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Interest in gut microbial community composition has exploded recently as a result of
the increasing ability to characterize these organisms and a growing understanding
of their role in host fitness. New technologies, such as next generation amplicon
(16S rRNA) sequencing, have enabled identification of bacterial communities from
samples of diverse origin (e.g., fecal, skin, genital, environmental, etc.). Relatively little
work, however, has explored the feasibility of utilizing historical samples (e.g., museum
archived samples) of varying age, quality, and preservation type. Because natural
history collections span multiple decades, these biorepositories have the potential to
provide fundamental historical baselines to measure and better understand biodiversity
on a changing planet. Utilizing even a small proportion of museum specimens could
provide a means of sampling past microbial communities, allowing for direct comparison
to contemporary communities and more complete understanding of dynamic shifts
through time. We examined the feasibility of obtaining 16S rRNA amplicon microbiome
data from whole gastrointestinal tracts (GIs) of shrews of varying age and preservation
method, including 5 freshly collected shrew GIs immediately fixed in liquid nitrogen (LN2),
10 ten-year old shrew GIs frozen at −20◦C (whole animal), and 10 shrews of varying
ages (4 from 1968, 1 from 1980, 1 from 2001, 1 from 2004, 1 from 2007, 1 from
2011 and 2 from 2013) fixed and stored whole in 70% ethanol. Not surprisingly, results
of 16S rDNA amplicon sequencing reveal significantly different bacterial communities
between different preservation techniques and age of samples. Ten-year old frozen
samples had bacterial communities most similar to freshly collected (LN2) samples,
while the bacterial communities of both were significantly different from the 70% ethanol
preserved samples of various ages. Amongst those preserved in 70% ethanol, age of
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samples also influenced bacterial community composition. Additionally, we compare
results of OTU based and ASV based analyses. Looking ahead, field collectors and
museums should develop and adopt best practices related to frozen preservation to
ensure adequate material for future microbiome investigations.

Keywords: Museum-collections, microbiome, 16S rRNA, Sorex, contemporary

INTRODUCTION

Natural history collections are fundamental resources for the
discovery and documentation of biodiversity and now serve
as primary informatics resources for understanding the history
and future of the biosphere (e.g., Hoberg et al., 2013; McLean
et al., 2016). These resources have historically been used
for biodiversity discovery and morphological comparisons of
vertebrate and invertebrate organisms (Hope et al., 2018; Jones
et al., 2019; Meineke et al., 2019). Accelerating environmental
change world-wide and new advances in sample use have
repurposed portions of these collections to addressing new
questions in emerging fields (e.g., isotope work based on
specimens) (Schindel and Cook, 2018). The advent of genomic
sequencing technologies, for example, demonstrated that many
historical samples can be valuable to large scale phylogenomic
and phylogeographic works (Holmes et al., 2016). Even given the
large increase in museum specimen use for genomic sequencing,
limited work has focused on characterizing the microbial
communities associated with these archived host specimens
(Heindler et al., 2018).

Host associated microbial communities, or microbiomes, have
proven to be a vital component in fitness. For example, bacteria of
the gastrointestinal tract play a large role in the organism’s health,
physiology, and long-term evolution (Datta et al., 2018; Amato
et al., 2019; Nobs et al., 2019; Youngblut et al., 2019; Zeevi et al.,
2019). Gastrointestinal samples available within natural history
collections have the potential to provide temporal or spatial
assessments of microbial communities, especially important for
interpreting the impact of environmental perturbations. Given
that the microbial composition of an organism is affected by
the properties of the host’s environment (e.g., temperature,
precipitation, pollution, diet), comparisons of historical and
contemporary samples provides a basis for modeling potential
future changes, including possible impacts to host health (Giatsis
et al., 2015; Jin et al., 2017; Rothschild et al., 2018).

To date, a single study has examined gastrointestinal
microbiomes of museum archives (Heindler et al., 2018) using
DNA metabarcoding to identify the prey and microbiomes of
trematomid fishes. They found limited overlap in microbiome
composition between contemporary and museum samples of
three Trematomus species archived in either formaldehyde or
ethanol; however, they hypothesized that differences could reflect
actual biological shifts in the gut microbiome of these fishes.
Heindler et al. (2018) emphasized that further extensive studies
are needed to confirm that shift in microbial composition
over time. Herein, we expand on assessing the use of natural
history collections for gastrointestinal tract (GIs) microbiome
characterization to small mammals in the genus Sorex (shrews).

