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Abstract

Previous research on stabilization methods for microbiome investigations has largely

focused on human fecal samples. There are a few studies using feces from other species,

but no published studies investigating preservation of samples collected from cattle. Given

that microbial taxa are differentially impacted during storage it is warranted to study impacts

of preservation methods on microbial communities found in samples outside of human fecal

samples. Here we tested methods of preserving bovine fecal respiratory specimens for up

to 2 weeks at four temperatures (room temperature, 4˚C, -20˚C, and -80˚C) by comparing

microbial diversity and community composition to samples extracted immediately after col-

lection. Importantly, fecal specimens preserved and analyzed were technical replicates, pro-

viding a look at the effects of preservation method in the absence of biological variation. We

found that preservation with the OMNIgene®•GUT kit resulted in community structure most

like that of fresh samples extracted immediately, even when stored at room temperature

(~20˚C). Samples that were flash-frozen without added preservation solution were the next

most representative of original communities, while samples preserved with ethanol were the

least representative. These results contradict previous reports that ethanol is effective in

preserving fecal communities and suggest for studies investigating cattle either flash-freez-

ing of samples without preservative or preservation with OMNIgene®•GUT will yield more

representative microbial communities.

Introduction

Host-associated microbial communities play crucial roles in human health and the health of

all animals [1–7]. Studies commonly target microbial communities of the gastrointestinal tract

(GIT) where a large proportion of host-associated microbes reside, and GIT microbial com-

munities have been implicated in a wide variety of health issues [8–18]. To this end, fecal
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samples are frequently collected and analyzed as a proxy for lower intestine microbial commu-

nities. Analogous to the past decade’s boom of microbiome research in people (i.e., Human

Microbiome Project, American Gut Project), research investigating the role that microbial

communities play in the health of livestock and agricultural environments has surged in recent

years [5,19–24]. This is encouraged by a shifting dogma in animal sciences and veterinary

medicine from culture-based microbiology studies of the past to culture-independent methods

investigating features of interest (i.e., antimicrobial resistance, virulence, etc.) at the microbial

community level using metagenomics or amplicon sequencing following the success of the

human-associated microbiome research.

A large proportion of livestock-related microbiome studies target GIT or respiratory

communities in cattle and other species. The bovine GIT microbiome has been linked to

several diseases that are important both clinically and financially, and is associated with

growth, production, and efficiency of cattle [19,20,25]. The composition of microbial com-

munities in the respiratory tract of cattle has increasingly been implicated in pneumonia or

bovine respiratory disease (BRD), which is the most common disease requiring antimicro-

bial drug treatment among beef cattle in North America [5,21,26–28]. Researchers com-

monly collect fecal samples to characterize GIT communities and use swabs to collect upper

respiratory tract secretion samples. Ideally, samples would be immediately processed or fro-

zen at ultralow temperatures to minimize changes in microbial community compositions.

However, when samples are collected away from research facilities this is not always conve-

nient or possible. For example, our research group has conducted research in which human

volunteers collected feces from themselves or their animals over time. Additionally,

research frequently occurs at agriculture facilities that are hundreds and even thousands of

miles away from the researchers’ home laboratories with ultracold storage capability. Thus,

storage conditions on site and during transportation to the laboratory could create signifi-

cant biases in results related to microbial ecology. Different preservative methods have been

proposed for stabilizing microbial community structures, especially for investigation of

human fecal microbiota [29–32]. However, only a few published studies have investigated

preservation methods using animal feces [33–35], and notably, these investigations did not

include fecal samples from cattle. Additionally, little published research is available regard-

ing impacts of preservatives on other important sample types such as respiratory secretions.

Cost is another important consideration for large microbiome studies, and costs for preser-

vation methods that have been advocated can vary from a few cents (e.g., ethanol) to several

dollars (e.g., commercially available solutions) per sample.

Significant systematic differences or biases in microbiome data that are associated with dif-

ferent sample preservation methods have been clearly demonstrated in studies of human feces

[36], even though changes in community composition are often smaller than differences

between sample types or among study subjects [35]. Regardless, small systematic differences in

non-dominant taxa can have far reaching consequences for animal and ecosystem health [5].

Therefore, there is a need to expand our understanding of how stabilization methods shift

microbial community composition in the absence of variation associated with differing sample

types or study subjects (i.e., biological variation) to isolate the effect of different stabilization

methods.

