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The application of high-throughput, short-read sequencing to degraded DNA has greatly increased the feasibility of generating genomic data from historical museum specimens. While many published studies report successful sequencing results from historical specimens; in reality, success and quality of sequence data can be highly variable. To examine predictors of sequencing quality, and methodological approaches to improving data accuracy, we generated and analyzed genomic sequence data from 115 historically collected museum specimens up to 180 years old. Data span both population genomic and phylogenomic scales, including historically collected specimens from 34 specimens of four species of Australian rock-wallabies (genus Petrogale) and 92 samples from 79 specimens of Australo-Papuan murine rodents (subfamily Murinae). For historical rodent specimens, where the focus was sampling for phylogenomics, we found that regardless of specimen age, DNA sequence libraries prepared from toe pad or bone subsamples performed significantly better than those taken from the skin (in terms of proportion of reads on target, number of loci captured, and data accuracy). In total, 93% of DNA libraries from toe pad or bone subsamples resulted in reliable data for phylogenetic inference, compared to 63% of skin subsamples. For skin subsamples, proportion of reads on target weakly correlated with collection year. Then using population genomic data from rock-wallaby skins as a test case, we found substantial improvement in final data quality by mapping to a high-quality “closest sister” de novo assembly from fresh tissues, compared to mapping to a sample-specific historical de novo assembly. Choice of mapping approach also affected final estimates of the number of segregating sites and Watterson's θ, both important parameters for population genomic inference. The incorporation of accurate and reliable sequence data from historical specimens has important outcomes for evolutionary studies at both population and phylogenomic scales. By assessing the outcomes of different approaches to specimen subsampling, library preparation and bioinformatic processing, our results provide a framework for increasing sequencing success for irreplaceable historical specimens.
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INTRODUCTION

The application of high-throughput, short-read sequencing to historical museum specimens has accelerated the pace of collections-based genomics. Historical museum specimens that were not sampled with the intention to preserve genetic material (e.g., skins, skeletons and fluid-preserved specimens) are now the only viable source of genomic data for many rare, elusive or extinct species, or extirpated populations. Such specimens have proven critical in reconstructing evolutionary history across the Tree of Life (Mason et al., 2011; Guschanski et al., 2013; Besnard et al., 2016; McCormack et al., 2016; Roycroft et al., 2021b), and in understanding genetic responses of species to recent environmental change and anthropogenic impact (Bi et al., 2013, 2019; Roycroft et al., 2021b). Genomic data from museum specimens can fill crucial sample gaps for studies of evolutionary processes across scales of divergence, from population-level to macroevolutionary analyses.

For studies at the population level, historical museum specimens can provide more comprehensive geographic sampling, especially where species are threatened or extirpated (e.g., Ewart et al., 2019; Roycroft et al., 2021b), reducing the effects of sample-bias on population genomic inference (e.g., Battey et al., 2020). Sampling that spans the entire historical range of species allows more accurate estimation of population structure and divergence vs. isolation-by-distance, thereby enabling robust delimitation of species boundaries (Perez et al., 2018). The inclusion of historical specimens may also decrease the impact of “ghost” populations on inference, where failure to sample a population can misrepresent estimates of gene flow and our understanding of introgression (Beerli, 2004; Slatkin, 2005; Hey et al., 2018; Linck et al., 2019). Further, historical genomic data from across space and time increases scope for studies of adaptive evolution and selection (Alves et al., 2019), responses to environmental change (Bi et al., 2013, 2019; Schmitt et al., 2019) and genomic erosion during population decline (Hung et al., 2014; Irestedt et al., 2019; van der Valk et al., 2019; Gauthier et al., 2020; Roycroft et al., 2021b).

Historical museum specimens are also the only source of genetic data for type specimens, and for most rare, elusive or extirpated taxa that are otherwise missing from studies at a phylogenomic or macroevolutionary scale (Ruane and Austin, 2017; McGuire et al., 2018; Wood et al., 2018; Lyra et al., 2020). The inclusion of these specimens mitigates the impact of missing taxa on phylogenetic inference (Streicher et al., 2016), the estimation of speciation and extinction rates (Höhna et al., 2011; Höhna, 2014; Craig et al., 2022) and molecular dating (Linder et al., 2005). Recent studies have also demonstrated how genomic data from extinct taxa can provide unprecedented capacity to resolve long-standing taxonomic uncertainty and reconstruct recent population decline (Grewe et al., 2021; Roycroft et al., 2021b; Pyron et al., 2022). The ability to place extinct or elusive taxa in a phylogenetic and genomic context provides an opportunity to obtain a high-resolution evolutionary reconstruction of all recently extant species, with important implications for conservation biology of persisting species.