The genus Sorex (Eulipotyphla: Soricidae) is one of the
most diverse (more than 75 species worldwide) genera of
mammals (Bannikova et al., 2018; Burgin et al., 2018). Soricid
shrews are widely distributed, occupying most terrestrial habitats
throughout the Palearctic and Nearctic regions, consuming a
considerable quantity of invertebrates (ranging from worms to
arthropods), and hosting a diverse array of helminth parasites
(Greiman et al., 2018). Their extremely high metabolism requires
them to eat almost continuously, otherwise they are at risk
of dying from starvation within hours. This voracious appetite
likely leads to their diverse helminth communities. As such,
they are highly susceptible to rapid tissue degradation following
death, and therefore, must be processed quickly to insure
proper identification of their helminth communities and bacterial
microbiomes. Given multi-species interactions across trophic
levels in the Northern Hemisphere, shrews provide direct insights
into processes governing larger ecosystems, and have been useful
for recognizing how climate change has facilitated repeated
invasions of northern systems, movement between continents,
and cyclical secondary contact among vertebrate and invertebrate
taxa (Waltari et al., 2007; Haukisalmi et al., 2010; Hope et al.,
2015). Given their efficacy for modeling future impacts of
environmental change, maximizing the use of historical archived
samples is critical to building baselines not only for these small
mammals, but also for the community of organisms living on and
within them, including their microbial communities. Therefore,
the aims of this study were twofold: (1) to assess the feasibility
of obtaining usable 16S rRNA amplicon microbiome data from
whole GIs of shrews of varying age and preservation method
that can be compared directly to sequence data of contemporary
samples and (2) to begin to outline best practices for preservation
of future collections of natural history samples to maximize their
use for symbiont community surveys.

MATERIALS AND METHODS

Sample Collection
Twenty-four whole GI tracts from shrews of two closely related
species (Sorex monticola and Sorex cinereus) were sampled
from museum specimens from the Museum of Southwestern
Biology at the University of New Mexico in Albuquerque
(Supplementary Table S1). This included 5 freshly collected
shrew GIs immediately fixed in liquid nitrogen (LN2), 10 ten-year
old shrew GIs frozen at −20◦C (whole animal), and 10 shrews
of varying ages (4 from 1968, 1 from 1980, 1 from 2001, 1 from
2004, 1 from 2007, 1 from 2011 and 2 from 2013) fixed and stored
whole in 70% ethanol. Museum sample preservation varied, with
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preserved GIs: 1) still within the shrew host originally fixed in
95% ethanol, and then moved to 70% ethanol for long term
storage at room temperature; 2) flash frozen after removal from
host with storage in liquid nitrogen; or 3) still within the shrew
host frozen and stored at −20◦C. To insure that shrew tissues
(GI tracts) were of good quality for microbial identification,
live shrews were collected by pitfall trapping, with pitfall traps
checked every 3 h during the day, and 6 h overnight, to prevent
tissue degradation. For older samples, shrews were preserved
whole, with the GI tract still within the organism, and therefore,
they were not reliant on individual processing times that could
result in tissue degradation. Additionally, when the GI tract was
removed from the body cavity by author SEG, it was examined for
tissue degradation to insure only quality samples were processed.

DNA Extraction
GI tracts were aseptically removed from within the animal or
vial using UV sterilized and bleached (10%) micro-forceps and
dissection scissors and placed into a sterile glass Petri dish. GI
tracts were straightened within the Petri dish, cut in half, and
opened using sterile fine dissection scissors under a dissecting
microscope. DNA was extracted from opened GI tracts using
the ZR Fecal DNA MiniPrepTM kit (Zymo Research, Irvine, CA)
following the manufacturer’s instructions with minor changes;
including, only 750 µL (instead of recommended 800 µL) of
sample mixture and Fecal DNA Binding buffer added to the
Zymo-Spin IIC Column to avoid overloading; and the use of
150 µL of Elution Buffer instead of recommended 100 µL. Each
half of the GI tract from an individual shrew was extracted
separately to avoid overloading spin columns, and the intestinal
content of each half was scraped using sterile forceps into the
lysis tube. Following DNA extraction, DNA eluted from each
GI half (≈150 µL each) was combined into a single sterile
microcentrifuge tube. Samples within the ZR BashingBeadTM

