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The extraction of nucleic acids is one of the most routine procedures

used in molecular biology laboratories, yet kit performance may influence

the downstream processing of samples, particularly for samples which are

degraded, and in low concentrations. Here we tested several commercial kits

for specific use on commonly sampled mammalian museum specimens to

evaluate the yield, size distribution, and endogenous content. Samples were

weighed and had approximately equal input material for each extraction.

These sample types are typical of natural history repositories ranged

from 53 to 130 years old. The tested protocols spanned spin-column

based extractions, magnetic bead purification, phenol/chloroform isolation,

and specific modifications for ancient DNA. Diverse types of mammalian

specimens were tested including adherent osteological material, bone and

teeth, skin, and baleen. The concentration of DNA was quantified via

fluorometry, and the size distributions of extracts visualized on an Agilent

TapeStation. Overall, when DNA isolation was successful, all methods

had quantifiable concentrations, albeit with variation across extracts. The

length distributions varied based on the extraction protocol used. Shotgun

sequencing was performed to evaluate if the extraction methods influenced

the amount of endogenous versus exogenous content. The DNA content

was similar across extraction methods indicating no obvious biases for DNA

derived from different sources. Qiagen kits and phenol/chloroform isolation

outperformed the Zymo magnetic bead isolations in these types of samples.

Statistical analyses revealed that extraction method only explained 5% of

the observed variation, and that specimen age explained variation (29%)

more effectively.
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Introduction

High throughput sequencing (HTS) has revolutionized the
ability to recover genomic DNA from many unconventional
sources. Most ancient DNA (aDNA) studies have been published
since the first high throughput sequencer was available in 2008
(Knapp and Hofreiter, 2010). As such, it became more tangible
to obtain nucleic acid sequences from samples which had
historically performed poorly with standard Sanger sequencing
and polymerase chain reaction (PCR) (Paabo et al., 2004).
Degraded samples which did not yield high molecular weight
DNA (fragments <1,000 bp), particularly benefited from this
technology various starting sources can be considered degraded
DNA (feces, eDNA, etc.); however, the focus of this work is dry
mammalian museum collections.

Since the exponential decrease in sequencing cost, museum
collections have become invaluable sources of degraded samples
for genetic and genomic analyses. Natural history repositories
house millions of specimens around the world and contain
both temporally and geographically wide-ranging specimens for
inclusion in genetic studies (Rowe et al., 2011; Bi et al., 2013;
Holmes et al., 2016; Lopez et al., 2020; Buckner et al., 2021; Card
et al., 2021; Colella et al., 2021). Museum specimens also allow
for endangered, extinct, or elusive species to be represented
when fresh tissues are not available (Ho and Gilbert, 2010;
Fabre et al., 2014; Brüniche-Olsen et al., 2018; White et al.,
2018). Additionally, by optimizing methodology for museum
specimens, genomic signatures can be generated from type
specimens, the individual specimen (or series) from which
species descriptions are generated. This is important for the
study of taxonomy as well as conservation and biodiversity
(Guschanski et al., 2013; Chomicki and Renner, 2015; Zedane
et al., 2016; Raxworthy and Smith, 2021).

Despite being beneficial for using such material to recover
genetic signatures, the resulting DNA molecules are in low
copy number and concentration as well as highly fragmentary
(Burrell et al., 2015). Here we test several types of DNA
extraction including phenol/chloroform, silica membrane, and
magnetic bead isolation to determine if one method is superior
for recovering DNA from degraded mammalian museum
specimens. In addition to standard quality metrices (DNA
concentration, size distribution, etc.) shotgun sequencing was
performed to evaluate if any extraction methods appeared to
bias the amount of endogenous versus exogenous DNA in each
sample as assessed by metagenomic analyses.