While many published studies report successful sequencing results from historical specimens across evolutionary scales, sequencing attempts that result in poor quality or unusable data are typically not reported in scientific literature. Predictors of sequencing success from museum specimens are therefore difficult to assess. Previous studies have suggested that DNA is preserved longer in certain tissue types, e.g., hard tissue like teeth and bone (Adler et al., 2011; Rowe et al., 2011; Burrell et al., 2015; Damgaard et al., 2015; Dabney and Meyer, 2019) and avian toe pads (Tsai et al., 2020) compared to soft tissues like skin. As well as specimen tissue type, decisions during library preparation and bioinformatic processing may also impact final data quality from historical specimens. The consequences of sequencing quality and accuracy on evolutionary inference depend on the research question, and differ between population and phylogenetic studies. For example, erroneous read mapping, variant calling, or missing data may have the most significant impact on the estimation of positive selection in studies of molecular evolution (e.g., Roycroft et al., 2021a), or on fine-scale population genomic parameters. In these cases, studies may focus on ensuring only high-quality and gap-free data are included. In contrast, phylogenomic or macroevolutionary studies may substantially benefit by the inclusion of rare or enigmatic taxa, while tolerating higher levels of missing data. In the latter case, there may be greater emphasis placed on minimizing specimen damage but optimizing sequencing success.

To optimize sequence success and quality at different evolutionary scales, we assessed (1) a phylogenomic dataset of 92 samples from 79 historical museum specimens of Australo-Papuan rodents (family Muridae, tribes Hydromyini and Rattini), and (2) a population genomic dataset from 34 historical skins of four species in the Australian rock-wallaby genus Petrogale (Macropodidae: Marsupialia). Using the rodent data, we assess the effect of tissue subsample type, specimen age and library indexing strategy on sequencing success. Using the rock-wallaby data, we test the impact of bioinformatic processing on data accuracy and estimation of population genomic parameters. Specimen collection years range from 1841 to 1997 and were sourced from six different museums spanning three continents. By integrating results across population and phylogenomic datasets, we highlight how steps from specimen subsampling, library preparation, to post-sequencing bioinformatics can be optimized to increase the usability and accuracy of genome sequence data obtained from historical museum specimens.



MATERIALS AND METHODS


Sampling
 
Rodents

We sequenced 92 samples from 79 specimens (63 species) of Australo-Papuan endemic rodents from the subfamily Murinae, including samples from the tribes Hydromyini and Rattini. Most of these species are known only from museum specimens, including seven extinct species, emphasizing the need to use historical museum specimens to ensure comprehensive sampling. Samples were obtained from museum collections in Australia (Museums Victoria, Australian Museum, Western Australian Museum, Australian National Wildlife Collection), Europe (Natural History Museum in London), and America (American Museum of Natural History; Supplementary Table 1). Specimens were collected between 1841 and 1997 and preserved as dry preparations (also known as “study skins”). We sampled either skin (n = 49), toe pad (n = 34) or bone (n = 9) from each specimen. For nine specimens, we collected multiple samples comprising different tissue types. For skins, we sampled ~25 mm2 (5 × 5 mm) from the exposed area of the underbelly, where the preparatory incision had previously been made. For toe pads, we removed ~1 mm2 from a single digit. This subsample size difference was intended to maximize the amount of respective DNA obtained from each sample, as preliminary results indicated toe pad yielded more DNA than skin. The DNA quantity for each sample was later normalized during library preparation. Bone was sampled opportunistically, where the specimen had experienced previous damage resulting in broken/exposed bone that could be sampled without additional consequence to the specimen.



Rock-Wallabies

We sampled 56 museum skins from four species of rock-wallaby from the brachyotis group of the genus Petrogale, and eight reference samples from modern tissues (one from each known lineage; Potter et al., 2014). Historical specimens sampled included P. brachyotis (n = 18); P. burbidgei (n = 3); P. concinna (n = 16) and P. wilkinsi (n = 19). Samples were obtained from Australian museum collections (Australian National Wildlife Collection, Museums Victoria and the Western Australian Museum, Supplementary Table 2). Specimen collection years ranged from 1912 to 1977, and specimens were all preserved as dry study skins. To minimize invasive sampling, we took ~ 5 mm x 5 mm pieces of skin from the ear, or dried skin still attached to skulls.




