glassine envelope or coin holder before the body is placed in a tube of ethanol (Supplementary Figure S1; Cho et al., 2016). With their cell walls and enzyme-inhibiting secondary metabolites, preservation conditions differ for plants. Early research suggested that ethanol is a poor preservative of plant DNA (Doyle and Dickson, 1987), and drying leaf tissue rapidly in silica gel is generally the preferred method (Pyle and Adams, 1989; Chase and Hills, 1991).



Sample preservation and sequence capture success

As studies incorporating hDNA become increasingly common (Colella et al., 2020; Toussaint et al., 2021c; Garg et al., 2022), researchers will be faced with decisions regarding sample selection. Should an ethanol-preserved specimen always be extracted if a museum specimen is available? If an irreplaceable specimen is destructively sampled to extract DNA, how likely is sequence capture success? What body parts are most likely to yield high quality DNA? We took advantage of sample metadata collected from a large-scale sequence capture project aimed at investigating the evolutionary history of butterflies to identify relationships among several measures of sequencing success and sample age, preservation method, and extracted tissue type. Our results are summarized to provide a decision tree to aid sample selection. While our results are derived exclusively from butterfly samples, they will apply to other insects and dried specimens stored at ambient temperatures.




Materials and methods


Samples

We analyzed metadata associated with 6,146 butterfly specimens from six families that were subjected to sequence capture for several phylogenetic studies undertaken as part of ButterflyNet (Espeland et al., 2018; Kawahara et al., 2018; Toussaint et al., 2018; Toussaint et al., 2019; Braby et al., 2020; Carvalho et al., 2020; Valencia-Montoya et al., 2021; Toussaint et al., 2021a; Toussaint et al., 2021b; Kawahara et al., 2022). This NSF-funded collaborative network aims to infer the phylogeny of butterflies and aggregate data on species distributions (Pinkert et al., 2022) and traits (Shirey et al., 2022; butterflynet.org). The phylogenomic component of the project used two sequence capture probe sets. The first of these, BUTTERFLY1.0, targets 390 single-copy, protein-coding nuclear loci and a single mitochondrial locus: the DNA barcoding fragment of cytochrome c oxidase I (COI; Breinholt et al., 2018; Espeland et al., 2018). We refer to this as the “391-locus probe set”. We aimed to sequence at least one species from each of the ca. 1900 valid butterfly genera (Lamas, 2015) with the BUTTERFLY1.0 probe set (Kawahara et al., 2022); the type species of each genus was sequenced if available. Sequences from the remaining specimens were captured with the BUTTERFLY2.0 probe set (Kawahara et al., 2018), which targets 13 loci found in BUTTERFLY1.0 that are often used in butterfly phylogenetics, (Wahlberg and Wheat, 2008) including COI. We call this the “13-locus probe set”.

The 13-locus probe set and the 391-locus probe set have successfully generated data to resolve evolutionary relationships at varying taxonomic levels. The BUTTERFLY 2.0 13-locus dataset has resolved relationships within the family Hedylidae providing robust support for 80% of nodes (Kawahara et al., 2018). Data generated with this probe set has also been used to recover tribal level relationships in the Acraeini (Carvalho et al., 2020), Baorini (Toussaint et al., 2019), and Candalidini (Braby et al., 2020). The larger BUTTERFLY 1.0 probe set has most notably been used in creating comprehensive and dated phylogenies of the superfamily Papilionoidea (butterflies) including 98% of all tribes (Espeland et al., 2018) and 84% of all genera (Kawahara et al., 2022). The loci in this set have also been use to generate phylogenetic backbones for the subtribe Euptychiina (Espeland et al., 2019) and the tribe Eumaeini (Valencia-Montoya et al., 2021). Some studies have even combined both sets to further increase phylogenetic resolution in the subfamily Coeliadinae (Toussaint et al., 2021a, 2021b, 2021c) and in the subfamily Heteropterinae (Toussaint et al., 2021a, 2021b, 2021c). Data generated with these sets also have applications beyond systematics and have been applied to study butterfly phylogenetic diversity (Earl et al., 2021).

