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a b s t r a c t
Studies of the gut microbiome have become increasingly common with recent technological advances. Gut microbes play an important role in human and animal health, and gut microbiome analysis holds great potential
for evaluating health in wildlife, as microbiota can be assessed from non-invasively collected fecal samples. However, many common fecal preservation protocols (e.g. freezing at −80 °C) are not suitable for ﬁeld conditions, or
have not been tested for long-term (greater than 2 weeks) storage. In this study, we collected fresh fecal samples
from captive spider monkeys (Ateles geoffroyi) at the Columbian Park Zoo (Lafayette, IN, USA). The samples were
pooled, homogenized, and preserved for up to 8 weeks prior to DNA extraction and sequencing. Preservation
methods included: freezing at − 20 °C, freezing at − 80 °C, immersion in 100% ethanol, application to FTA
cards, and immersion in RNAlater. At 0 (fresh), 1, 2, 4, and 8 weeks from fecal collection, DNA was extracted
and microbial DNA was ampliﬁed and sequenced. DNA concentration, purity, microbial diversity, and microbial
composition were compared across all methods and time points. DNA concentration and purity did not correlate
with microbial diversity or composition. Microbial composition of frozen and ethanol samples were most similar
to fresh samples. FTA card and RNAlater-preserved samples had the least similar microbial composition and
abundance compared to fresh samples. Microbial composition and diversity were relatively stable over time
within each preservation method. Based on these results, if freezers are not available, we recommend preserving
fecal samples in ethanol (for up to 8 weeks) prior to microbial extraction and analysis.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The gastrointestinal (GI) tract is home to trillions of microbes that
play an important role in shaping diet and digestion (Backhed et al.,
2004; Ley et al., 2008; Martin et al., 2007; Turnbaugh et al., 2006),
host immunity (Cho and Blaser, 2012; Chung et al., 2012; Hooper
et al., 2012; Littman and Pamer, 2011), and disease processes
(Petersen and Round, 2014; Round and Mazmanian, 2009; Sekirov
et al., 2010). Recent advances in next-generation sequencing and bioinformatics have allowed us to analyze and compare entire gut microbial
communities efﬁciently and effectively. As a result, the number of gut
microbial studies published over the last 15 years has grown dramatically (Sekirov et al., 2010). Studies of the gut microbiome have also
Abbreviations: GI, gastrointestinal; OTU, Operational Taxonomic Unit; QIIME,
Quantitative Insights Into Microbial Ecology; FTA, Fast Technology for Analysis of nucleic
acids; PCoA, Principal coordinate analysis; FDR, False Discovery Rate.
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begun expanding to wildlife (Amato et al., 2013; Nelson et al., 2013;
Uenishi et al., 2007; Villers et al., 2008; Xenoulis et al., 2010). These
studies hold great potential for evaluating health in wildlife, as microbiota can be assessed from non-invasively collected fecal samples. However, there is limited information available on long-term (greater than
2 weeks) fecal microbial preservation methods under ﬁeld conditions
(Frantzen et al., 1998; Vlčková et al., 2012). Preserving fecal samples
via freezing is commonly considered the ‘gold-standard’ for microbial
analysis (Rochelle et al., 1994; Wu et al., 2010, but see Bahl et al.,
2012), and most protocols focus on short term (less than 2 weeks)
human or animal fecal preservation in highly controlled conditions including laboratories or hospitals with electricity and − 20 °C or
− 80 °C freezers (Carroll et al., 2012; Dominianni et al., 2014; Lauber
et al., 2010; Nechvatal et al., 2008; Ott et al., 2004; Roesch et al., 2009;
Wu et al., 2010). Evaluation of methods for long-term storage under
ﬁeld conditions (i.e. without electricity/freezers) is necessary to understand if or how fecal microbial communities are affected by preservation
method and time.
Feces are already used for many different types of wildlife studies including monitoring reproductive status (Dehnhard et al., 2008; Stoops
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et al., 1999), physiological stress (Cavigelli, 1999; Shutt et al., 2012),
parasite load (Muller-Graf et al., 1999; Rietmann and Walzer, 2014),
and genetic relatedness of populations (Adams et al., 2003; Mowry
et al., 2011). Each of these types of studies have differing requirements
in terms of fecal preservation, and much research has been devoted to
optimizing fecal preservation in wildlife (for fecal steroid analysis
(Khan et al., 2002; Shutt et al., 2012); for microsatellite ampliﬁcation
(Bubb et al., 2011; Murphy et al., 2002; Vallet et al., 2008); for parasite
detection (Nielsen et al., 2010; Rietmann and Walzer, 2014)). Gut microbial studies have only recently begun in wildlife, and ﬁeld-friendly
microbial preservation methods still need to be validated, particularly
with host species and dietary ecology in mind. For example, feces
from herbivorous or folivorous host species (e.g. Barbary macaques,
lowland gorillas) may contain high concentrations of secondary compounds that inhibit DNA extraction or PCR success (Vallet et al., 2008).
Feces from animals that practice geophagy (consumption of soil directly
or incidentally as a part of their diet) may contain large quantities of soil
microbes (Delsuc et al., 2013). Preservation and analysis of such samples require thought regarding the transience or biological relevance
of soil microbes within the gut.
To guide future fecal collection and preservation protocols for
gut microbial studies in wildlife, particularly in herbivorous primates we assessed the effect of different preservation methods on
the fecal microbiome of Ateles geoffroyi, the spider monkey, at the
Columbian Park Zoo (Lafayette, IN, USA). Our study compared 5
methods of fecal preservation: freezing at − 20 °C, freezing at
− 80 °C, immersion in 100% ethanol, application to FTA cards, and
immersion in RNAlater.
These methods were selected because they are relatively common
fecal preservation techniques with varying advantages and disadvantages. Freezing, one of the most common preservation methods, inhibits
microbial growth, limits opportunities for contamination, and effectively preserves DNA over time (Rochelle et al., 1994; Wu et al., 2010).
However, few studies have examined differences between freezing
at −20 °C and −80 °C. Additionally, freezing is often not a viable method for ﬁeld studies. Chemical means of fecal preservation such as ethanol, RNAlater or FTA cards are more “ﬁeld friendly” methods of
preservation. Like freezing, ethanol is recognized as another common
and effective fecal DNA preservation method (Murphy et al., 2002),
but restrictions apply to ethanol transport due to its status as a
‘hazardous chemical.’ RNAlater is a nonhazardous liquid that preserves
both RNA and DNA (Nechvatal et al., 2008). While RNAlater faces
fewer transport restrictions than ethanol, both RNAlater and ethanol
pose another challenge; carrying large quantities of liquid into remote
locations can be logistically difﬁcult. FTA cards are the easiest to transport and most convenient to use in the ﬁeld, but convenience comes
at a price: FTA cards and RNAlater are the most expensive preservation
methods.
We hypothesized that freezing would be the most effective method
for preserving microbial DNA. Speciﬁcally, we predicted that frozen (at
−20 °C and −80 °C) samples would be the most stable in terms of DNA
concentration, purity, and microbial composition over 8 weeks. Previous studies have found that freezing results in greater DNA concentrations with higher purity values compared to RNAlater, ethanol, and
FTA card preservation (Nechvatal et al., 2008; Vlčková et al., 2012).
We also predicted that the microbial communities of frozen samples
would most closely resemble the microbial communities of fresh,
never-preserved, immediately-extracted fecal samples.