lysis tube were lysed by bead bashing for ≈30 min using the
TissueLyser II (Qiagen, Hilden, Germany). Eluted DNA (2 µL
from each sample) was quantified using the QubitTM dsDNA
Broad Range Assay Kit (Thermo Fisher Scientific, Waltham,
MA). Following quantification, each sample (if possible) was
standardized to 50 ng/µL.

DNA Library Preparation and Sequencing
Libraries were prepared for sequencing on an Illumina platform
(Illumina Inc., San Diego, CA). DNA extracts were amplified
by PCR in triplicate using 16S V4 region universal primers
(515F Turner et al., 1999; reverse primer Kozich et al.,
2013). Positive and negative controls were used to verify PCR
reactions. The positive control (herein referred to as a mock
community) used was ZymoBIOMICS Microbial Community
Standard II (Zymo Research, Irvine, CA) and the negative
controls included a blank DNA extraction of just elution buffer
library amplified in triplicate and a water blank library amplified
in triplicate. PCR amplifications and library preparation were
carried out following the protocol outlined by Greiman et al.
(2018). Libraries were sequenced on an Illumina MiSeq (paired-
end reads; 2 × 250 bp with two 8 bp index reads; 15%
PhiX). Machine-processed sequencing output has been deposited

under BioProject: PRJNA605349, SRA accessions: SRR11038924–
11038940.

Data Analysis (OTU)
For OTU based analyses paired-end reads were processed and
analyzed using mothur software package (v 1.37.3) (Schloss et al.,
2009) by following the MiSeq SOP analysis pipeline (Kozich
et al., 2013). Paired-reads were assembled into contigs. Primer
sequences were removed and contigs with ambiguous bases and
over 300 bp in length were removed. Duplicate contigs were
merged. Contigs were aligned to SILVA version 123 database
and filtered to remove overhangs at each end and poorly aligned
reads (Quast et al., 2013; Yilmaz et al., 2014). Duplicate contigs
were again merged. Contigs were further clustered allowing 2
nucleotide differences between contigs to reduce noise. Chimeric
sequences were identified and removed using the VSEARCH
algorithm through mothur (Rognes et al., 2016). Assembled
reads were classified using the Bayesian classifier utilizing the
SILVA reference and taxonomy file. Following classification
the sequencing error rate was assessed in mothur using the
seq.error command of just the positive control mock community.
Following classification and error rate assessment, contigs
were clustered into operational taxonomic units (OTUs) using
the cluster.split command, which uses taxonomic information
to split the reads into bins and then clusters within each
bin. To obtain weighted and unweighted unifrac distances, a
distance matrix was generated using the dist.seqs command
in mothur followed by generation of a neighbor joining tree
utilizing the clearcut command (Sheneman et al., 2006). Unifrac
distances were obtained using the unifrac.unweighted and
unifrac.weighted command in mothur.

Errors are inherently associated with amplification,
sequencing, and mapping of reads to OTUs, making it difficult
to distinguish between noise and rare OTUs. To avoid this,
reads were filtered and normalized using the web-based program
Calypso (Zakrzewski et al., 2017) as follows: rare taxa, those
that have less than 0.01 percent relative abundance across all
samples, were removed; data were normalized using the total
sum normalization and square root transformed (Hellinger
transformation) (Legendre and Borcard, 2018).

Data analysis and visualization were completed using Calypso,
which utilizes different R packages. Shannon diversity (alpha
diversity statistic) indices were calculated for both preservation
method and sample age and compared using the non-parametric
Wilcoxon Rank test. Phylum abundances were visualized
using clustered bar plots. Multivariate permutational MANOVA
(Adonis) tests were run on both weighted and unweighted
Unifrac distance matrices to test for differences in microbiome
beta diversity between both preservation method and sample age,
and tested for homogeneity of variance using PERMDISP2 as
implemented in the R package vegan through the betadisper()
function (Oksanen et al., 2017). Beta diversity by sample age and
preservation type was visualized using both principal coordinate
analysis plots and hierarchical clustering (heatmap) based on
both weighted and unweighted Unifrac distances. Univariate
non-parametric Kruskal-Wallis tests were used to determine the
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major phyla that were significantly more/less abundant based on
preservation technique and age of sample.