DNA Extraction

For rodent samples, DNA was extracted following a modified version of a standard phenol-chloroform-isoamyl DNA extraction protocol (Roycroft et al., 2021b, and provided in the Supplementary Material), in the Museums Victoria Ancient DNA facility. For rock-wallaby samples, DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen GmbH, Hilden, Germany) using aerosol barrier pipette tips, with working surfaces and equipment wiped down with Lookout DNA Erase (Sigma-Aldrich) before each use. Extractions were undertaken in a dedicated trace DNA laboratory at the Australian National University.



Library Preparation, Hybridisation, and Sequencing

Both the rodent and rock-wallaby datasets were obtained through exon capture target enrichment. All sample libraries were prepared using (Meyer and Kircher, 2010) protocol, including modifications made by Bi et al. (2013). For rodent samples, we used a murine-specific custom exon capture design (SeqCap EZ Developer Library; Roche NimbleGen), targeting 1.27 Mb of genomic DNA (1417 exons, see Roycroft et al., 2020). Rodent samples were either indexed with a single unique barcode, or with a dual-indexing approach, and pooled across multiple captures with up to 92 samples at equimolar ratios (1.2 μg total). Dual-indexed samples were barcoded with a combination of one of 96 unique p5 index sequences, and one of 24 unique p7 index sequences. For rock-wallaby samples, we used a Petrogale-specific custom exon capture approach (SeqCap EZ Developer Library; Roche NimbleGen), which targets 1.83 Mb of genomic DNA (3960 exons), designed using transcriptome data from a yellow-footed rock-wallaby (Petrogale xanthopus) (see Bragg et al., 2016; Potter et al., 2017, 2022). Rock-wallaby samples were indexed with a single unique barcode, and all 56 samples were pooled at equimolar ratios (1.2 μg total).

For both datasets, pooled libraries were then hybridized for ~72 h, with 5 μg of mouse Cot-1 DNA (Life Technologies Corporation), barcode specific blocking oligos (1000 pmol) and target probes following the SeqCap EZ Developer Library protocol. Post incubation, the hybridization reaction was amplified in two independent enrichment PCRs and then cleaned up using the QIAquick PCR purification kit (Qiagen). Quality control checks were made using the DyNAmo Flash SYBR green qPCR kit (Thermo Fisher Scientific Inc.; see Bi et al., 2012) to assess global enrichment of the target exons by comparing pre-capture pooled genomic libraries to the post-capture cleaned hybridization reaction and specifically designed to hit targets of the hybridization probes. After passing these quality control checks, the enriched hybridization samples were run on a BioAnalyzer (2100; Agilent Technologies, Inc.) to check the quality and quantity of the libraries prior to sequencing. Each pooled library was then sequenced on a single lane of an Illumina HiSeq 2500 (100 bp paired-end run) at the ACRF Biomolecular Resource Facility.



Sample Processing and Bioinformatics

We processed raw sequencing data from all specimens using Exon Capture Pipeline for Phylogenetics (ECPP, https://github.com/Victaphanta/ECPP), following the protocol described in Roycroft et al. (2020). For a subset of rodent samples, we ran mapDamage2 (Jónsson et al., 2013) to assess the extent of DNA misincorporation. For rock-wallaby samples, reflecting population genetic sampling, we compared the effect of mapping to a sample-specific reference versus mapping to the highest-quality assembly from the closest non-historical sister sample. Initially, we implemented the sample-specific reference approach which creates a de novo assembly for each historical sample (the “historical de novo” dataset). This is the default approach in ECPP, and in other commonly used target capture assembly pipelines (e.g., Bragg et al., 2015; Faircloth, 2016; Singhal et al., 2017). These historical de novo assemblies were used to create sample-specific references, and raw reads were then mapped back to each reference using BBmap (version 35.82, sourceforge.net/projects/bbmap/) with a minid threshold of 0.95. As a comparison, we also used a high-quality “closest sister” reference approach to map reads (see Roycroft et al., 2021b). To do this, we generated a reference set of high-quality de novo assemblies from fresh tissue samples of various Petrogale sub-species. Using the same mapping approach as above, we mapped the raw reads from historical samples to the closest sister sample (i.e., lowest evolutionary distance from each historical population) with a high-quality assembly (the “high-quality de novo” dataset). The sample with the lowest evolution distance was determined based on divergence between the sample and the reference in substitutions per site, calculated in IQ-TREE 1.6.9 (Nguyen et al., 2015). In all cases, reads from historical samples were mapped to a high-quality de novo assembly of the same sub-species. For all rodent specimens, we only applied this “high-quality de novo” mapping approach, as preliminary results showed this had superior performance over the default method. Final alignments for all data were filtered at a threshold of 3% heterozygosity per locus, and processed with BMGE (Criscuolo and Gribaldo, 2010) to remove poorly represented regions.



