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Animal specimens in natural history collections are invaluable resources in examining the historical context of pathogen dynamics in wildlife and spillovers to humans. For example, natural history specimens may reveal new associations between bat species and coronaviruses. However, RNA viruses are difficult to study in historical specimens because protocols for extracting RNA from these specimens have not been optimized. Advances have been made in our ability to recover nucleic acids from formalin-fixed paraffin-embedded samples (FFPE) commonly used in human clinical studies, yet other types of formalin preserved samples have received less attention. Here, we optimize the recovery of RNA from formalin-fixed ethanol-preserved museum specimens in order to improve the usability of these specimens in surveys for zoonotic diseases. We provide RNA quality and quantity measures for replicate tissues subsamples of 22 bat specimens from five bat genera (Rhinolophus, Hipposideros, Megareops, Cynopterus, and Nyctalus) collected in China and Myanmar from 1886 to 2003. As tissues from a single bat specimen were preserved in a variety of ways, including formalin-fixed (8 bats), ethanol-preserved and frozen (13 bats), and flash frozen (2 bats), we were able to compare RNA quality and yield across different preservation methods. RNA extracted from historical museum specimens is highly fragmented, but usable for short-read sequencing and targeted amplification. Incubation of formalin-fixed samples with Proteinase-K following thorough homogenization improves RNA yield. This optimized protocol extends the types of data that can be derived from existing museum specimens and facilitates future examinations of host and pathogen RNA from specimens.

KEYWORDS
Coronaviridae, Chiroptera (bats), natural history collection, historical specimens, RNA


Introduction

Natural history collections are an essential and underused resource for emerging infectious disease research (Talley et al., 2015; Schmitt et al., 2018; Colella et al., 2021; Thompson et al., 2021). These collections preserve snapshots of animal and plant populations and their associated parasites and pathogens through time. This quality has been used to track the spread of invasive parasites and pathogens in wildlife (Kleindorfer and Sulloway, 2016) and emergence of human pathogens (Childs et al., 1994; Yates et al., 2002). Natural history collections also maintain voucher specimens that can be revisited and compared between projects and institutions, a feature that can make pathogen surveillance more effective and reproducible (Colella et al., 2021; Thompson et al., 2021). Lastly, these collections maintain multiple specimen types that can be analyzed in new ways as new technology is developed, enabling novel data to be derived from existing resources. For example, DNA sequencing revolutionized our understanding of the information stored within a natural history specimen. Now, with the development of more sensitive and accurate sequencing and imaging technologies, we can also detect the community of pathogens associated with a specimen.

The spillover of SARS-CoV-2 from wildlife to humans has led to increased screening for coronaviruses, a highly diverse family (Coronaviridae) of positive-sense single-stranded RNA viruses, in bats globally (Valitutto et al., 2020; Becker et al., 2022). There are also efforts to revisit bat specimens housed in natural history collections to examine the evolution and host associations of coronaviruses. However, few protocols are available for extracting RNA from museum specimens (although see Fanning et al., 2002), limiting the use of museum specimens in viral screening efforts. RNA is a rapidly deteriorating molecule that requires specialized stabilization (Camacho-Sanchez et al., 2013), and many museum specimens are not preserved with RNA in mind. While RNA is less stable than DNA, RNA can persist even in ancient plant and animal tissues (Fordyce et al., 2013; Shaw et al., 2019; Smith et al., 2019) and ancient RNA methods have been used to examine viruses (Castello et al., 1999; Fanning et al., 2002; Smith et al., 2014; Düx et al., 2020). The persistence of RNA in historical and ancient tissues supports the value of natural history specimens in examining viral pathogens through time and other downstream uses, including host gene expression profiles.