Data Analysis (ASV)
For Amplicon Sequence Variant (ASV) based analyses paired-
end reads were processed and analyzed using DADA2 software
package (v 1.16.1) by following the DADA2 pipeline tutorial (v
1.16.1) (Callahan et al., 2016). Quality profiles of the forward
and reverse reads were plotted and analyzed to determine how
best to filter and trim the sequences. Forward and reverse
reads were filtered and trimmed as follows; primer sequences
were trimmed using the trimLeft command, maximum number
of expected errors for both forward and reverse reads were
set at 3, and low quality tails were removed using trunLen
command set at 160 bp for both forward and reverse reads.
Error rates were estimated based on machine learning, using the
commands errF and errR and then plotted to ensure quality data.
Following error rate assessment ASVs were inferred through the
core sample inference algorithm of forward and reverse reads
separately. Paired reads were then merged and chimeras detected
and removed. Taxonomy was assigned using the DECIPHER
R package (Wright, 2016) and the SILVA reference library. To
remove likely contaminants, based on negative controls, we
implemented the decontam R package (Davis et al., 2018).

Data analysis and visualization of ASVs were almost
identical to the above description for OTUs with one
minor difference. MANOVAs, PERMDISP2 analyses, and
hierarchical clustering analyses were run using both Bray-Curtis
and Jaccard distances instead of Unifrac distances (as was
done with OTUs).

RESULTS

Illumina Sequencing and OTU
Identification
Over 2.7 million paired reads were obtained across the 24
whole GI tract samples and the positive and negative controls.
Of the >2.7 million sequences, 1,185,054 passed mothur
filtering/quality criteria (Supplementary Table S2). Filtered
sequences fell within 10,504 total OTUs; however, after removal
of rare taxa and data normalization, there remained 186 unique
OTUs. Mothur estimated the error rate, which was based on the
positive control mock community, to be 0.024%.

ASV Identification
Of the >2.7 million sequences, 1,609,584 passed DADA2 filtering
and after removal of contaminants through the decontam
R package, a total of 1,427,067 reads were remaining, as
7 ASVs were removed through the decontamination process
(1 Enterobacterales, 1 unknown bacteria, 2 Rhizobiales, 2
Burkholderiales and 1 Campylobacterales) (Supplementary
Table S3). Filtered and decontaminant-free sequences fell within
2,857 ASVs; however, after removal of rare taxa and data
normalization there remained 205 unique ASVs.

Microbiome Composition (OTU Based)
Among only the contemporary samples, a substantial amount of
inherent variability in the microbial composition of the complete
GI tract was detected. Even so, the community consisted
of only a handful of dominant phyla; most abundant were
the Tenericutes, Firmicutes, Epsilonbacteraeota, Proteobacteria,
and Actinobacteria, while 11 other phyla comprised a much
smaller portion of the diversity (Figure 1; Supplementary
Figure S1). All samples shared the same 5 major phyla,
however, their abundances varied significantly across sample age
(Kruskal-Wallis: Epsilonbacteraeota P = 0.0027, FDR = 0.023;
Tenericutes P = 0.0052, FDR = 0.023; Firmicutes P = 0.02,
FDR = 0.05; Proteobacteria P = 0.024, FDR = 0.05) (Figure 1
and Supplementary Figure S1). When considering sample age,
>40 year old ethanol preserved samples had significantly more
Proteobacteria than contemporary samples in LN2 (Kruskal-
Wallis: P < 0.05); contemporary samples in LN2 and 10 year
old samples at −20◦C had significantly more Epsilonbacteraeota
than all ethanol preserved samples (Kruskal-Wallis: p < 0.05);
>40 year old samples had significantly fewer Firmicutes than
contemporary samples (Kruskal-Wallis: P < 0.05), while 10 year
old samples at −20◦C had fewer Firmicutes than >10 year old
ethanol preserved samples (Wilcoxon rank: P < 0.005); lastly,
contemporary samples and 10 year old frozen samples had
significantly greater numbers of Tenericutes than >6 year old
ethanol samples (Wilcoxon rank: P < 0.05), and 10 year old
frozen samples had significantly greater numbers of Tenericutes
than >40 year old samples (Wilcoxon rank: P < 0.005)
(Figure 2). Alpha diversity (Shannon diversity index) of the
whole GI tract microbial communities did not vary amongst
sample age or preservation type at the bacterial OTU level,
however, alpha diversity did vary significantly amongst sample
age and preservation type at the bacterial phyla level (Figure 3).