Summary Statistics and Branch Length Estimation

To estimate population genomic summary statistics, we filtered the rock-wallaby dataset to 3742 loci that were >90% sample-complete and split samples into seven populations (Petrogale brachyotis brachyotis; BB, Petrogale brachyotis victoriae; BV, Petrogale concinna canescens; CC, Petrogale concinna monastria; CM, Petrogale wilkinsi core population; W, Petrogale wilkinsi Gulf of Carpentaria population; wGU, and Petrogale wilkinsi Groote Eylandt population; wGR). A total of 22 originally sequenced rock-wallaby samples were excluded due to insufficient coverage and poor data quality (see Supplementary Table 2). For each population, we calculated the number of segregating sites and proportion of segregating sites to valid sites (to account for missing data) in PopGenome in R (Pfeifer et al., 2014). We also estimated Watterson's theta (θ, Watterson, 1975) and Tajima's D (Tajima, 1989) in PopGenome, as these are common metrics used to assess genetic diversity and population dynamics. We repeated all calculations for both the “historical de novo” and “high-quality de novo” datasets, across all loci. We also performed all calculations using only exons which matched between the two Petrogale datasets, to directly compare the effect of mapping strategy on parameter estimation. We tested for significant differences across datasets using Welch's two-sample t-test. As a further comparison, we used IQ-TREE 1.6.9 (Nguyen et al., 2015) with codon partitions to infer terminal branch lengths (in substitutions per site) for both the “historical de novo” and “high-quality de novo” datasets. Accurate estimation of tip branch lengths are important, as they are increasingly used as metrics for speciation rates (e.g., ClaDS, Maliet et al., 2019) and in analyses of variation in rates of molecular evolution (e.g., Ivan et al., 2022).

Using the final processed rodent phylogenomic data, we calculated the proportion of reads on target (i.e., the total proportion of deduplicated sequenced reads that mapped to the target region) and the proportion of total target loci successfully captured (>40% of target region) for all specimens. For each sample, we also calculated the average heterozygosity across all loci as a measure of sequence quality and accuracy, where outliers with high values are assumed to contain a higher rate of error. We then compared these metrics across sampled tissue type (toe pad or bone vs. skin) and library indexing strategy (single vs. dual-indexed). Toe pad and bone samples were grouped, due to the comparatively high success rate among these two tissue types and the low overall number of samples from bone. Using the stats package in R, we applied generalized linear models (GLM) to model two categorical predictors (indexing strategy and tissue type) and a continuous predictor (specimen age) on four continuous response variables; proportion of reads on target, loci captured, average coverage and heterozygosity. We also used a two-sample t-test to test each of these variables for significant differences in response to indexing strategy and tissue type.




RESULTS


Predictors of Capture Efficacy and Sequence Quality in Phylogenomic Data

Across all rodent genomic libraries sequenced, 91% (31 out of 34) toe pad and 89% (8 out of 9) bone subsamples resulted in useable sequence data, compared to 63% (31 out of 49) of skin samples (Supplementary Table 1). Unusable samples were those that either returned no sequence data after processing in ECPP, or where data was returned, were primarily sequencing contaminants. We took a conservative approach to screening for contaminant samples, by excluding all samples that showed a terminal branch length at least ~20% greater than close relatives sequenced using high-quality DNA. Results from mapDamage2 suggested that the effect of DNA damage was relatively minor, but was more evident in subsamples taken from the skin, compared to bone or toe pad of the sample specimen (see Supplementary Figure 1 for an example).