2. Methods
Spider monkeys are herbivorous primates native to South and Central America (González-Zamora et al., 2009) that consume leaves and
fruits (González-Zamora et al., 2009). The captive diet of these monkeys
consists of fresh fruits and vegetables along with primate pellets
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(Mazuri leaf eater biscuits, Richmond, IN, USA). In terms of nutritional
value, the captive and wild diets are similar.
2.1. Fecal collection and processing
Fecal samples were collected in September 2013 from a group of spider monkeys (n = 6) at the Columbian Park Zoo (Lafayette, IN, USA).
The group was composed of 1 adult male and 5 adult females. Two of
the monkeys were related (father/daughter); the other 4 adult females
were unrelated. The monkeys were all housed in the same enclosure,
and none of the monkeys had been treated with antibiotics during the
12 months prior to sample collection. All fecal samples were fresh
(b1 hour old) and were immediately transported on ice to Purdue
University (West Lafayette, IN, USA), a 3 mile trip that takes approximately 15 min. Upon arrival at Purdue, all samples were pooled and
homogenized.
Five common fecal storage methods were tested: freezing at −20 °C,
freezing at −80 °C, immersion in 100% ethanol, application to FTA cards
(Whatman Inc., Florham Park, NJ, USA), and immersion in RNAlater
(Ambion, Austin, TX, USA). Immediately after pooling and homogenization of the feces, feces were divided into 0.25 g aliquots. A total of 42 aliquots were prepared: 8 aliquots for each of the 5 storage methods, and
2 aliquots for immediate extraction. For samples subjected to freezing or
immersion in ethanol or RNAlater, fecal aliquots were placed in 1.5 ml
Eppendorf tubes. RNAlater and ethanol were then added to the appropriate tubes, fully immersing each fecal sample. RNAlater and ethanol
samples were stored at room temperature throughout the study
(8 weeks). For FTA card storage, the 0.25 g aliquots of feces were applied
to FTA card sample circles using sterile cotton swabs (Dynarex,
Orangeburg, NY, USA). FTA cards were allowed to air dry on a laboratory
bench for 12–24 h. Then, cards were stored at room temperature in individual Ziploc bags with MiniPax desiccant packets (Multisorb technologies Inc., Buffalo, NY, USA). Desiccant packets were replaced
periodically. The 2 fecal aliquots prepared for immediate extraction
were not subjected to any type of preservation method and are henceforth denoted as “week 0” samples. DNA from these “week 0” samples
was extracted within 3 h of fecal collection. The rest of the aliquots
were extracted in duplicate at 1, 2, 4, and 8 weeks from the day of
fecal collection.
DNA extraction, ampliﬁcation, and library preparation were
performed according to Earth Microbiome Project (EMP) protocols
((Gilbert et al., 2010); web page: http://www.earthmicrobiome.org/
emp-standard-protocols/) with one modiﬁcation. Prior to DNA extraction, a 2 mm Harris Uni-Core biopsy punch (TedPella, Redding, CA,
USA) was used to make 20 punches in each FTA card sample circle.
These 20 punches per sample were used in lieu of whole feces during
DNA extraction. One important caveat: FTA card samples started
the DNA extraction process with less fecal matter than all other
methods. In all preservation methods, 0.25 g of feces was used for
DNA extraction. For FTA cards, 20 punches from a sample circle equated
to approximately 0.008 g of feces used in each FTA card extraction. If
DNA concentrations were calculated in terms of ng/μl/g feces, then
FTA cards would yield the highest DNA concentrations relative to all
other preservation methods. However, because DNA concentrations
are most commonly assessed and compared using nanograms per microliter (ng/μl), this is how we chose to analyze and display our results.
At weeks 0, 2, 4, and 8, DNA extraction was performed using a 50prep PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA,
USA). At week 1, DNA extraction was performed using a 96-well plate
PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA).
The only difference between the 50-prep kit and the 96-well plate kit
is the amount of supernatant transferred after the “C3” step. In the 96well kit, 650 μl of supernatant is transferred to the spin ﬁlter; in the