This study used very deep 16S rRNA gene sequencing (~ 1 million sequence reads per sam-

ple) to A) systematically compare sample preservation factors (preservative solution, tempera-

ture, and time) that might be affect to short- to intermediate-term intervals between collection

of cattle fecal samples and receipt at a distant laboratory; and B) investigate impacts of using

ethanol as an inexpensive preservative of bovine respiratory secretion samples.
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Methods

Sampling and experimental design

Part A) A single bovine fecal sample was collected per rectum using a sterile disposable palpa-

tion sleeve, place into a sterile container, and delivered to the laboratory where it was aliquoted

into one of three preservative treatment groups (Fig 1): no treatment, OMNIgene1•GUT

(DNA Genotek1, Stittsville, Ontario, Canada) stabilizing solution (500mg feces /2mL of solu-

tion), or 100% molecular grade ethanol (500mg feces /2mL of EtOH). Tubes were shaken and

vortexed to homogenize the feces and preservative solutions. P1000 pipette tips were asepti-

cally cut to widen the tip orifice enough to allow 250μL of homogenous sample-mixture to be

pipetted into 2ml tubes (approximately 60mg of stool sample per aliquot). This was repeated

36 times for both treatment groups, OMNIgene and ethanol. 50mg of stool was then weighed

into 36 more empty 2mL tubes for the non-treatment group, totaling 108 samples across all

three experimental groups. Four aliquots from each preservative treatment group were imme-

diately processed for DNA isolation (day 0) and the remaining 2mL tubes were stored at four

temperatures (-80˚C, -20˚C, 4˚C, or ambient room temperature ~20˚C) for either 7 or 14 days

before DNA isolation was performed. These time points were selected to represent intervals

that might be used when storing samples onsite at production facilities before transporting

them to a laboratory for further processing.

Part B) Commercially available, sterile, double-guarded, cotton fiber swabs (29.5 in / 74.9

cm; E9-5200, Continental Plastic, Delavan, WI) were used to obtain samples of respiratory

secretions from the deep nasopharynx of feedlot cattle as previously described [21]. The 16 cat-

tle enrolled in Part B of this study were sampled on day 14 after arrival at the West Texas A&M

Fig 1. Schematic of sample processing strategy for parts A and B of this study. Created with BioRender.com.

https://doi.org/10.1371/journal.pone.0300285.g001
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University Research Feedlot on May 14, 2020. Briefly, the external nares were cleaned with a

paper towel to remove superficial secretions and dirt, and 2 nasopharyngeal (NP) swabs were

passed sequentially through the right nostril to collect respiratory secretions from the distal

nasopharynx. The swab tip from one sample was aseptically cut and placed into a sterile 5mL

tube containing 0.5ml of 100% molecular grade ethanol, and the other was swab tip was placed

in a sterile tube without preservative. All samples were kept on ice and transported to Labora-

tory 1, where they were placed in an ultracold (-80˚C) freezer within 6 hours of collection.

Two weeks later, all samples were placed in a styrofoam lined box with standard ice packs and

shipped by overnight courier to Laboratory 2. They were received at Laboratory 2 approxi-

mately 24 hours after removal from the ultracold freezer at Laboratory 1, then frozen again at

-80˚C until processed for DNA isolation 4 weeks later. Storage and transportation used in Part

B were intended to represent a scheme that might be used when collecting samples onsite at a

production facility before transporting them to a laboratory for further processing.

DNA isolation, 16S rRNA library preparation and sequencing

DNA isolation of both fecal (50-70mg starting material) and nasal swab samples (1 entire swab

tip) was performed using the QIAmp PowerFecal DNA kit (Qiagen, Hilden Germany) accord-

ing to manufacturer’s instruction with slight modifications to the cell lysis step. Samples were

heated at 65˚C for 10-minutes, then homogenized using 5 cycles of bead beating (1-minute

pulses with a 5-minute rest between each pulse). The elution buffer was also heated to 65˚C

before being pipetted directly onto the silica membrane and left for 5 minutes to allow for

complete rehydration. Following isolation, DNA was quantified (ng μL-1) using a Qubit flex

fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).