Methods

Samples

A set of mammalian museum specimens were selected
to represent common sources of nucleic acids from

non-tissue-based museum holdings. A total of 17 samples
were included in various comparisons of extraction protocols.
First, 12 samples were extracted across three different extraction
kits/protocols with approximately the same input mass per
sample per extraction (see Table 1). In order to make extractions
as comparable as possible all samples were weighed on the same
scale, digested overnight, and manually processed in the same
way across all three treatments. Depending on the type of
sample (e.g., bone, dried tissue/osteocrusts, skin, baleen, and
teeth) the amount of physical processing varied. For example,
the baleen was shaved via a Dremel tool from a 2′′ × 2′′ square of
baleen from the growth plate, and the fine powder was collected
and divided into three replicates. Teeth were ground into a fine
powder using a mortar and pestle. In contrast, the adherent
muscle tissue and bone fragments required less manipulation
and were weighed and divided in thirds for each replicate. This
included cutting skin with scissors, or breaking osteocrusts
and bone with a blade to allow each replicate as similar sample
as possible. None of our sample types were subjected to a
prewash as most (osteocrusts and bone fragments) are very
fragile and the risk of losing sample outweighed the potential
benefits of a prewash. Once weighed and placed in a 2.0 ml
tube, the samples were broken down with forceps against the
wall of the tube. After overnight digestion the samples were
vortexed and evaluated for complete lysis of tissue. If large
pieces remained, additional Proteinase K was added, and more
physical manipulation of the tissues was performed with sterile
instruments (particularly cutting up the skin into smaller
fragments). After adding more Proteinase K the samples were
vortexed and placed back into the shaker/incubator for another
1–2 h. Specific details for each kit are provided below.

Extraction kits

The first protocol included using minor modifications
(detailed below) to a Qiagen QIAamp DNA extraction kit. First,
a Qiagen QIAamp DNA Mini Kit (#51306) was used to extract
DNA following the manufacturer’s protocol (180 µl ATL plus
20 µl Proteinase K) with an overnight digestion at 56◦C in a
shaking incubator. The final elution step was done twice, with
50 µl of AE buffer added to the membrane, incubated, then
centrifuged for a total elution volume of 100 µl.

The second kit used in this comparison was the Zymo
DNA/RNA Viral MagBead Kit (#R2140). This kit was selected
due to the increased recovery of low concentration, short
insert size nucleic acids. The digestion was modified to have
10 µl of 10 mg/ml Proteinase K added (optional for viral
studies of extracellular molecules, but part of the manufacturer’s
protocol for tissue usage) with an overnight digestion at 56◦C.
The standard elution volume of 30 µl was retained. While
performing this extraction it became clear that undigested
tissues could potentially interfere with the magnetic bead steps,
so upon magnetic separation any remaining undigested particles
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TABLE 1 A summary of the 12 samples extracted across the QIAamp R©, Zymo R©, and phenol/chloroform extractions.

Species Catalog # Sample type Year
collected

Weight per replicate (if possible) Qubit concentration (ng/µl)

1 2 3 Total sample
weight

Replicate:1
Qiagen
(ng/µl)

Total
DNA

2-Zymo
(ng/µl)

Total
DNA

3-Phenol/
Chloroform

(ng/µl)