We recorded specimen variables that might predict sequencing success: DNA concentration; type of tissue extracted; preservation method; sample age; and family. We refer to these variables as Concentration, Tissue, Preservation, Age, and Family, respectively (Table 2). Values for Preservation were “ethanol” for samples in which wingless bodies were preserved in a tube of 95–100% ethanol specifically for genetic research, “papered” for specimens that were dried with their wings folded and stored in a paper envelope—a common method of preservation in the field, and “pinned” to indicate specimens that had been skewered on a pin and prepared for a dry specimen collection (Supplementary Figure S1). Most pinned samples were likely dried and papered in the field, then relaxed in a sealed, humid container for ca. 3–24 h before being pinned and spread. The length of time between collection and relaxing/spreading/pinning is unknown and likely varies among samples. Pinned and papered specimens were obtained from the Museum of Comparative Zoology at Harvard University, the McGuire Center for Lepidoptera and Biodiversity at the University of Florida, the City College of New York, and the American Museum of Natural History. Pinned and papered specimens are common in museum collections and were not preserved with the intention of using the samples for genetic research (Kassambara, 2020). There were 654 samples sequenced with the 391-locus probe set and 2,645 samples sequenced with the 13-locus probe set that had complete metadata. Thousands of other samples had some but not all metadata. Missing metadata meant that analyses were conducted with different numbers of samples (Table 2).



TABLE 2 Sample predictor variables that may impact sequence capture success.
[image: Table2]

We used these predictor variables to assess several measures of sequence capture success: DNA concentration (which is a response variable in some analyses); the fragment length of extracted DNA before library preparation; the probe set used; the number of loci captured with each probe set; and the sequence quality (Table 3). Average DNA fragment length after extraction but prior to library preparation was assessed by running ca. 3 μl of each extracted DNA sample on a 2% agarose gel. This index of DNA quality, which we called “Fragmentation,” was scored in a binary manner depending on whether most fragments were greater than or less than 1,000 bp in relation to a standard DNA ladder. After the raw reads for each sample were processed in accordance with uniform quality control measures described below, we assessed sequencing success as the number of loci captured (variable names: LociCaptured13 and LociCaptured391), depending on the probe set (13 or 391) and assessed sequence quality by calculating the number of IUPAC ambiguities in the 657 bp sequence of COI from each specimen (variable name: Quality). This mitochondrial gene is maternally inherited and should be wholly homozygous within a single individual. Any ambiguities therefore represent uncertainty in the assembly associated with poor sequence quality. Ambiguous bases might represent truly heterozygous sites in nuclear genes, but not in mitochondrial genes, which is why we only used COI.



TABLE 3 Response variables used as indicators of successful sequence capture.
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DNA extraction

DNA was extracted with OmniPrep™ Genomic DNA Purification Kits for Tissue.1 Tissue samples were not weighed before extraction. Ethanol preserved specimens were extracted following the methods in Espeland et al. (2018), while papered and pinned specimens were extracted following methods described in St Laurent et al. (2018). Genitalia at the tip of the abdomen were never extracted. If abdominal tissue from a pinned specimen was extracted non-destructively by macerating it in extraction buffer, the distal end of the abdomen was placed in a clear gelatin capsule that was then pierced with the specimen pin (Supplementary Figure S1). DNA extracts were quantified using a Qubit 3 Fluorometer using dsDNA HS and BR Assay kits.2 To minimize sequencing failure, samples with a DNA concentration less than 4 ng/μl were rarely subjected to capture and sequencing, and overly concentrated extracts were often diluted to be less than 150 ng/μl to prevent problems with multiplexing.



Library preparation, target enrichment, and sequencing

Quantified extracts were submitted to RAPiD Genomics3 for library preparation, hybrid enrichment, and sequencing. Libraries were generated by first mechanically shearing DNA to a size of 300 bp. Once sheared, adenine residues were ligated to the 3′ end of the blunt-end fragments to allow for the ligation of barcoded adapters and the PCR-amplification of the library (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018). Agilent SureSelect probes4 were then used for solution-based target enrichment of pools containing 16 libraries. Enrichment of these libraries followed the SureSelectXT Target Enrichment System for Illumina Paired-End Multiplexed Sequencing Library protocol (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018). These enriched libraries were then multiplexed and sequenced with an Illumina HiSeq 3,000 producing paired-end 100-bp reads (Espeland et al., 2018; Kawahara et al., 2018).