Microbiome Composition (ASV Based)
Composition of the bacterial community across samples did
not vary greatly between OTUs and ASVs; the 5 major phyla
identified by OTUs were the same based on ASVs (Figure 1).
However, there were a few minor differences. First, alpha diversity
(Shannon diversity index) of the whole GI tract microbial
communities did not vary amongst sample age or preservation
type at the bacterial ASV level or the bacterial phyla level,
whereas it was significantly different at the bacterial phyla
level based on OTUs. Second, only three of the same four
phyla identified by OTUs to be significantly different across
age groups were significantly different based on ASVs (Kruskal-
Wallis: Epsilonbacteraeota P = 0.0029, FDR = 0.026; Tenericutes
P = 0.0077, FDR = 0.046; Proteobacteria P = 0.02, FDR = 0.05)
(Figure 4). Abundances of Firmicutes were not significantly
different across age groups (P = 0.073, FDR = 0.13). Additionally,
there were slight differences in what groups had significantly
different abundances of these three phyla for ASVs compared
to OTUs. When considering sample age, >40 year old ethanol
preserved samples had significantly more Proteobacteria than
contemporary samples in LN2 and 10 year old samples at
−20◦C (Kruskal-Wallis: P < 0.05); contemporary samples in
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FIGURE 1 | Clustered-bar charts (A) depicting phyla level (top 10) variation in gut microbiota composition across sample age based on OTUs and (B) depicting
phyla level (top 10) variation in gut microbiota composition across sample age based on ASVs.

LN2 and 10 year old samples at −20◦C had significantly more
Epsilonbacteraeota than all ethanol preserved samples, except
between LN2 and >40 years ethanol samples (Kruskal-Wallis:
p < 0.05); lastly, contemporary samples and 10 year old frozen
samples had significantly greater numbers of Tenericutes than
>6 year old ethanol samples (Wilcoxon rank: P < 0.05), and
10 year old frozen samples had significantly greater numbers

of Tenericutes than >40 year old samples (Wilcoxon rank:
P < 0.005) (Figure 4).

Beta Diversity Measurement (OTU
Based)
Adonis multivariate analysis (analogous to PERMANOVA)
performed on weighted Unifrac distances showed that GI
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FIGURE 2 | OTU based variation in phylum abundance across sample age for (A) Proteobacteria, (B) Firmicutes, (C) Epsilonbacteraeota, and (D) Tenericutes.
Significant differences based on non-parametric Kruskal-Wallis tests (P < 0.05) are indicated by letters above the strips.

FIGURE 3 | Alpha diversity strip charts constructed based on OTUs showing (A) bacterial OTU level Shannon diversity for sample age, (B) bacterial OTU level
Shannon diversity for sample preservation type, (C) bacterial phyla level Shannon diversity for sample age, and (D) bacterial phyla level Shannon diversity for sample
preservation type. Significant differences based on non-parametric Kruskal-Wallis tests (P < 0.05) are indicated by letters above the strips.

microbial community composition varied based on sample age
(r2 = 0.391, P < 0.001) and preservation type (r2 = 0.208,
P < 0.005). A test for homogeneity of variance was significant

for sample age (PERMDISP2: P < 0.001), but not sample
preservation (PERMDISP2: P > 0.05), indicating that, at least
for sample age, differences in bacterial communities could
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FIGURE 4 | ASV based variation in phylum abundance across sample age for (A) Proteobacteria, (B) Firmicutes, (C) Epsilonbacteraeota, and (D) Tenericutes.
Significant differences based on non-parametric Kruskal-Wallis tests (P < 0.05) are indicated by letters above the strips.