Total
DNA

1 Propithecus diadema USNM 063348 Skin clip 1895 0.015 0.015 0.017 0.048 2.74 274 0.534 16.02 3.82 382

2 Propithecus diadema USNM 063348 Bone fragments 1895 0.002 0.002 0.003 0.0087 too low N/A Too low N/A Too low N/A

3 Propithecus diadema USNM 063349 Osteocrust 1895 0.0095 0.015 0.011 0.0312 0.26 26 0.312 9.36 2.44 244

4 Propithecus diadema USNM 063349 Skin clip 1895 0.005 0.005 0.0035 0.0103 0.658 65.8 0.826 24.78 1.99 199

5 Callosciurus nigrovittatus USNM 154902 Bone fragments 1909 0.003 0.003 0.003 0.009 too low N/A 0.122 3.66 0.764 76.4

6 Callosciurus notatus USNM 101686 Osteocrust 1900 0.004 0.004 0.004 0.013 0.212 21.2 0.538 16.14 0.736 73.6

7 Callosciurus notatus USNM 196712 Osteocrust 1913 0.006 0.009 0.007 0.022 0.454 45.4 2.4 72 4.08 408

8 Callosciurus notatus USNM 145405 Osteocrust 1911 0.006 0.006 0.006 0.021 0.874 87.4 26.4 792 10.5 1050

9 Balaeonptera physalus USNM 617703 Baleen 1948 0.059 0.0102 0.0153 0.085 19.7 1970 43.2 1296 16.4 1640

10 Balaeonptera physalus USNM 617538 Baleen 1948 0.06 0.0202 0.08 0.168 9.54 954 2.22 66.6 46 4600

11 Orcaella brevirostris FMNH 99613 Tooth 1966 0.069 0.089 0.097 0.216 Too low N/A 0.1 3 Too low N/A

12 Orcaella brevirostris MCZ 21929 Tooth 1892 0.0993 0.1074 0.1005 0.3709 Too low N/A Too low N/A Too low N/A

13 extraction negative NA NA NA NA NA NA NA Too low N/A Too low N/A Too low N/A

Mean: 1.28 128.45 1.56 46.82 4.11 411.33

stdev 6.52 651.8 14.62 438.65 13.75 1375.06

Each specimen contains details about the species, museum catalog number, type of sample (skin clip, bone, osteocrust, baleen, or tooth), the year collected, weight across each replicate and total sample weight, and the recovered DNA concentration across
extraction replicated and total recovered DNA. Total DNA was calculated as the protocols had variable elution volumes. Summary statistics are shown below the extraction types, with the mean, standard deviation, and minimum calculated. Samples in
bold represent extraction replicate with the highest recovered DNA concentration.
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were removed via pipette tips. It is noteworthy that some
museum specimen sample types (osteocrusts and bone) are
difficult to fully lyse, but in spin column and phenol/chloroform
extractions the particles do not interfere with subsequent steps.

The third extraction protocol followed a standard
phenol/chloroform isolation as described in Hawkins et al.
(2016), and originally detailed in Leonard et al. (2000). Briefly,
an extraction buffer was prepared containing Tris + EDTA
(100×), EDTA (0.5 M), NaCl (5 M), and water plus 10%
SDS, DTT (400 mg/ml), and 20 µl of 10 mg/ml Proteinase
K. The extraction buffer composition can be found in the
Supplementary material. After samples were placed in the 1×
extraction buffer they were incubated in a shaker/incubator
overnight at 56◦C. The next day two washes of phenol were
used to separate proteins from nucleic acids followed by a
chloroform wash. Top aqueous layers were removed and placed
in clean tubes at each step and the final product was washed
with 2 ml of water (1 ml washes performed twice) via an Amicon
Ultra-4 centrifugal column and centrifuged at 3,300 RPM for
9 min. After the final spin, the volume was evaluated in each
Amicon filter and an additional 8–12 min of centrifugation was
performed to yield approximately 100 µl of purified DNA.

Ancient DNA MinElute modified
protocol versus Qiamp DNA extraction
kit

Ancient DNA laboratories have published various
modifications to Qiagen spin column-based DNA extractions
(Dabney and Meyer, 2019; Hagan et al., 2020; Xavier et al.,
2021; Dehasque et al., 2022). Unfortunately we were not able to
compare the 12 samples across four extraction protocols without
resulting in extremely limited input for each replicate. However,
as the aDNA protocol uses similar chemistry, reagents, and
procedures as the QIAamp DNA extraction kit, we extracted
five additional samples with both the aDNA protocol and the
standard QIAamp protocol described above, with one minor
modification (the addition of 20 µl of DTT 400 mg/ml to the
extraction buffer) since the aDNA protocol also includes the
usage of DTT. Samples spanned skin, adherent muscle tissue
and nasal turbinates to determine if DNA concentration or size
distribution of recovered molecules varied between protocols.
The samples used for this comparison are provided in Table 2.

The aDNA protocol used here adhered closely to that
described in Hagan et al. (2020), specifically “Method B,” which
uses a Zymo reservoir attached to a MinElute Spin Column to
allow for a larger volume of Qiagen Buffer PB (binding buffer)
to be mixed with sample lysate following overnight digestion.
From the published protocol we made a few modifications for
better comparison to our QIAamp extractions. We added 1 ml
of 0.5 M EDTA to the weighed sample, then added 100 µl
proteinase K, and placed in a shaker incubator overnight at 37◦C
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(recommended for aDNA). After the overnight digest samples
were checked, 50 µl of additional proteinase K was added, as
well as 20 µl of DTT (Sigma). Samples were vortexed and
placed back in the shaker/incubator for two additional hours.
We did not add a second milliliter of EDTA, and as such we
did not use the full 13 ml of Buffer PB detailed in Hagan et al.
(2020), and instead used 7 ml Buffer PB. The 50 ml conical
tubes had the Zymo reservoir added, with the MinElute spin
column snugly attached. Then a 5 ml tube had the lid removed
and was placed inside the Falcon tube to help hold the spin
column in place. Finally, the 5 ml tube had a hole drilled in
the side with a Dremel to allow the buffer to flow out during
centrifugation and prevent contaminating the MinElute column
with flowthrough. The remaining spin and wash steps were
the same as detailed in Hagan et al. (2020). Two washes of
Buffer EB were done with 30 µl each wash for a final elution
volume of 60 µl.