50-prep kit, 750 μl of supernatant is transferred (M.T. Carlson, MoBio,
personal communication). A NanoDrop 1000 spectrophotometer
(ThermoFisher Scientiﬁc, Wilmington, DE) was used to quantify DNA
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concentration and purity (A260/A280 ratio) after extraction. Ampliﬁcation targeted the ~300 bp variable region 4 (V4) of the 16S rRNA gene
using bacterial primers 515F and 806R (Caporaso et al., 2012). Golay
barcodes and Illumina adaptors were included in the primer construct
for each sample. Amplicons were pooled for sequencing and cleaned
using a MoBio UltraClean PCR Clean-Up Kit (MoBio Laboratories, Carlsbad, CA, USA). Samples were paired-end sequenced on an Illumina
MiSeq. Sequencing was performed by the BioFrontiers Institute NextGeneration Genomics Facility at the University of Colorado Boulder
(Boulder, CO, USA) (Gilbert et al., 2010). Sample processing, sequencing
and core amplicon data analysis were performed as part of the Earth
Microbiome Project (www.earthmicrobiome.org), and all amplicon
and metadata have been made public through the data portal (www.
microbio.me/emp and http://www.microbio.me/qiime/).
2.2. Microbial taxonomic assignment
We used default parameters in QIIME (Quantitative Insights Into Microbial Ecology — software version 1.8.0) to de-multiplex, quality-ﬁlter,
and cluster 16S rRNA amplicon sequences (Caporaso et al., 2010b). A
total of 1,306,754 reads (mean: 31,113; standard deviation: 10,442)
were obtained after ﬁltering. A threshold of 97% sequence identity
was used to cluster sequences into operational taxonomic units
(OTUs). In other words, microbial DNA sequences that were at least
97% similar were grouped as a single OTU. We then used QIIME's implementation of UCLUST to perform open-reference OTU picking, using the
Greengenes reference data set (version 13_8, release date August 2013
(McDonald et al., 2011)) (http://greengenes.secondgenome.com).
Using PyNAST, representative sequences for OTUs were then aligned
to the Greengenes reference alignment (Caporaso et al., 2010a). RDP
classiﬁer was used to assign de novo OTUs to taxonomies (Wang et al.,
2007) with a minimum of 80% conﬁdence. All samples were rariﬁed at
14,120 reads. Two samples fell below this cutoff and were removed
from the analyses: 1 sample preserved in ethanol for 8 weeks (total
reads: 2), and 1 sample preserved at −80 °C for 2 weeks (total reads:
20).
2.3. Statistical analyses
DNA concentration was compared across preservation method and
week using a repeated measures mixed model in SAS (version 9.3, released in July 2011) with LSMEANS and post-hoc pairwise comparisons
(LSMEANS/diff). The model included preservation method and week as
ﬁxed factors. DNA purity (A260/A280 ratio) was compared across preservation method and week using a Friedman's test with post-hoc comparisons in RStudio (version 0.98.501, 2013) (R: (RCoreTeam, 2013); R
package “coin”: (Hothorn et al., 2006, 2008b); R package “multcomp”:
(Hothorn et al., 2008a); post-hoc tests: (Hollander and Wolfe, 1999);
R code: (Galili, 2010)). Friedman's test is non-parametric repeated measures analysis of variance (Galili, 2010; UCLA, 2014). An ideal A260/280
ratio for pure nucleic acid ranges from 1.8 to 2.0. Ratios lower than this
indicate contamination (excess protein or inhibitory compounds or residual reagent), or low DNA concentrations (ThermoScientiﬁc, 2011).
We calculated Shannon and Simpson diversity indices for each
sample within QIIME. Both indices yielded similar patterns, so we only
report Shannon index results here. Shannon diversity values were
compared with LSMEANS and post-hoc pairwise comparisons
(LSMEANS/diff) in SAS (version 9.3, released in July 2011). A
repeated measures mixed model – including preservation method and
week – was used to compare Shannon indices.
We compared OTU frequencies between preservation methods
using a Kruskal–Wallis test and FDR corrected p-values (QIIME script:
group_signiﬁcance.py). Supervised learning analyses were also performed in QIIME to determine if preservation method or week affected
microbial composition (OTUs) (Breiman, 2001; Knights et al., 2011).
This analysis uses 80% of the data as a training set, and 20% of the data