Here, we examine the quality and quantity of RNA that can be extracted from bat specimens ranging in age (19–136 years old) and varying in preservation method (i.e., formalin-fixed ethanol-preserved at room temperature, ethanol-preserved and stored at room temperature, ethanol-preserved and frozen, and flash-frozen without buffer; Figure 1). We present an optimized protocol for extracting RNA from formalin-fixed specimens that is refined from existing protocols developed for extracting RNA from formalin-fixed paraffin-embedded (FFPE) tissues (Krafft et al., 1997; Fanning et al., 2002; Sharma et al., 2012). We used a suite of tools to confirm the success of RNA extractions and examine the downstream usability of these extractions, including Qubit, Bioanalyzer, qPCR, and RNA-seq. This research builds on the growing body of evidence that natural history specimens capture an extended suite of data that can be used beyond the original intent for which that specimen was vouchered, reinforcing the value of natural history collections.
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FIGURE 1
Sampling and processing design. Whole voucher specimens collected in 1886 and 1888 (n = 3 bats, n = 6 tissues; ethanol-RT) are not shown in the figure.




Methods


Specimen subsampling

We sampled bat specimens and tissues (n = 22 unique bats) housed in the Smithsonian National Museum of Natural History (NMNH) that represented species from five genera (Rhinolophus, Hipposideros, Megareops, Cynopterus and Nyctalus) collected in 1886, 1888, and 2002–2003 in Myanmar, and in 1989 in China (Supplementary Table 1). Whole voucher specimens were either preserved in ethanol at room temperature (1886, 1888: ethanol-RT) or were fixed in formalin and transferred to ethanol for long-term storage (2002–2003: formalin-fixed). From some of these whole specimens (n = 4), organ and/or muscle tissue was sampled in the field and preserved in ethanol and then frozen for long-term storage at –20°C (ethanol-F). For other bats, only organ and muscle tissues were available. Some tissues sampled in the field were flash frozen using liquid nitrogen and stored in vapor phase liquid nitrogen freezers (1989: flash-frozen). As there are multiple sample types taken from the same bat individual, we use paired tissue subsamples to examine the impact of preservation method on RNA (Supplementary Table 1 and Figure 1).


Fluid vouchers

We collected lung and small intestine tissue samples from formalin-fixed bat vouchers (n = 8 bats; Figure 1). Specimens were removed from their jars and blotted dry to remove excess 70% ethanol. Next, thoracic and abdominal cavities were dissected using sterilized instruments (forceps, scissors, hemostats and scalpels) treated with RNase AWAY™ (Thermo Fisher Scientific, Waltham, MA, United States). Approximately 50 mg subsamples of lung and small intestine were weighed and then placed in a 1.5 mL tube containing PBS buffer (to remove remaining ethanol), shaken for approximately 5 s, moved to a 1.5 mL tube containing ddH20, again shaken for 5 s, and finally transferred to a 1.5 mL tube containing Trizol™ buffer (Invitrogen, Waltham, MA, United States). After dissections were completed, all tubes were transferred to a –20°C freezer for temporary storage and then transferred to a –80°C freezer until extraction occurred. Ethanol-RT bat vouchers pre-dated the use of formalin in museums (collected in 1886 and 1888). Tissues from these specimens were sampled in the same way as formalin-fixed vouchers.



Tissue samples

A subsample of frozen tissue samples preserved in ethanol or flash frozen were loaned from the NMNH Biorepository and stored at –80°C until extraction. During subsampling, all instruments were treated with RNase AWAY™. Frozen tissues were moved from –80°C to a –20°C freezer for approximately 1 h prior to subsampling. Flash-frozen tissues were then stored at 4°C and processed individually. Tubes containing ethanol-F tissues were removed from the –20°C freezer one at a time and stored on ice during subsampling. It was not possible to discern the tissue type of these subsamples as multiple organ types (usually heart, liver, lung, kidney, spleen) and muscle are frequently sampled in the field and put in the same tube for long-term storage. These tissues do not always maintain diagnostic morphology during long-term storage and become indiscernible from each other. Prior to extractions tissues were weighed to confirm they did not exceed ∼50 mg and washed in 1× nuclease-free PBS and nuclease-free water (all except flash-frozen samples) as described for tissues sampled from fluid vouchers. Following this washing step, samples were transferred to Trizol™ and extracted immediately.