Quantification and visualization of
extracts

After extractions were completed, each sample was
quantified via a Qubit (Invitrogen) dsDNA High Sensitivity Kit
(# Q33230). From the Qubit concentrations the total DNA yield
from each extraction was calculated. This was necessary as the
different methods resulted in varying volumes of DNA. We
also generated electropherograms of each extract to visualize if
the protocols recovered varying size distributions based on the
protocol for DNA isolation. An Agilent TapeStation 4200 was
used with a high-sensitivity kit to evaluate the size distribution
of the extracted DNA.

Sequencing and analysis

Dual indexed sequencing libraries were generated for all
replicates and all extracts in this study with an Illumina Library
Preparation—Kapa Biosystems Kit (Catalog # KK8232). Qubit
values were used to pool samples in equimolar ratios with all
replicates across this study. Once this was completed qPCR
was performed on this pool of all samples with replication and
dilution and the average size fragments of 250 bp (from a final
TapeStation electropherogram) on an ABI ViiA7 using KAPA
library quantification kit (#KK4824).

To evaluate recovered DNA content, shotgun sequencing
was performed on an Illumina HiSeq X with an insert
length of 150 bp PE. Sequencing was performed at Admera
Health Biopharma Services, NJ, United States. Reads were
demultiplexed via the BaseSpace Hub. Standard sequence
quality filtering was performed with BBDUK (Bushnell, 2014)
version 38.84 via Geneious Prime (Biomatters). All Illumina
adapters were removed, and low-quality reads were removed

from both ends (quality score minimum 20), and reads under
10 bp in length were discarded.

Metagenomic analysis of sample contents was performed
to evaluate any biases between the extraction methods. Using
the program MEGAN (Huson et al., 2016), we evaluated the
major composition of identifiable taxa from each extract and
used these results to identify any patterns across samples.
DIAMOND (Baǧcı et al., 2021) BLAST was performed
prior to importing results to MEGAN, and the DIAMOND
“∗.daa” were “meganized” and transformed into “∗.RMA6”
files to make comparisons across the replicates for each
individual. Samples were compared using “MeganMap” from
February 2022, and trees were made at the Phyla level.
Comparisons were made across each sample by the different
extraction method.

Statistical analyses

We used paired t-tests (two tailed p = 0.05) to determine
if the quantified differences were statistically significant across
extract method. We also performed linear regressions across the
sample type, extraction type, age of sample, against recovered
DNA concentration to determine which relationships explained
our results better.

Results

DNA recovery across protocols

After comparing the three major kit types [silica-membrane
(Qiagen), phenol/chloroform and magnetic beads (Zymo)] we
found that most extractions recovered quantifiable DNA across
the museum specimens. Samples that recovered detectable
concentrations via Qubit recovered quantifications across all
three extractions, and the samples which were too low
to measure via Qubit were generally not quantified in
any extraction method. When quantifiable, the minimum
DNA concentrations ranged from 3 ng (Zymo) to 76.3 ng
(phenol/chloroform) across replicates. The maximum across
methods ranged from 1,296 to 4,600 ng, again with Zymo
recovering the least and phenol/chloroform the most. The
average yields were: 128.45 ng (Qiagen), 46.82 ng (Zymo), and
411.33 ng (phenol/chloroform) with the standard deviation
high across all extraction methods. All quantification results
are shown in Table 1. Despite the wide range of DNA
concentrations, the yields were not statistically significant
in any t-tests, details are provided in the Supplementary
material. Linear regressions were performed on total DNA
yield versus extraction method, as well as starting sample
type. DNA extraction method only explained about 5% of the
observed variation in DNA concentrations (Supplementary
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Table 1, p = 0.25). Alternatively, the starting template
explained about 16% of the variation (Supplementary Table 2,
p = 0.04). When a regression was performed using sample
age and recovered DNA concentration, a total of 29.4% of
the variation was explained by age (Supplementary Table 3,
p= 0.003).