The proportion of reads on target (Figure 1A) was significantly lower for single-indexed samples than for dual-indexed samples, while the difference between the number of loci captured (Figure 1B) or average coverage (Figure 1C) was not significant (Table 1). Generalized linear models (GLM) found that collection year was a significant predictor (p < 0.05) for the proportion of reads on target (Supplementary Table 3). Proportion of reads on target tended to be higher for samples that were collected more recently, especially for skin subsamples (Figure 1E). Our GLMs also indicated indexing approach was a significant predictor (p < 0.01) of heterozygosity (Supplementary Table 3), with average heterozygosity across loci (Figure 1D) significantly higher for single-indexed samples than for dual-indexed samples (Table 1). Interactions between collection year, tissue type, and indexing strategy also had significant effect on heterozygosity (Supplementary Table 3).


[image: Figure 1]
FIGURE 1. Relationship between year of specimen collection and indexing strategy for (A) proportion of reads on target, (B) proportion of targeted loci captured, (C) average coverage, (D) average percent heterozygosity, and for dual-indexed samples only; between year of specimen collection and tissue type for (E) proportion of reads on target, (F) proportion of targeted loci captured, (G) average coverage, (H) average percent heterozygosity.



Table 1. Sequencing success of single- vs. dual-indexed rodent samples.
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When dual-indexed samples were grouped by source tissue type, the average coverage, reads on target and loci captured were all significantly higher in toe pad/bone subsamples compared to skin subsamples (Table 2). There was no significant difference in average heterozygosity when comparing tissue types. There was a weak relationship between specimen age and reads on target (Figure 1E) for skin subsamples (r = 0.29, p < 0.05), and no relationship for toe pad/bone subsamples (r = 0.037, p = 0.84). There was no relationship between specimen age and the proportion of loci captured (Figure 1F) for either skin or toe pad/bone subsamples.


Table 2. Sequencing success of different tissue types for dual-indexed rodent samples.

[image: Table 2]



The Effect of Mapping Strategy on Population Genomic Parameters

To assess the potential impact of mapping strategy on downstream population genomic inference, we compared inferred population parameters between the “historical de novo” and “high-quality de novo” datasets for Petrogale rock-wallabies. A total of 34 out of 56 rock-wallaby skins (61%) yielded sufficient data for use in population genomic analyses. The proportion of segregating sites to valid sites was always higher for the historical de novo approach, suggesting a higher error rate (Table 3). In five out of seven populations, the “historical de novo” mapping approach resulted in a greater absolute number of apparent variable sites (up to 10% more per population) than the “high-quality de novo” approach. In both cases where the “high-quality de novo” dataset had a greater absolute number of variable sites, this was explained by a 38% (CM) and 77% (wGU) increase, respectively, in total number of recovered sites when using the “high-quality de novo” mapping approach compared to the “historical de novo” approach. In five out of seven populations, the “high-quality de novo” mapping approach also resulted in fewer missing sites than the “historical de novo” approach.


Table 3. Population genomic summary statistics across rock-wallaby populations for both “historical de novo” and “high-quality de novo” mapping approaches.

[image: Table 3]

In all cases except for the wGU population, the inferred number of segregating sites and the estimated θ values were consistently higher in the “historical de novo” dataset compared to the “high-quality de novo” dataset (Figure 2A and Table 3). The impact of mapping strategy resulted in a significant difference (p < 0.05) in the number of segregating sites for the CC, CM, BB and wGU populations using a two-sample t-test (Figure 2A). However, the differences were not significant when only overlapping loci were considered (Supplementary Table 4). We also recovered a significant difference in θ estimates for CC, CM, BB and wGU (Figure 2B and Table 3), and for CC, CM and BB in overlapping loci (Supplementary Table 4). The proportion of segregating sites to valid sites was smaller for the “high-quality de novo” dataset compared to the “historical de novo” dataset across populations, with a significant difference in the CC, CM, BB, WGR populations (Table 3), and only for CM in overlapping loci (Supplementary Table 4). While estimated mean Tajima's D values were consistently higher for the “high-quality de novo” dataset compared to the “historical de novo” dataset, the difference was only significant in the wGU population (Table 3).
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FIGURE 2. Comparison between the “historical de novo” (pink) and “high-quality de novo” (blue) datasets for (A) total number of segregating sites, and (B) average Watterson's theta (θ) estimates, and (C) terminal branch length (substitutions per site). Samples are identified by the voucher number and grouped by population; W, wilkinsi; wGU, wilkinsi Gulf of Carpentaria; wGR, wilkinsi Groote Eylandt; CM, concinna monastria; CC, concinna canescens; BV, brachyotis victoriae; BB, brachyotis brachyotis. Significant differences between the “historical de novo” and “high-quality de novo” datasets for each population are designated by * in (A,B).