as a test set. 1000 decision trees were generated based on microbial
composition (OTUs) and preservation methods. Results from this analysis produced feature importance scores, an error ratio and a confusion
matrix. We also ran a PERMANOVA in RStudio (version 0.98.501, 2013)
to assess the role of preservation method and week on microbial composition (R: (RCoreTeam, 2013); R package “vegan”: (Oksanen et al.,
2013); R package “qiimer”: (Bittinger, 2014)).
UniFrac distance matrices were used to assess beta diversity
(Lozupone and Knight, 2005). UniFrac calculates distances between microbial communities based on their microbial composition and takes
phylogenetic similarity among microbes into account. Principal coordinate analysis (PCoA) was used to visualize patterns in UniFrac distances.
Samples with more similar communities – in terms of microbial composition and abundance – cluster together. A weighted PCoA accounts for
microbial composition and abundance. An unweighted PCoA only accounts for microbial composition but not abundance. UniFrac distances
were compared within and between preservation methods (QIIME
script: make_distance_boxplots.py) using two-sample t-tests between
all pairs of boxplots.

3. Results
3.1. DNA concentration and purity
DNA concentrations varied signiﬁcantly by preservation method and
by week (method: F4,21 = 34.61; p b 0.0001; week: F3,21 = 30.76;
p b 0.0001; Fig. 1). The interaction of method and week was also significant (method ∗ week: F12,21 = 8.55; p b 0.0001). DNA concentrations in
week 1 were signiﬁcantly lower than DNA concentrations measured at
all other weeks (week 2: t21 = 8.35, p b 0.0001; week 4: t21 = 6.69,
p b 0.001; week 8: t21 = 8.08, p b 0.001). There was insufﬁcient
power to compute post-hoc comparisons between week 0 and week 1
samples. No other signiﬁcant differences were detected in DNA concentrations between weeks (all t b 1.66, all p N 0.11). When we removed
week 1 data from the analysis, “week” no longer had a signiﬁcant effect
on DNA concentration (F2,16 = 1.74; p = 0.2).
FTA cards yielded signiﬁcantly lower DNA concentrations (ng/μl)
than all other methods (freezing at − 20 °C: t21 = 8.82, p b 0.0001;
freezing at − 80 °C: t21 = 9.87, p b 0.001; ethanol: t21 = 3.78, p =
0.001; RNAlater: t21 = 2.89, p = 0.009). (Note: As described in the
Methods section, FTA card samples started the DNA extraction process
with approximately 0.008 g of feces while all other preservation
methods started the DNA extraction process with 0.25 g of feces.) Freezing at − 20 °C or −80 °C yielded signiﬁcantly greater DNA concentrations than ethanol or RNAlater-preserved samples (freezing at −20 °C
versus ethanol: t21 = 6.09, p b 0.0001; freezing at − 20 °C versus
RNAlater: t21 = 5.94, p b 0.0001; freezing at − 80 °C versus ethanol:
t21 = 5.05, p b 0.0001; freezing at − 80 °C versus RNAlater: t21 =
6.98, p b 0.0001).
Within a preservation method, other signiﬁcant differences were
observed besides differences noted in week 1. Freezing at −20 °C resulted in signiﬁcantly higher DNA concentrations in week 8 compared
to weeks 2 and 4 (week 2: t21 = 3.11, p = 0.005; week 4: t21 = 2.21,
p = 0.04). Freezing at − 80 °C also resulted in signiﬁcantly higher
DNA concentrations in week 8 compared to week 4 (t21 = 2.29, p =
0.03). RNAlater-preserved samples had signiﬁcantly greater DNA concentrations in week 2 compared to weeks 4 and 8 (week 4: t21 =
2.33, p = 0.03; week 8: t21 = 2.83, p = 0.01). The only samples that
did not differ signiﬁcantly in DNA concentration from fresh samples
were week 2 samples frozen at − 80 °C, week 8 samples frozen at
− 20 °C, or week 8 samples frozen at − 80 °C (week 2 freezing at
−80 °C: t21 = 1.56, p = 0.13; week 8 freezing at −20 °C: t21 = 1.05,
p = 0.3; week 8 freezing at − 80 °C: t21 = 1.25, p = 0.22). Ethanolpreserved samples, and FTA card samples did not differ signiﬁcantly in
DNA concentration between weeks 2, 4, and 8 (all t b 1.25, all p N 0.24).
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Fig. 1. DNA concentration (ng/μl) by preservation method and week. Error bars represent standard error around the arithmetic means. Week 1 DNA concentrations were signiﬁcantly
lower than all other weeks. FTA card concentrations were signiﬁcantly lower than all other preservation methods. Freezing at −20 °C or −80 °C resulted in signiﬁcantly higher DNA
concentrations than preservation by ethanol or RNAlater.

p ≤ 0.0001; −80 °C freezing: t31 = 8.71, p ≤ 0.0001; RNAlater: t31 =
6.62, p ≤ 0.0001; ethanol: t31 = 10.51, p ≤ 0.0001;). Additionally,
RNAlater samples had greater microbial diversity than samples preserved in ethanol (t31 = 4.13, p = 0.0003) or by freezing at − 80 °C
(t31 = 2.33, p = 0.03). Also, ethanol preservation resulted in greater
fecal microbial diversity than freezing at − 20 °C (t31 = 2.68, p =
0.01). As there were only 2 week 0 samples, there was insufﬁcient
power to compute post-hoc comparisons between fresh and preserved
samples or week 0 and later samples. When microbial diversity was
compared across the rest of the weeks (weeks 1, 2, 4 and 8), post-hoc
comparisons identiﬁed week 1 microbial diversity as signiﬁcantly greater than all other weeks (week 2: t31 = 5.67, p b 0.0001; week 4: t31 =
6.18, p b 0.0001 week 8: t31 = 5.06, p b 0.0001).