RNA extraction and quality assessment


RNA extraction protocols

Following the PBS and water washes for samples in ethanol (all except flash-frozen samples), all tissues were transferred to Trizol™ and either processed immediately or stored frozen until RNA extraction. We tested three protocols for extracting RNA from the tissues (Figure 1). Six negative controls used during extraction yielded no measurable RNA.

For protocol 1, tissues were homogenized manually or by bead-beating and then RNA was extracted using the RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany). Ethanol-RT samples were collected in 1886 and 1888, and therefore were processed in the Smithsonian National Zoo and Conservation Biology Institute’s ancient DNA laboratory. These samples were homogenized in 40μL Trizol using BioMashers II™ (Kimble, Rockwood, TX, United States) until no chunks of tissue were visible. Then 960μL of Trizol was added, the pestle was removed, and the tube was centrifuged for 1 min. Supernatant was transferred from the BioMasher tube to a screw cap tube before proceeding with the RNeasy Lipid Tissue Mini Kit extraction protocol, beginning after the homogenization steps in the Kit handbook (start at step 12, the first step under Preparation of Total RNA, handbook v. 07/2018). Ethanol-F samples were homogenized using a Mini-BeadBeater-96 (BioSpec, Bartlesville, OK, United States) and one 3 mm chrome steel bead. Prior to use, we soaked beads in RNase AWAY™ for 5 min and washed them twice with RNase-free water. We poured off the water washes and irradiated the beads with UV light for 5 min (UV Clave, Benchmark Scientific, Sayreville, NJ, United States) before transferring one bead to a screw-cap tube containing tissue sample and 1 mL Trizol buffer. Each sample was bead beat two times at maximum speed (40 oscillations/second) for 30 s and incubated at –20°C for 2 min following each bout of bead beating. If large chunks of tissue were visible, we repeated bead beating and incubation once more. Supernatant was transferred to a new tube and RNA extraction proceeded using the RNeasy Lipid Tissue Mini Kit (step 12 as above). Kit extraction followed the manufacturer’s protocol and included DNase I digestion (RNase-free DNase Set, Qiagen). RNA was eluted in 40 μL of RNase-free water and the elution was repeated using the original eluate to re-wet the filter as recommended to increase RNA concentration. Extractions were split into two aliquots to reduce freeze-thaw cycles and stored at –80°C.

Protocols 2 and 3 were optimized from Protocol 1 and Sharma et al. (2012) to improve RNA yield from formalin-fixed samples. For protocol 2, tissues in 900 μL Trizol and 100 μL Proteinase K (Qiagen) were incubated overnight at 60°C with agitation and then bead beat once as described above. Following bead beating, the supernatant was moved to a new tube and RNA extraction proceeded using the RNeasy Lipid Tissue Mini Kit as described in protocol 1. To improve access of Proteinase K to tissues, we switched the order of the homogenization and digestion steps in protocol 3. For protocol 3, tissues in 900μL Trizol and 100 μL Proteinase K were bead beat 1–2 times as described in protocol 1, followed by incubation with agitation at 56°C for 15 min, then 80°C for 15 min. Following incubation, the supernatant was moved to a new tube for extraction with the RNeasy Lipid Tissue Mini Kit as described in protocol 1.



Qubit and bioanalyzer

To examine the quality and downstream use of RNA derived from museum specimens, we estimated RNA yield for all samples using Qubit (n = 66; Invitrogen, RNA HS or BR assay; Supplementary Table 1), the RNA Integrity Number (RIN) and DV200 (proportion of RNA fragments > 200 nucleotides in length) for 22 representative samples, and 260/280 and 260/230 ratios of RNA purity using NanoDrop, Thermo Fisher Scientific, Waltham, MA, United States for 56 representative samples. RIN and DV200 are a measures of RNA degradation and were quantified using the Bioanalyzer RNA 6000 Pico (Agilent, Santa Clara, CA, United States) Eukaryote Total RNA analysis following the manufacturer’s instructions (Supplementary Figures 1, 2). We compared RNA purity (i.e., 260/280 and 260/230 ratios) across preservation methodologies and, within formalin-fixed samples, across extraction protocols using one-way ANOVA. We used Tukey’s HSD to compare all groups to each other if a significant difference was detected. Friedman’s test was used to compare RNA purity between intestine samples used in optimization of the RNA extraction protocol from formalin-fixed samples.