Ancient DNA versus Qiagen kit

The recovered DNA concentrations between the aDNA
and the QIAamp extraction kits were similar. For these
samples recovery did not increase with use of the aDNA
protocol. In fact, all concentrations were higher with the
modified Qiagen kit. The average yield from the aDNA
protocol was 101.62 ng versus 258.09 ng with the modified
Qiagen extraction. The minimum for each was 7.44 ng
(aDNA) and 23.4 ng (Qiagen), and maximum yield was
2,988 and 7,000 ng for aDNA and Qiagen kits respectively.
The highest yield for both kits in this comparison was
from the same sample (USNM 488162). Neither a one
nor two tailed t-test was significant for this comparison.
Details of all these comparisons can be found in Table 2.
Regressions showed that extraction method was not significant,
and explained 5% of the variation (Supplementary Table 4,
p = 0.4), sample type was also not significant, and explained
18% (Supplementary Table 5, p = 0.22). Sample age
explained 61% of the variation and was the only significant
comparison for these samples (Supplementary Table 6,
p= 0.007).

Sequencing and length variation

Despite samples being pooled in equimolar ratios, the
number of reads varied across replicates. Quality filtering
results recovered a general trend in which each sample
had the same percentage of reads removed. However,
the Zymo extracts appeared to have more reads removed
than either Qiagen or phenol/chloroform. The MEGAN
analysis showed that the proportion of endogenous and
exogenous sequences was fairly consistent across replicates
(Figure 1). Due to the variable components in each
extract some amount of stochasticity between replicates
was expected. Plots of all samples can be found in the
Supplementary material.

The second set of extraction comparisons was between an
aDNA protocol (Hagan et al., 2020) and modifications to a
Qiagen QIAamp extraction protocol. These samples recovered
quite different size distributions as evaluated on the TapeStation
(summarized in Supplementary Table 7). The aDNA protocol
recovered TapeStation traces for all five samples, ranging in
size from 50 to >850 bp. The modified Qiagen extraction only

recovered traces for three samples, one of which was too large
to determine the average size (obscured the upper marker).
The sequencing results were also different between extraction
methods, with the aDNA protocol retaining a much higher
percentage of starting reads (average of 79%) than the modified
Qiagen protocol (55%). Details of quality filtering are shown
in Table 3. Subsequent research evaluating biases in length
recovery across kits is warranted. It is also worth noting that
despite many replicates lacking a visible peak, all samples yielded
usable sequence.

Discussion

Variation in extraction methods

The Qiagen and phenol/chloroform protocols performed
better than the Zymo kit in all metrics evaluated here. The
Zymo kit was the most cost effective but is also marketed toward
intracellular viruses and may not be geared for optimization
of degraded vertebrate DNA. We modified the protocol as
detailed by the manufacturer to lyse tissues but it appears
to do so at the cost of losing the smallest fragments. The
magnetic bead-based protocol is a quick and less toxic method
for nucleic acid isolation, and is scalable for large tissue
samples; however, it is not an effective protocol for the museum
specimens tested here. Our results mirror those of McDonough
(McDonough et al., 2018) supporting a similar DNA yield,
fragment size and percentage of starting reads for Qiagen and
phenol/chloroform.

One caveat of this study is that it is impossible to know
if subsamples are truly representative across replicates. For
example, one weighed subsample may contain bone of different
density, and thus provide a better template for extraction than
another. Similarly, the ratio of endogenous/contaminant DNA
may vary among different osteocrust or skin clip subsamples of
the same specimen. To our knowledge there is no way to use
real-world specimens and account for this variable.

Concentration does not necessarily imply target DNA
(Straube et al., 2021). Sample USNM 488162 had the highest
DNA yield but also the lowest percentage of raw reads. Previous
studies found that the highest concentration was associated
with the highest amount of contamination in some samples
(Campana et al., 2012; McDonough et al., 2018). The two
included baleen samples also had a large amount of exogenous
DNA (particularly bacteria). Specimen age has the largest impact
on DNA yield. This is in contrast with other studies which
showed no correlation between these variables (McDonough
et al., 2018; Straube et al., 2021), but in corroboration with other
studies (Yuan et al., 2021).