DNA purity also differed by preservation method but not by week
(A260/A280 ratio — preservation method: maxT = 3.96; p = 0.0008;
week: maxT = 1.86; p = 0.25; Fig. 2; A260/A230 ratio — see
Supplementary materials; Fig. S1). FTA card samples had signiﬁcantly
lower A260/A280 ratios than samples preserved by freezing at −80 °C
(p = 0.0007) and marginally lower A260/A280 ratios than samples preserved by freezing at −20 °C (p = 0.052). There were no other signiﬁcant differences between preservation methods (all p N 0.19). All
preservation methods, except FTA cards had average A260/A280 ratios
within the normal range (1.8–2.0). FTA cards had an average A260/
A280 ratio of 1.5.
3.2. Microbial species diversity
Shannon diversity indices differed signiﬁcantly across preservation
methods (F4,31 = 33.53; p b 0.0001; Fig. 3) and weeks (F3,31 = 16.60;
p b 0.0001; Fig. 4). The interaction between preservation method and
week was not signiﬁcant and was removed from the model (F12,19 =
1.10; p = 0.42). Post-hoc pairwise comparisons indicated that FTA
card preservation resulted in signiﬁcantly greater microbial diversity
than all other preservation methods (− 20 °C freezing: t31 = 8.13,

3.3. Microbial composition
Microbial composition as characterized following storage under different conditions differed across preservation methods at all taxonomic
levels (phyla: Fig. 5; genera: see Supplementary material, Fig. S2). Notably, FTA cards preserved a higher relative abundance of OTUs within the
Firmicutes phylum and RNAlater preserved a lower relative abundance
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Fig. 2. A260/A280 ratio (DNA purity) by preservation method and week. Error bars represent standard error around arithmetic means.
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Fig. 3. Shannon diversity index values by preservation method. Methods marked with the same letter do not differ signiﬁcantly in post-hoc pairwise comparisons. Error bars represent
standard errors.

of OTUs within the phylum Bacteroidetes. These results were further
supported through the group signiﬁcance tests at both the phylum
and genus levels. At the phylum level, relative abundance of 11 microbes differed signiﬁcantly between preservation methods (all FDR
corrected p-values b 0.05; see Supplementary material, Table S1). In
total, 199 OTUs differed signiﬁcantly between preservation methods
(all FDR corrected p-values b0.05; see Supplementary material,
Table S2). OTUs in the phyla Firmicutes (122 OTUs) and Bacteroidetes
(18 OTUs) made up the majority of these signiﬁcant OTUs. Most of the
signiﬁcant OTUs were designated as such due to very high or very low
FTA card or RNAlater OTU frequencies. FTA cards had the highest
mean OTU frequencies in 121 of the signiﬁcant OTUs (including 102
OTUs in the phylum Firmicutes), and the lowest mean OTU frequencies
in 27 of the signiﬁcant OTUs. RNAlater had the highest mean OTU frequencies in 33 of the signiﬁcant OTUs and the lowest mean OTU frequencies in 38 of the signiﬁcant OTUs. There were 9 OTUs in the
genera Prevotella (phylum Bacteroidetes) among the 199 signiﬁcant

OTUs. RNAlater had the lowest mean OTU frequencies in 8 of these 9
Prevotella OTUs. RNAlater also had the lowest OTU frequencies in 15 of
the 42 OTUs in the family Ruminococcaceae. FTA cards had the lowest
mean OTU frequencies in 3 of the 6 signiﬁcant Proteobacteria OTUs
and 4 of the 5 signiﬁcant Cyanobacteria OTUs. In contrast, ethanol had
the highest mean OTU frequencies in all 6 Cyanobacteria OTUs. Of the
199 signiﬁcant OTUs, 140 also ranked in the top 200 based on feature
importance scores from supervised learning analyses.
In the supervised learning analysis based on preservation method,
the reported error ratio (error of random guessing over the sum of the
error in the test sets) was 4.08. Error ratios greater than 2 indicate
that groups are signiﬁcantly different. Based on this analysis, preservation method signiﬁcantly inﬂuences the characterization of fecal microbial community composition and abundance. The confusion matrix
assigns samples to groups based on microbial composition. RNAlater,
FTA card, and ethanol samples were all correctly assigned (Table 1a).
Frozen samples were misassigned either to other frozen samples (e.g.

Fig. 4. Shannon diversity index values by week. Weeks marked with the same letter do not differ signiﬁcantly in post-hoc pairwise comparisons. Error bars represent standard errors.
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Fig. 5. Relative abundances of bacterial phyla by preservation method. Each column represents the microbial community from a single sample. Only phyla that comprised greater than 0.5%
relative abundance (on average) were included below. Phylum Bacteroidetes (blue) and Phylum Firmicutes (green) made up the majority of the phyla in each sample. FTA cards preserved a
signiﬁcantly greater relative abundance of Firmicutes than any other preservation method.

−20 °C samples misassigned as −80 °C samples) or to ethanol samples.
Fresh samples were all misassigned to ethanol or −80 °C samples. A supervised learning analysis was also run based on the week from fecal
collection. The error ratio was 1.15 indicating no signiﬁcant differences
in microbial composition over time.
Greater than 50% of the samples were misassigned in all weeks except week 1 (Table 1b). This indicates that the characterization of microbial communities under different storage conditions was similar
over all weeks except in week 1.
PERMANOVA results in R supported the supervised learning results:
preservation method but not week resulted in signiﬁcant differences in
microbial composition (preservation method pseudo-F = 21.26; p =
0.001; week pseudo F = 0.74; p = 0.56). The interaction between preservation method and week was also not signiﬁcant (pseudo-F = 2.0;
p = 0.06).
Principal coordinate analysis (PCoA) based on unweighted and
weighted UniFrac distances indicated that samples clustered by preservation method (Figs. 6, 7). Fresh samples clustered with ethanolpreserved and frozen samples. In both the weighted and unweighted
PCoA, samples preserved by FTA cards clustered apart from all other
samples. In the weighted analysis, RNAlater samples also clustered
apart from other samples and apart from FTA cards.