The V3-V4 region of the 16S rRNA gene was amplified using the 341F (5’– CCTACGGGN
GGCWGCAG– 3’) and 785R (5’– GACTACHVGGGTATCTAATCC– 3’) primer pair (Integrated

DNA Technologies, Inc, Coralville, IA). Preparation of amplicon libraries for 16S rRNA gene

sequencing was conducted according to Illumina’s protocol [37]. The resulting pooled ampli-

con library was sequenced on an Illumina NovaSeq instrument using paired-end chemistry (2

x 250bp) at the University of Colorado Anschutz Medical Campus’ Genomics and Microarray

Core. As negative controls, equal volumes of nuclease-free sterile water were included with

each batch of samples processed. No sequence reads passed the quality filtering steps of

DADA2 (described below) from the negative controls, and therefore they were not included in

further downstream analysis. A ZymoBIOMICS Microbial Community DNA Standard (Zymo

Research, Irvine, CA, USA) was included as a positive control for PCR and to check for bias

introduced during library preparation and sequencing. The number of reads per fecal sample

ranged from 541,616 to 3,495,132 with a mean sequence depth of 951,895. The number of

reads per respiratory swab sample ranged from 343,811 to 10,615,904 with a mean sequence

depth of 3,045,236 reads per sample. All sequence reads were made available through BioPro-

ject PRJNA1043101 at the NCBI’s Sequence Read Archive.

Bioinformatics. Demultiplexed paired-end reads were imported into QIIME2 version

2020.11 [38] and DADA2 [39] was used to filter reads for quality, remove chimeric sequences,

merge overlapping paired-end reads, and generate amplicon sequence variants (ASVs). For-

ward and reverse reads were trimmed at 17 bp and 21 bp and truncated at 248 bp and 250 bp,

respectively. Taxonomy was assigned using a Naïve Bayes classifier trained on the SILVA 138

99% OTUs database, where sequences had been trimmed to include only the base pairs from

the V3-V4 region bound by the 341f/785r primer pair. Reads that mapped to chloroplast and

mitochondrial sequences were filtered from the representative sequences and ASV table using

the ‘filter_taxa’ function, and a midpoint-rooted phylogenetic tree was then generated using
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the ‘q2-phylogeny’ pipeline with default settings, which was used to calculate phylogeny-based

diversity metrics. The proportion of ASVs classified at each taxonomic rank for fecal and swab

samples can be found in S1 Table. Briefly, 93.7% of fecal ASVs were classified at the rank of

genus, and>99% of fecal ASVs were classified at higher ranks (i.e., family, order, class, phy-

lum). Similarly, 95.4% of respiratory ASVs were classified at the rank of genus, while > 99% of

respiratory ASVs were classified at higher ranks (i.e., family, order, class, phylum).

Data and metadata were then imported into an R programming environment using the

phyloseq package [40]. ASV counts for each sample were then normalized using cumulative

sum scaling [41] and beta-diversity was analyzed using weighted, generalized, and unweighted

UniFrac distances [42,43]. From these distances, principal co-ordinates analysis (PCoA) was

performed and plotted, and a permutational multivariate analysis of variance (PERMANOVA)

was used to test for significant differences in community structure using the vegan [44] and

pairwiseAdonis [45] packages. To ensure significant differences were not the result of unequal

dispersions of variability, permutational analyses of dispersion (PERMDISP) were conducted

for all significant PERMANOVA outcomes using the vegan package. Hierarchal clustering was

performed using Ward’s agglomeration clustering method [46] on generalized UniFrac dis-

tances and the ‘hclust’ function. Further, the relative abundances of ASVs within each sample

were calculated and plotted using phyloseq.

Statistical analyses. Unless otherwise stated, R version 4.2.1 [47] was used for statistical

analysis of data. Pairwise Wilcoxon rank-sum analyses of variance were performed using a

Benjamini-Hochberg correction for multiple comparisons. Differences in beta diversity were

tested using pairwise PERMANOVA with a Benjamini-Hochberg correction for multiple com-

parisons and 9,999 permutations. Additionally, pairwise PERMDISPs were carried out for all

significant PERMANOVA outcomes using 9,999 permutations to test for differences in the

variability of dispersions. Correlation between the relative abundances of ASVs was tested

using Pearson’s correlation co-efficient.

Regulatory approval. The protocol used to collect the fecal sample used in this project

was reviewed and approved by the Colorado State University Research Integrity and Compli-

ance Review Office and determined to be exempt from Institutional Animal Care and Use

Committee oversight. Protocols used in collection of respiratory swabs for this research were

reviewed and approved by the West Texas A&M University Institutional Animal Care and Use

Committee (Protocol# 2020.04.003).