Locus assembly

An existing pipeline for anchored phylogenomics was used to assemble raw Illumina reads (Breinholt et al., 2018). First, paired-end Illumina data were cleaned, and adapters were removed using Trim Galore! 0.4.0.5 Selected reads had a minimum read size of 30 bp and bases with a Phred score above 20 (Breinholt et al., 2018). Loci were then assembled using an iterative baited assembly (IBA) process that used reads with a forward and reverse read that passed prior filtering (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018). The assembly process uses the custom python script IBA.py available on Dryad (Breinholt et al., 2017), which uses USEARCH v7.0 (Edgar, 2010) to find raw reads that matches the probe region of the reference taxa. These assembled reads were then filtered using the python script s_hit_checker.py available on Dryad (Breinholt et al., 2017). This script searched assembled reads against a Danaus plexippus reference genome and these results were used for single hit and orthology filtering with a bit score threshold of 0.90 (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018). Orthologs were then screened for contamination by identifying and removing sequences that were identical or nearly identical at different taxonomic levels (Breinholt et al., 2018; Espeland et al., 2018; Kawahara et al., 2018).



Statistical analyses

Data were cleaned in the tidyverse (Wickham et al., 2019) and visualized with ggplot (Wickham 2016; Kassambara, 2020). First, we modeled Concentration as a response variable with Age, Preservation, Tissue, and Family as the explanatory variables (Table 2). We considered interactions between Age and Preservation to determine whether Preservation had age-dependent effects on DNA concentration. We log-transformed Concentration and generated generalized linear models (GLM) in R (RStudio Team, 2020; R Core Team, 2021) using the lme4 package (Bates et al., 2015).

Next, we modeled LociCaptured13 and LociCaptured391 (Table 3) with Age, Preservation, and Tissue as explanatory variables (Table 2). Family was initially used as an explanatory variable but was removed from the final model due to its lack of significance. We considered interactions between Age and Preservation to determine whether Preservation had age-dependent effects on locus capture. We generated GLMs in R using the MASS package (Venables and Ripley, 2002) with a quasi-Poisson distribution to model LociCaptured13 and LociCaptured391 while accounting for overdispersion. To determine whether the proportion of loci captured was different between probe sets, we calculated the proportion of loci captured as the ratio of loci captured over the targeted number of loci. We used a nonparametric Kruskal-Wallis test to determine if the proportion of loci captured was significantly different between probe sets.

To understand how sequence capture and concentration varied in relation to age for each combination of Preservation and Tissue, we calculated Spearman rank correlations between LociCaptured13, LociCaptured391 and Concentration versus sample age across the 9 unique combinations of Preservation and Tissue type possible. To explore the relationship between sequence capture and butterfly family we plotted LociCaptured13 and LociCaptured391 versus sample age across the unique combinations of family and preservation method. We also calculated Spearman rank correlations between the numerical variables in our dataset for each probe set, which included combinations of Age:Concentration, Age:LociCaptured, Age:LociCaptured13, Age:LociCaptured391 and Concentration:LociCaptured (Table 3). Spearman rank correlations were calculated in R using the correlation package (Makowski et al., 2020).

To determine whether some Preservation methods or Tissue types led to higher LociCaptured13, higher LociCaptured391, or longer DNA fragment lengths, we used Pearson chi-square tests. We compared the number of ethanol, papered, and pinned samples that failed or succeeded to capture 50% or more of the loci targeted by the probe set, which is how we coded “successful” locus capture. We performed a similar analysis comparing numbers of samples with average DNA Fragment sizes over 1,000 bp vs. under 1,000 bp in relation to their method of Preservation. We then assessed failed vs. successful sequence capture as a function of the Tissue that was extracted: legs, thorax, or abdomen. Since the majority of samples that we analyzed were ethanol samples, we suspected that these might drive the result, so we excluded them and repeated the analysis with data from papered and pinned specimens only