be due to differences in within-group dispersions instead of
variation in centroid position (Figure 5A). Unweighted Unifrac
distances were also significantly different based on sample age
(r2 = 0.267, P < 0.001) and preservation type (r2 = 0.119,
P < 0.005). However, similar to weighted Unifrac distances,
a test for homogeneity of variance was significant for sample
age (PERMDISP2: P < 0.001), but not sample preservation
(PERMDISP2: P > 0.05) (Figure 5B). Therefore, it is possible
that significant differences in bacterial community composition
amongst sample ages is partially a result of high within-group
variation, especially for fresh and 10-year old frozen samples.
Hierarchical clustering utilizing both weighted and unweighted
Unifrac distances based on sample age further iterate high within
group variation (Figure 6). There appears to be less within
group variation for >6 and >10-year old ethanol samples based
on unweighted Unifrac distances (Figure 6A) compared with
weighted Unifrac distances (Figure 6B).

Beta Diversity Measurement (ASV Based)
There were no major differences in the beta-diversity analyses
between OTU based and ASV based analyses (Figures 5, 7).
Adonis multivariate analysis performed on Bray-Curtis distances
showed that GI microbial community composition varied based
on sample age (r2 = 0.465, P < 0.001) and preservation type
(r2 = 0.237, P < 0.001). A test for homogeneity of variance
was significant for sample age (PERMDISP2: P = 0.006), but
not sample preservation (PERMDISP2: P = 0.246), indicating
that, at least for sample age, differences in bacterial communities
could be due to differences in within-group dispersions instead
of variation in centroid position (Figure 7A). Jaccard distances
were also significantly different based on sample age (r2 = 0.404,
P < 0.01) and preservation type (r2 = 0.201, P < 0.001). Similar
to Bray-Curtis distances, a test for homogeneity of variance was

significant for sample age (PERMDISP2: P < 0.001), but not
sample preservation (PERMDISP2: P = 0.456) (Figure 7B). It
is possible that significant differences in bacterial community
composition amongst sample ages is partially a result of high
within-group variation, especially for fresh and 10-year old
frozen samples. Hierarchical Clustering utilizing both Bray-
Curtis and Jaccard distances based on sample age further iterate
high within group variation (Figure 8).

DISCUSSION

Natural history collections have demonstrated massive potential
for expanding our knowledge of global biodiversity, but only
recently have their use expanded to documenting microbial
symbionts of larger vertebrate and invertebrate hosts (Miller
et al., 2020). In this study, we assessed the feasibility of obtaining
16S rRNA microbial amplicon sequence data from mammalian
GIs stored within natural history collections and compared
OTU and ASV based analyses. Both ASV and OTU based
analyses came to similar conclusions, with minor differences
related to phyla-level abundances and alpha diversity values.
ASVs found no significant differences in Shannon diversity
indices across age groups, while OTUs identified significantly
fewer phyla in >40 year old ethanol preserved samples. ASVs
may be the best analytical choice, given they have been found
to be more reproducible and reusable across studies, as they
are not arbitrary in their clustering of taxa based on some
similarity threshold (Callahan et al., 2017). Similar to Heindler
et al. (2018), we successfully obtained microbial sequence data
from museum samples of varying age and preservation. The 16S
rRNA microbial sequence data from ethanol preserved shrew GIs
ranging in age from 6 to 50 years old resulted in significantly
different bacterial communities compared with contemporary
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FIGURE 5 | Principal coordinate analysis plots of OTU based (A) weighted and (B) unweighted Unifrac distances depicting bacterial beta diversity of intestinal
samples of varying age and preservation. Color indicates the sample age, while shape indicates the preservation type.