Results

Part A) Impact of stabilization solutions on DNA yields following isolation. We compared the

effect that stabilization solutions had on the yield of DNA recovered from samples without sta-

bilization solution and those stabilized with OMNIgene1•GUT and ethanol (Fig 2 and S2

Table). In general, stabilization with either buffer resulted in significantly lower DNA yields

than untreated samples, but samples stabilized in ethanol had substantially lower DNA yield

across all time points when compared with untreated samples and those preserved with

OMNIgene1•GUT (Fig 2 and S2 Table; pairwise Wilcoxon rank-sum with Benjamini-Hoch-

berg correction; n = 3–4, p< 0.05). In samples extracted immediately after sample collection,

DNA yields from ethanol stabilized samples were over 4-fold lower than samples without treat-

ment and 3-fold lower than OMNIgene stabilized samples (Fig 2 and S2 Table no treatment

59.30 ng�μL-1 ± 4.68 SEM, OMNIgene1•GUT 40.45 ng�μL-1 ± 1.39 SEM, ethanol 13.54 ng�μL-

1 ± 3.62 SEM). There were no significant differences in DNA yield between the four storage

temperatures within any of the treatment groups after 7-days or 14-days of preservation (Fig 2

and S2 Table; pairwise Wilcoxon rank-sum with Benjamini Hochberg, n = 3–4, p> 0.05),
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though an increased yield in ethanol stabilized samples that were frozen compared to those

stored at 4˚C and 20˚C was notable (p = 0.06).

Immediate effects of stabilization solutions on fecal microbial communities

To isolate the effect of the preservation method in the absence of storage time we compared

microbial community diversity and composition from fresh samples extracted immediately

after collection and adding preservative to the sample. A principal-coordinate analysis (PCoA)

based on unweighted, generalized, and weighted UniFrac values revealed that in the absence of

other factors, addition of a stabilization solution was associated with subtle yet statistically sig-

nificant microbial community composition shifts (Fig 3; PERMANOVA with Benjamini-

Hochberg correction, n = 4 per group, adj-p < 0.05). Microbial communities in samples with-

out stabilization buffer were different from samples stabilized with OMNIgene1•GUT and

ethanol, but those stabilized with ethanol showed the greatest differences. Untreated and etha-

nol stabilized samples are clearly separated along PC1 (Fig 3) and ethanol stabilized samples

formed their own clade that was most distantly related (Fig 4A). This is further exemplified by

the fact that preservation method explained far more of the variation in community structure

for ethanol stabilized samples versus OMNIgene1•GUT stabilized samples (S3 Table; 88% eth-

anol vs. no treatment and 49% OMNIgene1•GUT vs. no treatment based on generalized Uni-

Frac distances). The difference in ethanol stabilized samples was largely explained by changes

in the relative abundances of major lineages. For example, the relative abundances of the two

most abundant families (Oscillospirales UCG-010 & Oscillospiraceae) and the genera compris-

ing those families were significantly different between ethanol stabilized communities versus

those receiving no treatment (Fig 4A and 4B; pairwise Wilcoxon rank-sum with Benjamini-

Hochberg correction, p< 0.05). Further, the relative abundance of 11 of the 13 genera com-

prising greater than 1.0% of the overall microbial community across all fresh samples was

Fig 2. Boxplots demonstrating the concentration of DNA isolated from bovine fecal samples stored with each of the preservation methods (no

treatment, OMNIgene1•GUT solution, ethanol) at each of the timepoints and each storage temperature. Significant differences between treatment

methods at each timepoint and temperature are illustrated by different letters (pairwise Wilcoxon rank-sum with Benjamini-Hochberg, n = 3–4, p< 0.05).

https://doi.org/10.1371/journal.pone.0300285.g002
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significantly different in ethanol stabilized versus untreated fecal samples, while only three dif-

fered in OMNIgene1•GUT stabilized samples (Fig 4B; pairwise Wilcoxon rank-sum and Ben-

jamini-Hochberg correction, n = 4, p< 0.05). Samples stabilized with ethanol also exhibited

wider variance amongst themselves at the ASV level (correlation coefficient = 0.989), while

those stabilized with OMNIgene1•GUT had similar inter-sample variance amongst them-

selves to samples receiving no stabilization solution (Fig 5A; OMNIgene1•GUT r = 0.997, no

treatment r = 0.997). Additionally, when compared to untreated samples at the ASV level, sam-

ples stabilized with ethanol were less similar (Fig 5B; r = 0.932) than those stabilized with

OMNIgene1•GUT (Fig 5B; r = 0.993).