Screening for mammalian and viral RNA using qPCR

For qPCR, we synthesized cDNA from RNA extractions using the ProtoScript II First Strand cDNA Synthesis Kit (New England Biolabs, Ipswich, MA, united States) using the Randomized Primer Mix and following the manufacturer’s instructions. We confirmed the presence of mammalian RNA in 22 representative samples by targeting a 100 bp region of the 16S rRNA gene using universal mammalian primers (Tillmar et al., 2013) using the SsoAdvanced SYBR Green Supermix (BioRad, Hercules, CA, United States), following the manufacturer’s instructions for a 20 μL final reaction volume. Reactions were incubated at 95°C for 30 s followed by 40 cycles of 95°C for 15 s and 58°C for 30 s. We included negative and positive controls (Leontopithecus rosalia, Callithrix geoffroyi, Choloepus didactylus, and Desmodus rotundus) with each assay.

We screened 29 samples (derived from 15 unique bats) for viruses in the subgenus Sarbecoronavirus by targeting the N gene region (HKU-N; primers and probe from Chu et al., 2020) and more broadly for alpha- and betacoronaviruses by targeting the RdRp gene region (RdRP; primers and probe I and probe III originally developed by Muradrasoli et al., 2009 and modified by Joffrin et al., 2020). Our sample size is smaller than what has previously been used for screening bats for coronaviruses (Joffrin et al., 2020). For the HKU-N assay, each 25 μL reaction contained 12.5 μL KlearKall Hot Start 2× Master Mix (LGC, Biosearch Technologies, Hoddeston, United Kingdom), 0.5 μM of each forward and reverse primer, 0.2 μM of Cy5-labeled probe, 20 μg BSA, and 2.5 μL cDNA. Reactions were incubated at 95°C for 15 min per manufacturer’s instructions, followed by 50 cycles of 95°C for 15 s then 58°C for 45 s. For the RdRp assay, 20 μL were used with each reaction containing 10 μL Luna Universal Probe qPCR 2x Master Mix (New England Biolabs), 0.4 μM of each forward and reverse primer, 0.2 μM FAM-labeled probe I, 0.2 μM HEX-labeled probe III, 20 μg BSA, and 2.5 μL cDNA. Thermal conditions followed Joffrin et al. (2020), with an initial incubation at 95°C for 1 min, followed by 2 cycles of 95°C for 15 s and 56°C for 30 s, 2 cycles of 95°C for 15 s and 54°C for 30 s, 2 cycles of 95°C for 15 s and 52°C for 30 s, and 50 imaged cycles of 95°C for 15 s and 50°C for 30 s. All virus-screening assays were performed in duplicate and included negative and positive controls (IDT Gblocks) with each assay.



RNA sequencing


Library preparation

We sequenced a subset of cDNA libraries to evaluate the composition of extracted products. Library preparation was performed following Hawkins et al. (2016) with a KAPA 528 Biosystems LTP Library Preparation kit Roche, Basel, Switzerland, and with UGA iTru style dual indices (Glenn et al., 2016). Due to the low input amount ∼10 μL and low concentration, libraries were amplified for 30 cycles instead of 14 as described in Hawkins et al. (2016). Following amplification, a 1 × SPRI purification (Rohland and Reich, 2012) was performed to remove primer and adapter dimer. Qubit fluorometry and TapeStation, Agilent, Santa Clara, CA, United States traces were completed for each sample to recover both the concentration and size distribution of each library. An Illumina MiSeq 2 × 150 PE v2 run was performed on 14 samples and two controls (Supplementary Table 1). Due to the insert length, the run was limited to 75 cycles.