The average DNA yield and size from the ancient protocol
was smaller than the modified Qiagen extraction, but the
average percentage of reads after trimming was higher for the
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former than the latter, particularly for the two oldest samples
(USNM 114629 and USNM 063347) which had a shorter
fragment size (50–60 bp). The aDNA protocol does appear
to do exactly as intended by retaining the smallest fragments;
however, depending on the quantity and value of individual
samples, the modified Qiagen kit may perform nearly as well
while removing the smallest fragments. The aDNA protocol is
more time consuming and expensive making the Qiagen kit
a nearly equivalent option. Individual projects should perform
their own cost-benefit analyses to determine which methods
to employ.

Sequencing

Shotgun sequencing of samples provides valuable data to
understand DNA content within a degraded sample. Studies
of aDNA have found that the percent of endogenous DNA
varies tremendously based on the preservation, age, and
handling conditions following excavation from substrate
(Dabney and Meyer, 2019). The most common phyla
represented across taxa were Proteobacteria and Chordata.
However, our results indicate that extraction methods had
less of an effect on DNA recovery than either pre-extraction
preservation or contamination. Other considerations for
selection of an extraction protocol may be more important
than sample contents as it does not appear that a bias
was recovered across the extraction methods tested here.
From this study we show that the Qiagen extractions (both
standard and modified) recovered nearly the same profile of

endogenous DNA as the more expensive phenol/chloroform,
and more labor intensive aDNA protocol. Samples of the
same specimen derived from different input (Figure 1; skin
versus osteocrust) also show variation in the amount of
endogenous DNA, with osteocrust out performing skin in
this sample.

Cost difference across protocols

A comparison of kit and reagent costs is an important factor
when budgeting for a grant and planning a project. Cost is
important, as is efficiency, especially when using limited starting
material which can be difficult or impossible to replace or
resample. The cost of the kits tested here varied substantially
and are detailed in the Supplementary material. Extractions
ranged from $3.05 per sample to $11.54 per sample. Overall, the
cheapest per sample cost was the Zymo kit, which ultimately
had the poorest recovery in terms of concentration and
appeared to lose more short fragments based on the TapeStation
electropherograms.

Phenol/chloroform extractions were the most expensive
($8.39–11.54), especially when the Amicon Ultra-4 spin
columns were used to wash the sample. It is possible to
use different more cost-effective centrifugal columns (such
as a Qiagen MinElute column), which reduces the cost to
approximately $8.40 per sample. In any case, future studies
should assess the efficiency of this and other modified
phenol/chloroform protocols with alternative cost-effective
washing steps following chloroform precipitation.

FIGURE 1

Two individuals after performing DIAMOND (Baǧcı et al., 2021) BLAST and importing through MEGAN (Huson et al., 2016). Sample 1 (USNM
063348, Propithecus diadema, skin clip) and sample 3 (USNM 063349, P. diadema, osteocrusts) are shown in panels (A,B), respectively. The
columns at each terminal represent the extraction method, with Qiagen shown first, then Zymo and finally P/C for phenol/chloroform. The
number of reads of each group are proportionally represented on each plot. Resolution is at the level of the phylum. Note the stochasticity
between extraction method, but generally similar proportions of each phylum are represented across methods. Most samples recovered a high
amount of Chordata and Proteobacteria with other phyla having more variable proportions. Individual plots for each sample can be found in the
Supplementary material.
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TABLE 3 Quality filtering results following BBDUK (Dehasque et al., 2022).

Species Catalog # Sample type Year
collected

Raw reads

Qiagen Reads following
trimming

% after
trim

Zymo Reads following
trimming

P/C Reads following
trimming

1 Propithecus diadema USNM 063348 Skin clip 1895 1,789,744 566,702 32 4,601,708 193,946 4% 2,696,330 858,070 32%

2 Propithecus diadema USNM 063348 Bone fragments 1895 2,104,764 643,908 31 3,391,274 1,628,704 48% 3,427,410 791,212 23%

3 Propithecus diadema USNM 063349 Osteocrusts 1895 2,454,632 2,070,534 84 2,295,604 2,147,874 94% 4,302,074 3,918,248 91%