Results


Determinants of DNA concentration

Age, Preservation, Tissue, and Family were significant predictors of DNA Concentration. Additionally, there were significant interactions between Age and Preservation suggesting that Age impacted Concentration differently depending on the Preservation method (Supplementary Figure S2). The concentration of extracted DNA declines with specimen age when data from all sample preservation types are aggregated (ρ = −0.071, p = 3.07e-07; Table 3). Throughout this paper ρ = the Greek letter rho, which is the Spearman rank correlation test statistic, and p, an abbreviation for probability, is the Latin lowercase letter P. However, the effect is only significant in papered (ρ = −0.1, p = 0.00012) and pinned specimens (ρ = −0.26, p = 1e-06), which were not preserved for molecular research (Figure 1A; Supplementary Figure S2). There was no relationship between age and DNA concentration in ethanol preserved tissues (ρ = 0.022, p = 0.37), but the oldest such sample that we included was 26.83 years old because preservation of Lepidoptera in ethanol for genetic research began only around three decades ago. The type of tissue extracted had a strong effect on DNA concentration. For papered and pinned specimens, the rank order from highest to lowest concentration was abdomen > thorax > legs, while for ethanol-preserved specimens, the order was thorax > abdomen > legs (Figure 2A). Within each tissue type, the rank order of DNA concentration was always ethanol > papered > pinned, though the differences were negligible when legs were extracted (Figure 2A).

[image: Figure 1]

FIGURE 1
 The relationship between sample age and (A) extracted DNA concentration, (B) locus capture with a 13-locus probe set, and (C) locus capture with a 391-locus probe set. In (B,C) the size of each point is proportional to its concentration.
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FIGURE 2
 Differences in (A) mean DNA concentration and (B) mean number of loci captured with 13-locus and (C) 391-locus probe sets in relation to preservation method and type of tissue extracted. Jitter has been added to points in (A) so their distribution can be better assessed visually.




DNA fragmentation and sequence quality

Fragment length depends on Preservation method (χ2 = 19.12; p = 7.05E-05). Ethanol-preserved specimens had more samples with fragment lengths over 1,000 bp (93%), followed by papered (72%) and pinned (56%) samples. Ethanol-preserved and papered specimens had significantly more samples with fragment lengths over 1,000 bp than would be expected by chance (p = 5.75E-163 and p = 3.67E-36; Supplementary Figure S3A). Remarkably, there were no significant relationships between age and fragment length in any Preservation method (Figure 3A). Out of 3,586 COI mitochondrial sequences, only 210 (~6%) had at least one ambiguity. The modal number of ambiguities per sequence was 2 (68 samples), and the highest number of ambiguities per sequence was 144. When disaggregated by Preservation method and plotted against sample Age, there were no apparent relationships (Figure 3B).
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FIGURE 3
 (A) DNA fragment length and (B) sequence quality as a function of age preservation method. The size of each point is proportional to its concentration.




Determinants of sequence capture success

The 13-locus and 391-locus probe sets successfully captured loci from samples of varying Age, Concentration, Preservation, Tissue, and Family. Family had no significant effect on LociCaptured13 or LociCaptured391, but all other variables did. There are no significant relationships between Family and LociCaptured with either ProbeSet or any Preservation method (Supplementary Figures S4, S5). The variable “Family” was therefore removed from the models. Age, Concentration, and Preservation were significant predictors of both LociCaptured13 and LociCaptured391. However, while Tissue was not a significant predictor of LociCaptured13, it was a significant predictor of LociCaptured391. Interactions between Age:Preservation were significant, suggesting that Age impacts locus capture differently depending on the sample preservation method (Supplementary Figures S6, S7). Ethanol preserved specimens have higher average locus capture as Age increases when the other predictors are held constant, followed by papered specimens, and then pinned specimens.

The BUTTERFLY1.0 probe set recovered 100% of 391 targeted loci in some samples, with a mean of 352.68 loci (mode = 385) and the BUTTERFLY2.0 probe set captured a mean of 12.53 loci (median and mode = 13; Table 3). Remarkably, this probe set captured 100% of the 13 targeted loci from the oldest sample in our dataset (111 years). Across all 6,146 samples, we recovered more than 50% of targeted loci in 5879 samples (391-locus probe set = 1888 samples; 13-locus probe set = 3,991 samples), and less than 50% of targeted loci from 267 samples (391-locus probe set = 137 samples; 13-locus probe set = 130 samples), including at least 82 samples that failed to recover any loci (391-locus probe set = 9 samples, 13-locus probe set = 73 samples). The median proportion of locus capture (ratio of loci captured over the number of loci targeted) of the 13-locus probe set was significantly higher than the median proportion of locus capture of the 391-locus probe set (H = 3561.3, df = 1, p = <2.2e–16; Supplementary Figure S8).