PCoA analysis performed on weighted UniFrac distances with samples separated by week (Fig. 8) demonstrated that within a preservation
method, microbial communities remained relatively stable over the
8 weeks.
Distance boxplot analysis compared weighted UniFrac distances
within and between preservation methods (Fig. 9). The distance within
the following preservation methods, freezing at − 20 °C, freezing at
−80 °C, and immersion in ethanol, was not signiﬁcantly different than
the distance between these preservation methods and fresh samples respectively (all t b 2.3; all Bonferroni-corrected p N 0.05). The distance
within FTA card and RNAlater-preserved samples was signiﬁcantly
less than the distance between fresh samples and FTA or RNAlaterpreserved samples respectively (all t N 4.0; all p b 0.05).
Results from all analyses are summarized in Table 2.
4. Discussion
Our results demonstrate clear differences in DNA concentration and
purity as well as microbial species diversity and composition among
fecal preservation methods. Overall, our results supported our hypothesis that freezing was the most effective and stable method for preserving microbial DNA in terms of DNA concentration over time. However,

Table 1
Confusion matrix produced by supervised learning analysis. Rows indicate true assignment of each sample. Columns indicate predicted assignment of each sample based on OUT composition. The “class error” column lists rate of misassignment for samples within a) preservation method or b) week.

A)

B)

True\predicted

− 20 °C freeze

− 80 °C freeze

Ethanol

− 20 °C freeze
− 80 °C freeze
Ethanol
Fresh
FTA
RNAlater

6
3
0
0
0
0

2
3
0
1
0
0

0
1
7
1
0
0

0
0
0
0
0
0

0
0
0
0
8
0

0
0
0
0
0
8

True\predicted

Week 0

Week 1

Week 2

Week 4

Week 8

Class error

0
0
0
0
0

0
9
1
0
0

0
0
0
3
2

1
1
6
4
6

1
0
2
3
1

1
0.10
1
0.60
0.89

Week 0
Week 1
Week 2
Week 4
Week 8

Fresh

FTA

RNAlater

Class error
0.25
0.57
0
1
0
0
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Fig. 6. Principal coordinate analysis on unweighted UniFrac distances. Unweighted UniFrac metrics account for microbial species richness but not evenness.

freezing, ethanol, and RNAlater performed similarly in terns of DNA purity over time. Also, both freezing and ethanol preserved microbial communities were alike in composition and diversity, and both preservation
methods yielded microbial compositions similar to fresh, never preserved, immediately extracted fecal samples. Finally, we found differences in DNA concentration and microbial diversity by week; however,
the majority of these differences are attributed to week 1, the only
week in which a 96-well plate PowerSoil DNA Isolation kit was used for
extraction rather than a 50-prep PowerSoil DNA Isolation kit.
4.1. DNA concentration and purity
The low DNA concentrations recorded in week 1 were surprising and
may be related to extraction method. The protocol and reagents used in
the 50-prep and 96-well plate kits are nearly identical; however, week 1
results were distinct across all preservation methods (Fig. 1). Week 8

DNA concentrations were signiﬁcantly higher in frozen samples than
all other preservation methods and most earlier time points. DNA concentrations can increase as a result of bacterial growth, which increases
the amount of DNA within a sample, or increased cell lysis, which increases the accessibility of DNA during extraction. While there are
some unique environmental bacteria that are capable of growing at extremely low temperatures (e.g. −15 °C) (Mykytczuk et al., 2013), fecal
bacterial growth at −20 °C or −80 °C is unlikely. Increased cell lysis is a
more feasible explanation in this case. Each frozen sample only went
through one freeze–thaw cycle; therefore, freeze–thaw cell lysis does
not account for the increased DNA concentrations over time. However,
lysis could occur in samples subjected to prolonged freezing. One
study on bacteria in frozen breast milk reported a decrease in colony
counts over nine months (Ahrabi et al., 2013). In other words, the number of viable bacterial cells decreased over time in the freezer — likely
due to cell lysis. This lysis may have rendered the DNA more accessible

Fig. 7. Principal coordinate analysis by week on weighted UniFrac distances. Weighted UniFrac metrics account for microbial species richness and evenness.
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Fig. 8. Principal coordinate analysis by week on weighted UniFrac distances. Microbial communities remain relatively stable within a preservation method over 8 weeks.

to extraction. DNA extraction methods vary greatly in cell lysis efﬁciency, but even the most robust methods fail to achieve 100% cell lysis
(Anderson and Lebepe-Mazur, 2003; Li et al., 2007; Mackenzie et al.,
2015; Salonen et al., 2010; Scupham et al., 2007; Vishnivetskaya et al.,
2014; Yuan et al., 2012). Thus, if a sample undergoes some cell lysis
prior to extraction (i.e. due to prolonged freezing), it may appear to
have a higher DNA concentration compared to a sample that has not
been subject to conditions that induce lysis (i.e. samples frozen for a
short period of time).
In contrast, the DNA concentration of samples preserved in RNAlater
signiﬁcantly decreased between week 2 and week 8. RNAlater manufacturer instructions indicate that samples can be stored at room temperature (25 °C) for one week, at 4 °C for one month, and indeﬁnitely at
−20 °C (www.lifetechnologies.com). In this study, samples were stored
in RNAlater at room temperature for 8 weeks to simulate “ﬁeld
conditions.” The decline in DNA concentrations over time may have
been due to DNA degradation associated with non-optimal storage
conditions.