samples. Data on the bacterial community composition of 10-
year old frozen (−20◦C) samples proved to be most similar
to contemporary samples fixed in LN2 (Figures 5–8). The

overall profile of bacterial phyla, especially for our contemporary
samples, is similar to one of the two shrews sampled in the
only other published study of microbiomes from freshly captured
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FIGURE 6 | Hierarchical clustering-based heat maps of OTU based (A) unweighted and (B) weighted Unifrac distances depicting bacterial beta diversity of intestinal
samples of varying age. Dendrograms depict relatedness of samples based on intestinal bacterial community composition at the OTU level, heat map indicates level
of relatedness, where red indicates a positive correlation and blue a negative correlation.
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FIGURE 7 | Principal coordinate analysis plots of ASV based (A) Bray-Curtis and (B) Jaccard distances depicting bacterial beta diversity of intestinal samples of
varying age and preservation. Color indicates the sample age, while shape indicates the preservation type.
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FIGURE 8 | Hierarchical clustering-based heat maps of ASV based (A) Bray-Curtis and (B) Jaccard distances depicting bacterial beta diversity of intestinal samples
of varying age. Dendrograms depict relatedness of samples based on intestinal bacterial community composition at the ASV level, heat map indicates level of
relatedness, where red indicates a positive correlation and blue a negative correlation.
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shrews, with minor differences (Knowles et al., 2019; Figure 1).
Knowles et al. (2019) found that the gut bacterial community of
Sorex araneus from Lithuania consisted of ∼50% Proteobacteria,
15% Tenericutes and then a mix of other phyla (including
a significant proportion of Firmicutes). However, Knowles
did not separate the Proteobacteria and Epsilonbacteraeota.
The Class Epsilonproteobacteria was originally part of the
Proteobacteria, but recently was proposed as an independent
phylum (Epsilonbacteraeota) based on genomic data (Waite et al.,
2017). Subsequently, Waite et al. (2018) proposed to rename
Epsilonbacteraeota to Campylobacterota. Therefore, in our work
(and based on the Silva database) the Epsilonproteobacteria were
placed in the phylum Epsilonbacteraeota, further reducing the
overall proportion of Proteobacteria within our samples. Knowles
et al. (2019) sequenced a second shrew species, Sorex minutus,
which had a GI microbiome dominated by Firmicutes. This
difference in gut bacterial composition was attributed mostly to
the large differences in diet between S. araneus and S. minutus.

Similar to our study, Knowles et al. (2019) DNA-extracted the
whole GIs of their shrew samples, thus obtaining a more complete
picture of the gut microbiome. This is only possible given the
small size of shrews and the presence of a simple gut. Larger
“small” mammals, like many rodents, have more complex GIs
consisting of a defined small intestine, cecum, and large intestine,
and therefore it is less feasible to extract the entire GI tract. Given
that different sections of the GI tract harbor different bacterial
symbionts, it’s highly recommended that subsections of the upper
and lower small intestine, and upper and lower large intestine
are sampled for microbial characterization (e.g., Zhao et al., 2015;
Wilkinson et al., 2017; Crespo-Piazuelo et al., 2018).

Although we found significant differences in the gut microbial
community of museum archived samples compared with
contemporary samples, these differences may reflect more than
simply preservation bias. A substantial number of studies have
shown that environmental conditions can impact the intestinal
microbiome (e.g., Giatsis et al., 2015; Jin et al., 2017; Rothschild
et al., 2018). Unfortunately, it would be impossible to control for
all abiotic and biotic factors that can contribute to microbiome
variation in a natural setting over such a long period of time.
To reduce variation, 15 of our 24 samples were collected from
exactly the same location, and only a month apart. This includes
our contemporary samples fixed in LN2 (collected in August
2016) and our 10 year old frozen samples (collected in September
2009). For the >40-year old samples in our study, there was
little among sample variation (i.e., in-group variation; n = 4) in
microbial communities (especially compared with contemporary
or even 10-year old frozen samples). Low in-group variation
may reflect loss of diversity over time in preserved specimens or
contamination from preservative fluid that tended to homogenize
microbiomes. Expanded analyses across a greater number of
samples and over longer time periods, in addition to sequencing
preservative fluid, may provide a means for unraveling the
relative low variability among these historical microbiomes and
better controlling for abiotic or biotic conditions that could also
impact microbial composition.