Analysis of RNA sequencing

Samples were demultiplexed by MiSeq Reporter software and adapters were trimmed using cutadapt v.2.4 (Martin, 2011). Sequence quality was assessed before and after trimming using fastqc v.0.11.8 (Andrews, 2010). Trimmed reads were mapped to GenBank reference genomes using STAR v.2.7.10a (Dobin et al., 2013) and Bowtie2 v.2.3.5 (Langmead and Salzberg, 2012) using default parameters. Reads were also mapped to reference transcriptomes when available using Bowtie2. For samples in the family Pteropodidae, reads were mapped to the Cynopterus brachyotis genome (GCA_009793145.1; Chattopadhyay et al., 2020) and the Rousettus aegyptiacus genome and transcriptome (GCF_014176215.1; Jebb et al., 2020). For samples in the genus Hipposideros, reads were mapped to the reference genome and transcriptome of Hipposideros armiger (GCF_001890085.1; Dong et al., 2017). For samples in the genus Rhinolophus, reads were mapped to the reference genome and transcriptome of Rhinolophus ferrumequinum (GCF_004115265.1; Jebb et al., 2020). In instances where multiple libraries were prepared for the sample bat individual (i.e., from replicate tissues), reads were concatenated for mapping. The function featureCounts in the Subread package was used to examine the genes to which reads mapped (Liao et al., 2013, 2014).

Metagenomic analysis was performed on sequenced reads to evaluate content using the software MEGAN6 Community Edition (Huson et al., 2007; Bağcı et al., 2021). Prior to taxonomic assignment from MEGAN, the DIAMOND (Buchfink et al., 2015) protein BLAST method was performed on the Smithsonian High Performance Computing Cluster using the Genbank NR database to compare all sequenced reads. Following DIAMOND, the .daa files were imported to MEGAN using the February 2022 database “MEGAN map.” All individual files were imported from DIAMOND input and “MEGANIZED” to make RMA6 files. Comparisons were performed between samples where replicates were sequenced as well as across individuals. Sample preservation, tissue type, and specimen were all used in comparisons.





Results


Optimization of RNA extraction from formalin-fixed specimens

We optimized our RNA extraction protocol using replicate lung and intestine tissues sampled from four formalin-fixed bat individuals (Table 1). Extractions from formalin-fixed tissues that were homogenized by bead beating twice prior to Proteinase K digestion more reliably yielded measurable RNA via Qubit quantification than samples homogenized with only one round of bead beating or those extracted without Proteinase K (Table 1). No tissue subsamples yielded measurable RNA when we extracted following Protocol 1, and two tissues that yielded measurable RNA when bead beat twice did not yield measurable RNA when bead beat once. In all cases, lung tissues did not yield measurable RNA. This is likely due to variation in how quickly formalin was able to penetrate these tissues compared to the intestine when the bat was originally preserved. We detected RNA from other formalin-fixed lung tissue (i.e., 583861c,f,g; Supplementary Table 1), suggesting that the specific preservation protocol used in the field may have substantial impact on resulting RNA preservation. We found that Proteinase K incubation and one additional bead-beating step did not impact RIN quality estimates.


TABLE 1    Optimization of RNA extraction from formalin-fixed tissues.
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Quality and quantity of RNA from museum specimens