The difference in terminal branch length for Petrogale samples in the “historical de novo” and “high-quality de novo” datasets was variable, but with all large differences having over-inflated branch length in the “historical de novo” dataset. This was especially evident for individuals within the CM and BB populations (Figure 2C). The impact of these individuals is also reflected in population-level significant differences in summary statistics (Table 3 and Figure 2). Overall, samples with comparatively lower quality (i.e., lower coverage, higher heterozygosity in historical de novo dataset) tended to show the most reduction in terminal branch length when using the “high-quality de novo” reference compared to the “historical de novo” reference. Higher quality (i.e., higher coverage, fewer errors in historical de novo dataset) samples tend to show slightly longer terminal branch length using the “high-quality de novo” reference compared to the “historical de novo” reference.




DISCUSSION

Using population and phylogenomic data generated from historical museum specimens, we demonstrate that choices prior to DNA extraction (i.e., type of tissue subsampled), during library preparation (i.e., indexing) and post-sequencing bioinformatic processing (i.e., mapping) have significant impacts on the success, usability, and quality of genomic sequence data and inference. Further, we show how the use of a high-quality reference assembly for mapping reads from historical specimens can result in significant differences in the amount of final data recovered, inferred population genomic summary statistics and phylogenetic tip lengths compared to a de novo sample-specific approach. This demonstrates the importance of the availability of high-quality reference assemblies from closely-related taxa, especially for studies including sequence data from historical specimens where maximum data recovery and accurate variant calling are crucial.

In synthesizing our results, we provide a framework for optimizing pre- and post-sequencing protocols for irreplaceable historical dried mammal specimens at both population and phylogenomic scales.


Pre-sequencing Predictors of Data Quality From Historical Specimens

Across rodent specimens, DNA extracted from subsamples of toe pad or bone consistently performed better than skins in terms of sequencing success, capture specificity (proportion of sequence reads on target), data quality and accuracy (heterozygosity), and completeness (final number of loci captured). This is consistent with previous studies of avian toe pads and bone compared to skin (Tsai et al., 2020), and from ancient DNA studies that have found harder tissues like bones and teeth to preserve DNA for longer than soft tissues (Adler et al., 2011; Burrell et al., 2015; Damgaard et al., 2015; Dabney and Meyer, 2019). Notably however, we found no effect of specimen age on the proportion of reads on target or number of loci captured for toe pad or bone subsamples, indicating a high level of protection from post-mortem DNA damage and degradation in these tissue types. This is in contrast with results from McCormack et al. (2016), who found a decrease in total assembled sequence data for avian specimens with age, but appears to be consistent with results from Sawyer et al. (2012), who found minimal effect of DNA fragmentation across time in specimens up to 60,000 years. In our data, rodent toe pads and bone also yield high-quality endogenous DNA with no observable relationship to specimen age, demonstrating the feasibility of obtaining reliably high-quality genomic sequence data from specimens spanning the last three centuries.

In contrast, DNA sequence libraries prepared from skin subsamples had a significantly lower rate of sequencing success (63% for skins, compared to 93% in toe pad/bone), and a weak but significant relationship (r = 0.29, p < 0.05) between specimen age and sequenced reads on target (Figure 1E). Where DNA is more fragmented and has a greater degree of post-mortem damage (e.g., Supplementary Figure 1), overall capture efficiency is likely to be lower. This would explain the difference in loci captured for skin subsamples compared to toe pad and bone (Figure 1F). If capture efficiency is lower in these samples, then the relative amplification of off-target DNA in the post-capture PCR is likely to be greater. In turn, this may explain the effect of tissue type and specimen age we observed for skin subsamples for proportion of reads on target (Figure 1E). Previous studies (Pääbo et al., 2004) have suggested a relationship between specimen age and DNA quality, as well as a decrease in endogenous DNA via degradation and an increase in exogenous DNA via contamination over time. However, recent studies suggest that the specimen preservation and storage may be crucial factors for collections-age material (McCormack et al., 2016; McDonough et al., 2018). In our data, DNA degradation with specimen age was only evident for skin subsamples, and not for toe pad and bone. As the skins of prepared museum specimens are thinner and more exposed to the environment than toe pad or bone, DNA content and quality in these tissues is likely dependent on the conditions of specimen storage, superficial treatment of the skin with chemicals (e.g., arsenic), and handling of the specimen.