4 Propithecus diadema USNM 063349 Skin clip 1895 3,175,338 1,384,718 44 3,569,950 583,680 16% 3,647,742 968,074 27%

5 Callosciurus nigrovittatus USNM 154902 Bone fragments 1909 4,362,226 242,968 6 1,352,868 360,320 27% 3,554,152 1,569,516 44%

6 Callosciurus notatus USNM 101686 Osteocrusts 1900 3,509,020 1,893,724 54 3,390,104 346,568 10% 691,686 306,438 44%

7 Callosciurus notatus USNM 196712 Osteocrusts 1913 4,071,290 3,583,970 88 4,282,886 3,578,628 84% 3,623,668 2,415,302 67%

8 Callosciurus notatus USNM 145405 Osteocrusts 1911 4,568,240 4,266,038 93 5,992 3,904 65% 447,326 390,658 87%

9 Balaeonptera physalus USNM 617703 Baleen 1948 2,246,600 1,992,748 89 3,086,536 2,724,516 88% 3,107,516 2,704,140 87%

10Balaeonptera physalus USNM 617538 Baleen 1948 2,217,512 2,109,102 95 3,714,458 3,160,742 85% 2,413,430 1,740,710 72%

11Orcaella brevirostris FMNH 99613 Tooth 1966 3,052,618 209,266 7 485,582 370,162 76% 3,462,662 479,232 14%

12Orcaella brevirostris MCZ 21929 Tooth 1892 3,384,956 561,364 17 3,774,084 166,242 4% 4,076,568 115,646 3%

Average: 53 Average: 50% Average: 49%

Species Catalog # Sample type Year collected Ancient protocol Qiagen (modified)

Raw reads After trimming Raw reads After trimming

1 Callosciurus saturatus USNM 114629 Skin 1902 4,509,928 3,022,340 67% 4,373,798 194,016 4%

2 Propithecus diadema USNM 063347 Skin 1895 2,659,176 1,295,370 49% 4,166,987 441,518 11%

3 Ratufa bicolor USNM 256833 Osteocrusts 1931 2,067,418 1,944,496 94% 2,325,696 2,213,562 95%

4 Ratufa bicolor USNM 257721 Osteocrusts 1931 1,615,948 1,552,336 96% 382,810 309,308 81%

5 Ratufa bicolor USNM 488162 Osteocrusts/nasal turbinates 1969 106,960 97,006 91% 50,152 41,704 83%

Average: 79% Average: 55%

Raw reads were paired and trimmed with the specified quality filtering parameters. The number of reads remaining after filtering are shown for each extraction method, as well as the percentage of remaining reads. P/C represent
phenol/chloroform extractions.
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Based on the cost and endogenous DNA recovery, we
show here that QIAamp kits perform well on mammalian
museum specimens. With a price point at $3.76 per sample
it is difficult to beat the savings, and the kits are well
vetted and can be processed in a higher throughput on a
QIAcube robot if throughput is a concern (although historical
materials should always be performed in small batches with
negative controls).

Future prospects

Single-tube and single-strand library preparation methods
have been shown to yield better results than other approaches
when working with highly degraded DNA (Gansauge et al.,
2017; Carøe et al., 2018). Future research should evaluate
the performance of combinations of DNA extractions and
library preparation methods. The most expensive yet efficient
phenol/chloroform extraction might yield better results in
combination with a single-tube library preparation, since it has
less bead cleaning steps than the KAPA library preparation
protocol and will potentially lose fewer short fragments that are
retained by the Amicon column during the extraction. However,
if funding is limited and savings on DNA extraction are
desirable, the QIAamp DNA extraction was fairly comparable
to phenol/chloroform, at a much lower price point (under $4
an extraction) versus ∼$11.50 when using the Amicon filters.
The phenol/chloroform protocol with a Qiagen spin column
clean up saves approximately $3 per sample. Finally, the aDNA
protocol did retain the smallest fragments, but it does not appear
overly important for samples derived from museum specimens,
as the fragmentary sequences are much more difficult to
reconstruct, and with a price point of over $8.50/sample. The
aDNA protocol did recover higher proportions of Chordata
sequences in four of the five tested samples, so individual
decisions should be made when determining the best methods
to use for each project weighing the extraction cost, and
availability of samples.
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