The quality and quantity of RNA extracted from museum specimens varied and was related to preservation method (Figure 2). While there was no significant difference in the 260/280 ratio between preservation methods [one-way ANOVA: F(2, 47) = (0.226), p = 0.799], formalin-fixed samples typically had a 260/280 ratio lower than the target of 2, likely indicating protein contamination (Figure 2C). The 260/280 ratio got closer to the target of 2 when Proteinase K was used in the extraction [i.e., protocols 2 and 3; Figure 2D; one-way ANOVA: F(1, 31) = (3.659), p = 0.0654]. Estimates of RNA purity using 260/230 ratios are largely consistent with evidence from 260/280 ratios, except that there is a significant difference between the mean 260/230 ratios observed in formalin-fixed and ethanol-F samples [Supplementary Figure 3; one-way ANOVA: F(2, 47) = (8.037), p = 0.001; Tukey’s HSD: p = 0.0014, 95% C.I. = (–2.05, –0.44)]. There was no significant difference in RNA purity measured from repeated extractions of intestine tissue from the same formalin-fixed bat individuals [Friedman’s test: χ2(2) = 3.4545, p = 0.178]. Flash-frozen samples yielded the highest RIN values (4.5, 4.7) and high RNA quantity, while ethanol-F and formalin-fixed samples typically yielded lower RIN values (1.6–2.7) and low RNA quantity (Figure 2A). However, six ethanol-F samples yielded high RNA quantity (>1 μg/μL). All ethanol-F samples yielded detectable RNA, while many formalin-fixed samples did not. No ethanol-RT samples yielded measurable RNA; these individuals were collected in 1886 and 1888 and are much older than the rest of our samples. RNA quantity varied by individual bat, again suggesting a strong impact of the specific field preservation protocol on RNA persistence (Figure 2B). Tissue type did not influence RNA yield (Wilcoxon signed rank test, p = 0.078). Six negative controls yielded no detectable RNA, suggesting lab precautions were sufficient to protect even poorly preserved tissues from contamination during extraction.
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FIGURE 2
RNA Quality and Quantity. (A) RNA extraction concentration by RIN for different sample types with preservation method indicated by color. (B) Plot of the RNA extraction concentrations for individual bats (NMNH identification number, USNM ID) that had duplicate tissue samples taken. In this plot preservation is mapped as color and tissue type is indicated by shape. In both (A,B) plots, samples that have an indicated concentration of 1,000 ng/μL were above the detection threshold of the Qubit HS Kit and should be interpreted as having at least 1,000 ng/μL concentrations. (C) Estimate of RNA purity using Nanodrop 260/280 ratio compared to preservation of tissues used for extractions. (D) Comparison of Nanodrop 260/280 ratio across protocols used to extract RNA from formalin-fixed tissues. A 260/280 ratio of ∼2 is considered pure RNA.




Downstream usability of RNA from museum specimens


Targeted amplification with qPCR

All samples screened using mammalian universal 16S rRNA primers showed successful amplification with Cq values comparable to those of positive controls (i.e., modern mammal DNA). There was no impact of preservation on qPCR amplification. We did not detect any coronaviruses using our targeted qPCR assays (n = 15 bats; n = 29 tissues).



RNA sequencing

A small proportion of the RNA-seq data was mappable to bat genomic/transcriptomic references, as is expected for highly degraded libraries. A total of 34,484,466 reads passed sequencing quality filters. Of the reads passing filters 79.3% were demultiplexed (20.7% undetermined reads); the high proportion of undetermined reads is likely from excess sequencing adapters forming dimers. Following adapter trimming, the number of reads was reduced (ranging from 4,867 to 36,790 remaining per sample). Endogenous RNA content, estimated by mapping reads to annotated genomes, ranged from 1.1 to 8.71% using splice-aware mapping (i.e., STAR). Estimates of endogenous content were slightly higher when reads were mapped to reference genomes using Bowtie2, ranging from 3.1 to 18.86%. Overall alignment rate varied less when reads were mapped to transcriptomes, but was less successful (0.73–4.75%). Of the uniquely mapped reads for Hipposideros armiger and H. bicolor, the most well-represented species in our data, most aligned to the MAT1A gene (Supplementary Table 2). Reads were mapped to other genes, but coverage was shallow across the board.

Metagenomic analysis revealed high representation of bacteria in sequenced reads, with some reads mapping to mammals and viruses (Figure 3). There was large variation in the representation of different bacterial taxa between replicates, which did not correspond to preservation (Figure 3A) or tissue type (Figure 3B). Ordination of metagenome communities indicated differentiation between bat species (Figure 3D). A low proportion of reads mapped to taxa not likely represented in our sample, possibly as a consequence of the short read length or biases from the GenBank NR database.
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FIGURE 3
Results from the MEGAN analysis. Parts A-C each have separate scales inset in each section to indicate read counts. (A) The relative composition of phyla detected from of each sequenced library separated by preservation type. (B) Variation in phyla recovered across lung and small intestine replicates from specimen USNM 583861 (Hipposideros bicolor). (C) The relative proportions of reads identified to phylum from each sequenced library, colored by individual bat (USNM ID). (D) A PCoA of all sequenced insectivorous bats, with PC’s 1 and 3 shown. Tissue type is indicated by the shape (corresponding to Figure 2), and color indicates the species as shown in the bottom left corner of the PCoA.