Natural history collections are vital resources for revealing
past patterns of global biodiversity (Galbreath et al., 2019).
However, past surveys are not enough to predict the future

impacts that anthropogenic environmental change will have
on current distributions of these organisms, and therefore
contemporary specimen-based surveys remain necessary. This
is especially important for documenting vertebrate/invertebrate
symbioses, like bacterial microbiomes. To maximize the utility
of contemporary specimen-based surveys, we need to consider
the “holistic specimen” (Cook et al., 2016). For example,
with mammals, it is important to not only collect and
preserve traditional voucher specimens with cryopreserved
tissues, but also collect data and samples on its diet (e.g., direct
examination, stomach/GI metagenomics profiling, or stable
isotopes), symbionts (e.g., viruses, bacteria, fungi, protozoans,
helminths), environmental conditions, etc., Collection of the
“holistic specimen” allows for deeper understanding of multi-
species level community dynamics. This is critical for unraveling
the roles intestinal microbes play within a host and its
environment. For example, helminth-microbe interactions are
becoming a key area of research interest (Cortés et al., 2019)
and having direct helminth samples and data associated with
individual host samples within natural history repositories,
provides the means for unraveling these complex natural
interactions across time and space (Galbreath et al., 2019).

CONCLUSION AND
RECOMMENDATIONS

While our main goal was to examine the feasibility of accurately
characterizing the gut microbiome of shrews from museum
archived samples, it is clear that samples collected from freshly
captured shrews that were immediately frozen in LN2 provided
superior results, followed by samples held frozen (whether
still retained in the host, or presumably if frozen separately,
but this was not tested). Therefore, future sampling efforts
should consider the long-term preservation of gut samples,
even if just a section of the GI tract can be subsampled.
However, as mentioned above, different sections of the GI from
small to large intestine have varying bacterial associations, and
therefore multiple subsections along the GI tract should be
taken to maximize our understanding of the GI tract microbial
community. This can be best accomplished by fixing and storing
GI tract samples separate from the host voucher, in either liquid
nitrogen or at −80◦C. If that is not possible the next best option
would be to remove and immediately freeze the GI tract (at
−20◦C or colder), as our 10-year old frozen samples were most
similar to fresh samples frozen in LN2. Although we did not test
microbial DNA-stabilizing preservatives, like DNA/RNA shield
(Zymo Research, Irvine, CA), it is important to note that future
studies should look at the suitability of storing gut samples in
these preservatives and later freezing at −80◦C or −20◦C when
possible as an alternative to flash freezing in LN2.

As shown elsewhere (e.g., Choo et al., 2015; Debelius
et al., 2016; Ingala et al., 2018; Hagan et al., 2019), a
diverse set of factors can influence community composition
of gut microbiomes, including, but not limited to, DNA
extraction type, sample type (fecal, intestinal, etc.),
preservation, and sequence run. Our study explored age and
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type of preservation and we also observed bacterial community
composition differences across samples potentially complicating
the rigorous and biologically informative comparisons amongst
gut microbiomes. Fresh gut samples preserved in liquid nitrogen
and 10-year old samples frozen at −20◦C had similar bacterial
community composition, however, they differed significantly
from all samples preserved in 70% ethanol, regardless of age
(when using unweighted Unifrac distances; Figures 4, 5). The
>40 year-old samples had the lowest microbe diversity and
community composition differed substantially from all other
preserved samples (Figure 3). We also observed substantial
intra-group variation in community composition, especially
within fresh and 10 year-old frozen samples. Standardizing
field sampling and preservation methodologies (Ingala et al.,
2018) help ensure biologically informative comparative analyses.
Overall, we were able to obtain quality 16S rRNA sequence
data from museum archived samples preserved in 70%
ethanol up to 50 years old (the oldest samples included
in our study). However, the resulting bacterial communities
reconstructed from the sequence data proved to be significantly
different between our archived samples and contemporary
samples. It is therefore difficult to make direct comparisons
across samples; however, sequencing the microbiomes of
the fluid used to preserve specimens (i.e., ethanol) may
provide insights into the source microbiomes of potential
contaminants and these could be removed in silico to allow
further insights and comparison across sample types. Future
works sequencing a larger number of samples of varying
ages is necessary for stronger comparisons. Lastly, it has
also been found that although preservation technique can
alter the microbial community composition, assessing this
does not always rise to the level of obscuring individual
identity; therefore, use of older archived museum samples
for microbiome analyses can still be feasible and provide
a much deeper temporal sampling framework to studies
(Blekhman et al., 2016).
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