FTA cards produced the lowest DNA concentrations, but also began
extractions with the least amount of fecal material. FTA card A260/
A280 ratios were also below normal range; however, there was no relationship between DNA concentration/purity and ampliﬁcation success,
microbial diversity, or microbial composition. All FTA cards ampliﬁed
and produced over 14,000 sequence reads. Results similar to ours
have been reported in previous studies; feces preserved with FTA
cards yielded low DNA concentrations but ampliﬁed with little PCR inhibition (Nechvatal et al., 2008). In another study on fecal preservation
in primates, DNA concentration was not a good indicator of target DNA
amount (i.e. host versus microbial), and DNA purity was not correlated
with ampliﬁcation success (Bubb et al., 2011). In our study, only 2 samples did not amplify well. One was an ethanol sample from week 8; the
other was a sample frozen at − 20 °C from week 2. Neither of these
samples had low DNA concentrations or low A260/A280 ratios. In fact,
frozen samples (−20 °C and −80 °C) yielded the highest DNA concentrations and purities. Fresh samples also had high DNA concentrations
and purities.

Fig. 9. Weighted UniFrac distance comparison boxplots within and between preservation methods. The distance within the following preservation methods: freezing at −20 °C, freezing at
−80 °C, and immersion in ethanol, was not signiﬁcantly different than the distance between these preservation methods and fresh samples respectively. The distance within FTA card and
RNAlater-preserved samples was signiﬁcantly less than the distance between fresh samples and FTA or RNAlater-preserved samples respectively.
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Table 2
Summary of results. All of the major ﬁndings from this study are reported by preservation method and week.
DNA

Microbial diversity

Microbial composition

Concentration Purity

Shannon diversity
index

Relative
abundance
of OTUs

Group signiﬁcance
test

Supervised learning

PCoA

Distance
boxplots

FTA cards:
highest
Firmicutes

FTA cards: highest
Firmicutes lowest
Proteobacteria
lowest
Cyanobacteria
RNAlater: lowest
Bacteroidetes
(genus Prevotella)
lowest
Ruminococcaceae

Fresh, frozen, and
ethanol = most similar.
Samples commonly
misassigned between
these 3 methods
RNAlater and FTA cards

Unweighted analysis:
fresh samples cluster
with ethanol and
RNAlater. FTA cards
cluster separately
Weighted analysis:
fresh samples cluster
with ethanol and
freezing. FTA cards
and RNAlater cluster
separately

Freezing and
ethanol:
most similar
to fresh.

By preservation FTA cards:
method
lowest

Freezing N FTA FTA cards: highest
cards

RNAlater N ethanol
RNAlater:
or freezing at −80 °C lowest
Bacteroidetes

Freezing N
Ethanol or
RNAlater

By week

Week 1:
lowest

No differences
by week

Ethanol N freezing
at −20 °C
Week 1: highest

= most dissimilar. All
samples were assigned
perfectly to these
methods

FTA cards
and RNAlater
least similar
to Fresh.

Ethanol: highest
Cyanobacteria
No differences
by week

4.2. Microbial species diversity
In contrast to the concentration and purity results, FTA cards (with
low DNA concentrations) exhibited the highest microbial diversity,
while frozen samples (with high DNA concentrations) exhibited the
lowest microbial diversity. Some studies suggest that high DNA concentrations are critical to recovering and detecting rare microbial species in
fecal samples (Anderson and Lebepe-Mazur, 2003; Scupham et al.,
2007). Other studies – like ours – found no correlation between DNA
concentration and microbial diversity (Salonen et al., 2010).
Fresh (week 0) samples exhibited the lowest microbial diversity.
This unexpected ﬁnding may be a consequence of DNA degradation or
microbial enrichment – in which a few microbes multiply and outcompete other microbes present in the feces – prior to extraction. We believe these explanations to be unlikely. Although a previous study
notes that fecal storage at room temperature or 4 °C for just 8 h results
in a signiﬁcant reduction of microbial diversity (Ott et al., 2004), another
study on fecal storage noted no signiﬁcant changes in microbial composition or diversity when fecal samples were stored at room temperature
for up to 2 weeks (Lauber et al., 2010). In our case, there was approximately 3 h between fresh fecal collection and DNA extraction. Feces
were on ice throughout this period unless they were being actively divided into aliquots for this study. Once all aliquoting was complete,
DNA extraction began immediately on the “fresh” (week 0) samples.
The likelihood of substantial changes in the microbial community during this period in these conditions is low.
Another possible explanation for these results is that fresh samples
do not undergo any forms of chemical or mechanical cell lysis prior to
DNA extraction. In contrast, all preserved samples undergo direct or indirect cell lysis during the preservation process: FTA cards chemically
lyse microbial cells immediately after feces are applied to the card;
freezing results in some mechanical cell lysis during the freeze/thaw
process; RNAlater and ethanol cause some chemical lysis during preservation. Cell lysis allows “access” to microbial DNA that otherwise cannot
be extracted and sequenced. While all samples undergo both chemical
and mechanical cell lysis during extraction, perhaps the additional
lysis that occurs in preserved – but not fresh – samples results in increased DNA extraction and thus increased microbial diversity from
these samples. If this is the case, then fresh, never-preserved samples
may not be representative of the real gut microbial community. The
fact that FTA card samples – which undergo a powerful and immediate
cell lysis upon application to the card – have the greatest microbial