Discussion

Museum specimens are an underutilized resource in building foundational knowledge of zoonotic viruses (Colella et al., 2021; Thompson et al., 2021), other emerging infectious diseases (Talley et al., 2015; Byrne et al., 2019), and host gene expression responses to environmental change. These specimens can be used to screen a broad range of host species for pathogens that would be difficult to sample in the wild, track the host and geographic occurrence of pathogens through time, and gain historical snapshots of host and pathogen evolution (Colella et al., 2021; Thompson et al., 2021). However, methods have not been optimized for deriving RNA from natural history specimens, limiting the use of these specimens in RNA virus screening. Here, we present an optimized protocol for extracting RNA from formalin-fixed specimens and explore the quality and quantity of RNA that can be derived from museum specimens, extending the value and possible uses of these specimens.

The RNA extracted from museum specimens is highly degraded, but usable for downstream applications, including qPCR and sequencing (Figure 3 and Supplementary Table 2). Following recommendations from FFPE protocols (Krafft et al., 1997; Sharma et al., 2012), we found that incubation of formalin-fixed samples with Proteinase K following thorough homogenization improves RNA yield (Table 1). RNA from formalin-fixed and ethanol-F samples is highly degraded, but may include persistent mRNA as shown by our recovery of bat gene transcripts in RNA-seq data. We did not detect viral RNA in RNA-seq data or targeted qPCR methods, possibly due to the small number of bat individuals screened for viruses in our study. We found that a high proportion of RNA is of bacterial origin, which is likely due to persistence of rRNA in these degraded samples and may also be reflective of database bias, as bacterial rRNA is well-represented on GenBank. We suggest that highly degraded samples may be better suited for targeted approaches, like RT-PCR and qPCR (Castello et al., 1999; Fanning et al., 2002; Worobey et al., 2016).

Age and field preservation are the most important factors influencing the quantity and quality of RNA derived from museum specimens (Figure 2). Flash-frozen samples had high RIN values compared to ethanol-F and formalin-fixed samples. While these RIN values are lower than typically targeted for contemporary tissues (RIN > 7), these samples are likely still valuable for RNA-seq applications or other more targeted approaches. Within the ethanol-F and formalin-fixed samples, there was variation in RNA quantity between individual bats, which may indicate lasting impact of field-based preservation protocol. For example, the amount of time between when a bat was euthanized and when its tissues were sampled and preserved has a large impact on quality and quantity of RNA remaining in those tissues (Camacho-Sanchez et al., 2013). The details of in-the-field preservation method matter for the quantity of RNA derived from these samples and should be viewed as valuable specimen metadata. However, this type of metadata is not often recorded in enough detail to tease apart the preservation, storage, and handling of a specimen.

The practice of storing multiple tissue types within one sample tube, a common practice in field mammalogy, is not ideal for viral zoonotic disease screening and gene expression studies. In many instances, viruses are known to aggregate differentially across tissue types and gene expression studies often seek to compare expression profiles between tissues. Long-term storage of different tissue types in the same vial can make it difficult to separate and differentiate them as tissues do not maintain distinct morphology through long periods of storage, even at cryogenic temperatures. While separating tissues into individual tubes has its own limitations (i.e., space, sample tracking), we suggest that, when possible, storing each tissue type in an individual tube may improve the value of these tissues for pathogen screening and gene expression studies.

We find that museum specimens are a valuable source of RNA, even in cases where tissues have not been preserved with RNA in mind. This finding broadens the use of historical specimens in pathogen detection to include viruses. Further work is needed to examine the persistence of mRNA compared to rRNA in these specimens. However, findings from aRNA research provide evidence that mRNA may be maintained under specific conditions through thousands of years (Schmitt et al., 2018). Through efforts to derive new information from existing specimens, we continue to reaffirm the value of natural history collections and the necessity of expanding and maintaining these critical scientific resources.
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