We also found a significant difference between proportion of reads on target and heterozygosity in single- vs. dual-indexed samples, with reads on target being lower and heterozygosity higher in single-indexed samples. Higher average heterozygosity in single-indexed samples may be explained by a combination of cross-index contamination during genomic library preparation, and background cross-indexing during sequencing. Both types of contamination can be reduced by using unique (or partially unique) dual indexes (Kircher et al., 2012). Interestingly, we also report overall fewer reads on target for single-indexed samples. This may be explained by contaminant libraries using the same index from the laboratory environment, resulting in an apparent lower overall capture efficiency. In this case, dual-indexing also reduces the likelihood that any cross-library contamination contains a matching pair of indexes, especially where effort is made to alternate between combinations of indexes across experiments. However, we note that the overall number of single-indexed libraries in our data was low compared to the number dual-indexed libraries, and so it is possible that the patterns we observe are an artifact of sample library variability.



Practical Guidelines for Specimen Selection and Subsampling

While historically preserved DNA has the potential to be highly valuable, this is in addition to the existing intrinsic taxonomic, morphological and historical significance of specimens. Destructive sampling may interfere with potential diagnostic characters, which are often taxonomic group specific (e.g., ear length and shape, nose leaf morphology, toe pad morphology and number, etc.). Further, museum specimens are finite and irreplaceable sources of genomic material, especially for specimens of rare or extinct taxa. As such, it is critical to follow minimally invasive procedures when subsampling material from historical specimens, as well as ensuring optimal genomic library preparation and bioinformatic post-processing decisions to maximize data accuracy and utility. For dry museum skins of small mammals like rodents, subsamples of skin from around the preparatory incision may be the least invasive, however our results suggest that DNA quality and sequencing success from such subsamples is variable, and as such there is an increased chance that DNA extraction and sequencing from these subsamples will fail. Sampling from harder tissue types like toe pad or bone is therefore more likely to result in high-quality genomic data. Where practical considerations warrant subsampling from skin in the first instance, our results show that library preparation using a dual-indexing, rather than single-indexing, may minimize contamination and maximize the chance of obtaining useable data. Recent advances in sequencing genomic DNA from formalin-fixed specimens (e.g., Hykin et al., 2015; Ruane and Austin, 2017), and historical ethanol-preserved specimens (e.g., Derkarabetian et al., 2019) may also present viable options for sampling as an alternative to skins, although with variable success.



Post-sequencing Optimisation of Historical Sequence Data

Using population genomic data from Petrogale rock-wallabies, we demonstrate that increased reference quality can have substantial impact on population genomic parameters and terminal branch length estimation. Previous studies have also demonstrated the impact of reference choice, for example Shafer et al. (2017) found that a reference-based approach recovered lower inbreeding coefficient (FIS) values than a de novo approach for RAD-seq data. In our case, we hypothesize that for historical samples, mapping to a sample-specific de novo assembly can reinforce error that is present at low levels in the historical sequence data (e.g., due to DNA damage or sequencing error). Our results show that the use of a high-quality de novo reference can both reduce error and increase data completeness.

At an individual level, we found that samples with the overall lowest quality tended to show the most significant reduction in terminal branch length when using the “high-quality de novo” reference compared to the “historical de novo” reference. For cases where historical samples were comparatively high quality from the outset, terminal branch length tended to be slightly longer using the “high-quality de novo” reference compared to the “historical de novo” reference. This was due to an increase in legitimate variable sites when using a more complete and contiguous reference for mapping historical reads. While the “high-quality de novo” mapping approach is likely to have the most impact on samples of lower initial sequence quality, total population sample size may also be a contributing factor. For example, although the overall inferred terminal branch length differences were relatively small for samples within the CC population (Figure 2C), the alternative mapping approaches resulted in significant differences in population genomic summary statistics (Table 3). For populations with lower sample sizes, small changes in allele frequencies may have greater relative effect on estimated summary statistics (e.g., Fumagalli, 2013).