LociCaptured13, LociCaptured391, and Concentration are negatively correlated with sample Age, and, while the direction of the correlations is consistent between the probe sets, the strength of the correlations varies (Figures 1B,C; Supplementary Figures S6, S7). The number of loci captured is negatively correlated with Age, and this effect is stronger for the 391-locus probe set (LociCaptured391) than the 13-locus probe set (LociCaptured13; ρ391 = −0.25, p = 8.12E-24; ρ13 = −0.13, p = 9.24E-15; Table 4). There was an exception to this pattern when looking at the unique combinations of Preservation and Tissue: LociCaptured391 was not affected by the Age of papered specimens, as there were several young and old specimens that failed to capture (Supplementary Figure S7). Across all sample tissues and preservation methods, a negative trend between locus capture and age is apparent although not always significant. The strength of the relationship between sample age and loci captured was weak for ethanol-preserved samples (ρ391 = −0.19; p = 3.4e-05; ρ13 = −0.07, p = 0.013), strongest for pinned samples (ρ391 = −0.64; p = 1.2e-06; ρ13 = −0.31, p = 1.4e-06), and intermediate for papered samples (ρ391 = −0.024; p = 0.74; ρ13 = −0.12, p = 3.1e-0.5). Age and LociCaptured for papered and pinned specimens generally had significant negative correlation coefficients (Supplementary Figures S6, S7). Age-dependent capture was strongly affected by tissue type and ProbeSet (Supplementary Figures S6, S7). This trend of decreasing locus capture with age is more clearly seen with both probe sets in pinned samples regardless of Tissue extracted, although the decrease in LociCaptured vs. Age is more apparent in the 391-locus probe set.



TABLE 4 Spearman rank correlations between sample age, DNA extract concentration, and the number of loci captured with two probe sets targeting 13 or 391 loci.
[image: Table4]

LociCaptured is positively correlated with Concentration, and this effect is stronger for the 391-locus than the 13-locus probe set (ρ391 = 0.22, p = 1.03E-18; ρ13 = 0.16, p = 1.09E-23). When including LociCaptured for both probe sets, Age is negatively correlated with LociCaptured (ρ = −0.053, p = 0.00011); Concentration and LociCaptured are positively correlated (ρ = 0.150, p = 1.85E-27; Table 4).

The incidence of sequence capture failure was low, but there was again a clear rank order of success. Ethanol samples had the highest capture rate (98%) followed by papered (96%), then pinned specimens (94%; Supplementary Figure S3B). The type of tissue extracted had a similarly negligible effect on capture success. Extractions from abdominal tissue were most successful (98%), followed by thorax tissue (97%), followed by legs (96%). These values were lower by 1–2% when ethanol samples were excluded from the analysis (Supplementary Figures S3C,D).




Discussion


Sample preservation

Of the three methods we analyzed, immersion in absolute ethanol is the best way to preserve sample DNA for sequencing. If ethanol preserved samples are not available, dry papered specimens generally have better results than pinned specimens. The concentration of DNA extracted from ethanol-preserved specimens did not decline with sample age (Figures 1A, 2A; Supplementary Figure S2), as it did with papered and pinned specimens. The fragment length of extracted DNA was also generally longer (Figure 3A; Supplementary Figure S3A). While this is not crucial for sequence capture, which requires fragmented DNA for short-read sequencing, it is essential for other sequencing platforms such as PacBio HiFi and Oxford Nanopore Technologies long-read sequencing (Whibley et al., 2021; Lawniczak et al., 2022). Thus, preserving samples in ethanol allows them to be used with a broader range of genetic/genomic techniques.

We found no relationship between Preservation type and sequence quality. Although we found a non-significant trend for declining sequence quality with sample age in ethanol-preserved samples but no other sample types (Figure 3B), this might have been an artifact of how we plotted these data. We removed samples with perfect sequence quality (no ambiguities in COI), which comprised most samples, prior to plotting the data. There were thousands more ethanol samples than other sample types (Table 2), so the true impact of age on sequence quality is likely negligible. A greater proportion of loci were captured from ethanol preserved samples than from papered or pinned samples (Table 4; Figures 1B,C, 2B,C). The labs that provided the ethanol-preserved specimens sequenced for this study follow best practices that may improve DNA preservation: 1) Specimens are immersed in 100% ethanol immediately after being killed by pinching the thorax and having their wings removed. No chemical killing agents are used that could compromise DNA quality, and dead specimens are not allowed to air dry (and potentially decay) before ethanol preservation. 2) Several weeks after returning from the field, the ethanol in each tube is discarded and replaced with fresh 100% ethanol. Water in the specimen leaches into the ethanol and dilutes its concentration over time. 3) Ethanol samples are stored in ultracold −80° C freezers.