Stable microbial
composition/
abundance over time

diversity potentially provides further support for the idea that greater
cell lysis results in greater microbial diversity values. Alternately, FTA
cards may be biased against common gut microbial species. Because
the Shannon diversity index account for both species richness and evenness, this bias may result in falsely elevated diversity values for FTA
cards.
In terms of DNA concentration and microbial diversity, week 1 stood
out as an anomaly — with the lowest DNA concentrations and highest
microbial diversity compared to all other weeks. As noted previously,
week 1 was the only week in which a 96-well plate PowerSoil DNA Isolation kit was used rather than a 50-prep kit. Our results suggest that the
difference in extraction kits may be responsible for the discrepant results of week 1. Many studies have reported that DNA extraction method (i.e. brand of kit or protocol) has a strong effect on microbial
composition and diversity (Anderson and Lebepe-Mazur, 2003;
Martin-Laurent et al., 2001; McOrist et al., 2002; Salonen et al., 2010;
Scupham et al., 2007). In this case, both PowerSoil DNA Isolation kits
are touted as being highly similar, with the 96-well plate kit simply offering a high-throughput option (MoBio.com). However, perhaps small
differences in timing and protocols lead to larger differences in DNA
concentration and microbial diversity.
4.3. Microbial species composition
Despite the differences noted in microbial diversity and DNA concentration by week, microbial species composition was relatively stable
across weeks within each preservation method. Additionally, fresh samples, which also yielded low microbial diversity, clustered most closely
with frozen and ethanol samples in weighted PCoA. FTA card and
RNAlater samples (in the weighted analysis) did not cluster with the
rest of the samples, indicating differences in the microbial communities
preserved by these methods. Contrastingly, a previous study on fecal
preservation method in captive western lowland gorillas reported that
RNAlater and frozen samples had more similar microbial communities
than ethanol preserved samples (Vlčková et al., 2012). This ﬁnding
could be related to several differences between our studies: primate
species, host diet, methodology, or a difference in microbial species
and their interactions with the various preservation methods.
Several preservation methods demonstrated unique biases in microbial preservation. FTA cards preserved the highest relative abundances
of OTUs in the Firmicutes phylum while RNAlater preserved the lowest
relative abundances in Phylum Bacteroidetes (genus Prevotella). Ethanol
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preserved the greatest OTU frequencies of Cyanobacteria. Other studies
have similarly reported biases in microbial preservation (Vlčková
et al., 2012), and these biases should be carefully considered prior to
the selection of a fecal preservation method. For example, Prevotella
abundance is associated with carbohydrate and simple sugar digestion
(Wu et al., 2011). Captive black howler monkeys exhibit higher relative
abundances of Prevotella than wild black howler monkeys due to a captive diet consisting of fruits, cereal, and primate pellets compared to the
wild diet consisting primarily of leaves (Amato et al., 2013). RNAlater
(stored at room temperature as in this study) would not be a recommended fecal preservation method for a study comparing gut microbiota of wild and captive black howler monkeys, due to the importance
of Prevotella in differentiating these groups.
Finally, distance boxplot results conﬁrm that ethanol-preserved and
frozen samples yield microbial communities most similar to fresh
(week 0) samples while FTA card and RNAlater preserved samples
were least like fresh samples. These results raise several intriguing questions: FTA cards are dissimilar to fresh samples and also have the
highest microbial diversity. Is this because FTA cards become contaminated during the drying process? (Cards are left on a lab bench to dry
for up to 24 h.) Are air or dust microbes landing on these cards and
adding to the microbial communities within these samples? Or, is the
chemical matrix on the FTA card so effective at cell lysis that FTA cards
are most effective at preserving DNA from the gut microbiota, and all
other methods are less effective? Future studies are needed to address
these questions. Speciﬁcally, a formulated gut microbial community
with a known composition and diversity can be subjected to the same
preservation methods used in this study. Then we can determine if or
how preservation method alters microbial communities, and if increased cell lysis that some samples undergo (e.g. FTA card samples) results in a microbial diversity and composition most similar to or
different from the original formulated community.
5. Conclusions
Our results lead us to several conclusions: 1) Preservation methods
can exhibit bias toward or against some microbial groups, so methods
should be selected carefully after considering scientiﬁc question, host
species, and dietary ecology. 2) Freezing (when feasible) or fecal preservation in ethanol results in microbial communities most similar to fresh
fecal samples. However, further testing is needed to determine if the additional lysis offered by FTA card preservation provides a better representation of the gut microbial community composition and diversity.
3) Long term (8 weeks) preservation of fecal samples had little effect
on microbial composition and diversity over time. Overall, particularly
for gut microbial studies in herbivorous primates, we recommend the
use of ethanol as a preservation method. Samples preserved in ethanol
can be stored long term at room temperature without signiﬁcant alterations to the microbial community. Although ethanol is not the most
convenient preservation method for ﬁeld studies, ethanol-preserved
samples effectively maintain the integrity of the fecal microbial
community.
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