When summary statistics were inferred at a population-level, we saw a significant impact on the inferred number of segregating sites and Watterson's θ estimates in four of the seven populations. This was despite most populations containing individuals with higher-quality sequence data (see Figure 2C), which may be expected to mask the impact of low-frequency errors. In the CM and BB populations, pronounced differences in terminal branch length of individuals correspond to significant differences in inferred summary statistics. However, populations with significant differences in inferred summary statistics at a population level did not always show obvious differences in terminal branch length (e.g., the CC population). In cases where sequence quality is reduced pervasively across individuals in a population, errors introduced by DNA damage, sequencing error or bioinformatic processing are likely to have greater consequences. This may then impact the accuracy of downstream inference of genetic diversity, population structure, population size and demographic processes.



The Importance of Data Accuracy for Population Genomic Inference From Historical Specimens

The inclusion of historical museum specimens in population genomics provides the opportunity to sample extirpated populations, potentially contributing to the delimitation of species boundaries and conservation units, assessment of extinction risk and studies of population decline (e.g., Mondol et al., 2013; Nakahama and Isagi, 2018; Nakahama, 2021). Optimizing sequence quality from historical specimens is crucial in empirical systems like Petrogale, where complex patterns of mito-nuclear discordance (Potter et al., 2012, 2014), introgression (Potter et al., 2015, 2017, 2022), and incomplete lineage sorting across the landscape can only be resolved with comprehensive geographic sampling. In addition, data quality and completeness are especially important in studies using targeted exon capture approaches for population genomics (e.g., Bi et al., 2012; Belkadi et al., 2016; Potter et al., 2016), where there are often limited segregating sites within exonic loci. In such cases, a decrease in data completeness can reduce power to detect genuine population level variation, but equally, the impact of erroneous variant calling can be more severe.

It has long been recognized that variation in data quality, accuracy and completeness can have considerable impact on inference and conclusions in population genomic studies. The allele frequency spectrum, a summary of the distribution of derived allele frequencies, is commonly used in population genomic inference. Estimated allele frequencies can be highly sensitive to bioinformatic approaches, potentially impacting estimates of demographic expansion and isolation-with-migration models (Shafer et al., 2017). Many analytical approaches use allele frequency estimates to determine population structure (e.g., STRUCTURE, Pritchard et al., 2000), gene flow (e.g., DILS, Fraïsse et al., 2021; ABBA-BABA tests, Durand et al., 2011; TreeMix, Pickrell and Pritchard, 2012), and demographic history (e.g., δaδi, Gutenkunst et al., 2009; range expansion tests, Peter and Slatkin, 2013, 2015). Inflation of the number of variable sites, as reported in our results, could have profound influence if skewed to increase the number of minor alleles in a population, influencing patterns of demographic expansion, and evaluation of selection and adaptation, common population genomic analyses where museum specimens have been incorporated (e.g., Bi et al., 2013; Ewart et al., 2019; Dussex et al., 2021). Low frequency variants, or minor alleles, can significantly influence population structure (Linck and Battey, 2019) and estimates of demographic history (e.g., Shafer et al., 2017).

Our results showing the effect of de novo assembly quality on population genomic summary statistics demonstrate the importance of maximizing the quality and contiguity of the mapping reference and highlight the complexities in bioinformatic processing and analyzing data from historical museum specimens. This is especially true in contexts where accuracy is crucial. While sample-specific de novo assemblies have been routinely used in many target capture bioinformatic pipelines (e.g., Bragg et al., 2015; Faircloth, 2016; Singhal et al., 2017) to mitigate against reference bias (Sousa and Hey, 2013), we caution against a true “sample-specific” approach for historical specimens. While some historical specimens can provide high-quality de novo assemblies, these are typically not as contiguous as de novo assembly obtained from fresh tissue. Where fresh tissues are available from the same or closely related species, studies should endeavor to generate “high-quality de novo” assemblies from close relatives as a reference prior to sampling historical specimens. For population level studies, bias may be further reduced by selecting loci at random from multiple fresh specimens per lineage (e.g., Potter et al., 2016), or data recovery increased by mapping individuals to a common and highly complete reference for each population (e.g., Potter et al., 2018). The application of iterative mapping approaches (e.g., “pseudoreferencing,” Sarver et al., 2017) may also serve to further reduce bias where raw data is mapped to a divergent reference. It is likely that the consequence of “reference bias,” even at moderate evolutionary divergences (e.g., above population level to 10 million years), is less than the consequence of potential error and loss of data introduced using a de novo assembly generated from historical sequencing reads, however further studies are needed to quantify the impact of evolutionary divergence. Reference genomes for diverse taxa are also now being generated by the research community at a rapid rate, providing an additional source for mapping reads from historical specimens in future work.
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