There are other insect preservation methods not evaluated in this study. For example, we had no access to tissues stored at −140°C in liquid nitrogen vapor. While it is an excellent method for preserving biological molecules, it is impractical to use in many field situations. We extracted ca. ten samples preserved in RNAlater, but these rarely yielded DNA that was sufficiently concentrated for sequencing (>4 ng/μl). These samples were immersed in the preservative immediately after specimens were killed and torn into pieces because aqueous solutions such as RNAlater cannot easily penetrate the hydrophobic cuticle of insects, and thus can fail to preserve tissues suspended in preservative unless the cuticle is ruptured (Evans et al., 2013). In accordance with the manufacturer’s instructions, these specimens were kept as cold as possible in a thermos with ice in the field, and frozen upon return to the lab. There were too few RNAlater preserved specimens to include in our statistical analyses, but we anecdotally conclude that RNAlater is a poor DNA preservative, consistent with the findings of others (Moreau et al., 2013). A study comparing nucleic acid preservation methods for mammal tissues stored at room temperature found that nucleic acid preservation (NAP) buffer was better than 100% ethanol and cryopreservation for preserving DNA and better than RNAlater for preserving RNA after several months of storage (Camacho-Sanchez et al., 2013) at ambient temperatures. Future comparative work should investigate preservation of insect tissues with NAP buffer under ambient conditions, as this buffer has additional advantages of being inexpensive, non-flammable, and stable at ambient temperatures.



Sample age

Sample age has miniscule effects on DNA concentration (Supplementary Figure S2) and sequence capture (Supplementary Figures S6, S7) of ethanol-preserved tissues, regardless of tissue type. The concentration of DNA extracts declines with sample age in papered and pinned specimens, but the type of tissue extracted affects this pattern. The negative correlation is strongest and most significant in abdominal tissues, but weak and not significant (or marginally significant) in extracts from legs or thoraxes. However, extracts from abdomens are generally more concentrated than extracts from other tissues (Supplementary Figure S2). The relationships between Age and LociRecovered13 and LociRecovered391 are significantly negative for pinned specimens, but the relationship is weak for papered specimens (Supplementary Figures S6, S7). In sum, ethanol preserved specimens do not degrade over time, but if one must use papered or pinned specimens, younger specimens yield better results—especially for pinned specimens.

These results bolster results from other research taxa, demonstrating that plant specimens up to 204 years old are amenable to hybrid capture (Brewer et al., 2019). While McGaughran (2020) found that older moth samples have the poorest capture success, Toussaint et al. (2021c) found that sequence coverage was not linked to the age of beetle specimens.



DNA concentration

Hybrid capture requires more DNA than PCR (Chung et al., 2016). While PCR can proceed if there are just a few strands of DNA that are not fragmented between the binding sites of the two primers, the commercial laboratory that we contracted to perform sequence capture and sequencing (see footnote 3) recommends a minimum of ca. 132 ng of DNA per sample (4 ng/μl x 33 μl), though we successfully sequenced samples with less DNA. Since DNA concentration generally decreases with age in pinned and papered specimens (Figure 1A; Supplementary Figure S2), it is best to select the youngest available specimens if there are several of varying ages. The small size of many insects constrains the amount of DNA that can be extracted from them. The amount of DNA that can be extracted is further diminished as papered and pinned specimens age at ambient temperatures (Supplementary Figure S2).

DNA concentration can affect sequence capture below a threshold concentration that is difficult to estimate (perhaps ca. 2–5 ng/μl), but above that, it has a negligible impact on the number of loci captured. We captured 100% of loci from samples with DNA concentrations as low as 0.020 ng/μl and 10.60 ng/μl (13-locus and 391-locus probe sets, respectively), and large numbers of loci were captured with the 391-locus probe set from samples with much lower concentrations, including a sample with a DNA concentration of 2.4 ng/μl that captured 386 loci. These results demonstrate that high sequence capture success can be achieved with surprising small amounts of DNA, albeit not consistently. Conversely, samples with high DNA concentrations do not always guarantee sequence capture. Samples with concentrations of 144 ng/μl and 167 ng/μl failed to recover any loci with the 13-locus and 391-locus probe sets, respectively. Higher DNA concentrations do not guarantee locus capture or higher numbers of captured loci. Further, high DNA concentrations can adversely affect the sequencing depth of other samples multiplexed in the same run by using a disproportionately large number of sequencing reads.

While tissue type is a significant determinant of DNA Concentration, it has little impact on the number of loci captured (Supplementary Figures S6, S7). Therefore, destructively sampling a specimen’s thorax or abdomen only needs to be undertaken when the minimum DNA concentration threshold cannot be met by extracting legs. The value of this threshold will likely depend on the requirements of the PCR hybridization and amplification steps employed in the sequence capture protocol. We used a standard number of PCR cycles during the hybridization step for every sample, but increasing the number of PCR cycles might increase locus capture success of samples with low DNA concentrations. This strategy might increase the likelihood of successful sequence capture of rare or endangered species that can only be obtained as old museum samples.



Degradation

Preservation method seems to be an important determinant of both DNA concentration and locus capture since alcohol preserved specimens had consistently high average concentrations and locus capture regardless of age, while papered and pinned samples had gradual decreases in concentration and loci capture versus sample Age. This is likely due to the ability of different preservation methods to stabilize DNA and prevent degradation.

Short-read next-generation sequencing methods require short fragments of DNA and can sequence DNA from old specimens. Thus, NGS has become a common alternative to PCR and Sanger sequencing, enabling incorporation of museum and herbarium samples in projects that require DNA sequencing (McGaughran, 2020; Mayer et al., 2021; Raxworthy and Smith, 2021). However, severe degradation that produces fragment lengths below the target length of the sequencing method will likely prevent a sample from being captured. The magnitude of these effects depends on the probe length and sequence target length of the library preparation step. Increasing the probe tiling depth and length of the probed region will likely aid capture of degraded samples.



Stochastic variation

We analyzed thousands of samples—one to two orders of magnitude more than similar comparative studies investigating the relationship between sample type and sequencing success (McGaughran, 2020; Mayer et al., 2021). Several samples that were expected to perform well failed to recover many (or any) loci. Given our large sample size, outliers are likely, and may have resulted from unrecorded sample properties that would be important for determining the amount of DNA degradation such as storage temperature, humidity, sample history (specimens shipped as loans, extractions being repeatedly frozen/thawed, extracts kept at ambient temperature for too long, etc.). Additionally, this could also be the result of human or laboratory error. Competition for sequencing within pooled runs could also explain some of this variation, but we did not have information to include that factor in our models.

The sequence quality metadata in this study are a byproduct of multiple phylogenetics studies and many steps were taken to maximize the likelihood of successful locus capture. Therefore, our dataset has a disproportionate number of younger samples, meaning that the smaller number of older samples that happen to have been successful have a strong effect on the relationships that we explore. We excluded no outliers in our analyses. Including old samples that captured successfully sometimes created weakly positive relationships between locus capture and sample age, when this relationship is expected to be negative. However, removal of these outlier samples could erroneously create models that confirm a priori assumptions about locus capture.




Conclusion

Sequence capture is a remarkably resilient method for obtaining sequence data for phylogenomic analysis. We find that DNA from insect specimens stored under less-than-ideal conditions and over a century old can be sequenced successfully. However, success is more likely under certain conditions, and we use our results to provide recommendations for sample selection and preservation (Figure 4). We find higher DNA concentrations are correlated with greater locus capture, but the difference between loci captured is small across samples with low and high concentrations. Sample age is negatively correlated with locus capture, although many or all loci can be captured from older samples. Sample preservation type plays an important role for determining locus capture, with ethanol-preserved samples performing better than papered and pinned samples in our models and correlation analyses. However, samples preserved with any of the methods we investigated can capture a large proportion of targeted loci. The effect that age has on locus capture appears to depend on preservation method, and pinned samples have the steepest decline in locus capture vs. age. By comparing the proportion of loci captured with the number of targeted loci for each probe set, we find that the probe set with fewer targeted loci not only performs better, it also appears to be resistant to decreases in locus capture associated with Age, Concentration, Preservation, and Tissue. We conclude that sequence capture is a robust method that can be used to include historical samples in contemporary phylogenetic and population genetic studies with relatively low risk of failure and marginally diminishing returns when using older and non-ethanol-preserved samples, regardless of the tissue type used for DNA extraction.
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FIGURE 4
 Decision tree for selection of insect specimens most likely to yield optimal sequence capture results.
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