Changes in bovine fecal microbial community composition following

short-term storage at different temperatures

Following 7-days of storage, communities stabilized with OMNIgene1•GUT and stored at

any temperature–including room temperature–were the most similar to fresh communities

and formed their own clade (Fig 6A). Within the OMNIgene clade, samples stored below

freezing (i.e., -20˚C, -80˚C) clustered together and samples stored at 4˚C and room tempera-

ture clustered together (Fig 6A). Samples stabilized with OMNIgene1•GUT and stored at

-20˚C (r = 0.993) and -80˚C (r = 0.993) had the smallest shifts in the relative abundances across

ASVs versus fresh samples following 7 days storage (Fig 6B). OMNIgene1•GUT stabilized

samples that were stored at 4˚C (r = 0.975) and 20˚C (r = 0.976) exhibited a slightly larger dif-

ference in microbial community composition, which was like those observed among samples

frozen without stabilization solution (Fig 6B).

Community composition in untreated control samples that were stored below freezing (i.e.,

-20˚C, -80˚C) for 7 days were the next most similar to fresh communities (Fig 6A). Those

stored at -20˚C, -80˚C, and 4˚C formed their own clade and were the next most similar to

fresh communities, while those stored at room temperature were by far the most different

(Fig 6A). Interestingly, despite more noticeable differences at the family level in untreated

samples stored at 4˚C for 7 days, the microbial communities, as a whole, were more similar to

fresh samples then those stored in ethanol at any temperature. Members of the families

Fig 3. Principal co-ordinates analysis (PCoA) based on unweighted, generalized, and weighted UniFrac distances from samples extracted immediately

after collection and stabilized with OMNIgene1•GUT solution, 100% ethanol, or given no stabilization solution (no treatment). Shaded areas and dashed

lines represent 95% confidence ellipses.

https://doi.org/10.1371/journal.pone.0300285.g003
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Planococcaceae and Xanthomonadaceae, which comprised less than 0.05% of the overall com-

munities in all stabilized (i.e., OMNIgene1•GUT and ethanol) communities and fresh

untreated communities, were significantly more predominant within communities from

untreated samples stored at 4˚C and room temperature for 7 days (Fig 6A; pairwise Wilcoxon

rank-sum test with Benjamini-Hochberg correction, n = 3–4, p< 0.05). There was a consider-

able difference between the taxonomic relative abundance in untreated communities stored

above and below freezing; proportions of different ASVs in frozen samples were similar to

communities found in fresh samples (-80˚C r = 0.965; -20˚C r = 0.974) while those of samples

stored at 4˚C (r = 0.478) and room temperature (r = 0.054) were vastly different (Fig 6B).

Microbial communities in fecal samples stabilized with ethanol and stored for 7 days at all

temperatures formed their own clade; other than microbial communities of untreated control

samples stored at room temperature, communities of samples treated with ethanol and stored

for 7 days were the most different from those of fresh untreated samples (Fig 6A). Within the

ethanol stabilized clade, communities from samples stored at room temperature were consid-

erably different than communities stored a cooler temperature. This was largely a result of

Fig 4. A) The relatedness of microbial communities from samples extracted immediately after collection and stabilized with OMNIgene1•GUT solution,

100% ethanol, or given no stabilization solution (no treatment). Hierarchal clustering was performed on generalized UniFrac distances using Ward’s

agglomeration method. The bar plot illustrates the relative abundance of microbial families within each individual family. The ten most abundant families are

displayed in the legend. B) Barplots demonstrating the relative abundance of the 13 genera comprising greater than 1% of the overall microbial community

across all samples extracted immediately after collection. Error bars represent standard error of the mean and significant differences in the relative abundance

of genus between treatments are illustrated by different letters (pairwise Wilcoxon rank-sum with Benjamini-Hochberg, n = 4, p< 0.05).

https://doi.org/10.1371/journal.pone.0300285.g004
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relative abundance increases in Oscillospirales UCG-010 and the Clostridia vadinBB60 group

and decreases in Oscillospiraceae, Rikenallaceae, and Prevotellaceae (Fig 4A). While ethanol

stabilized communities were more distantly related to fresh communities than untreated com-

munities stored at 4˚C, it is evident that the proportions of ASVs in ethanol stabilized commu-

nities were more similar to communities in fresh untreated samples (Fig 6B). However, the

proportions of ASVs from communities stabilized in ethanol and stored at -20˚C (r = 0.943)

and -80˚C (r = 0.931) exhibit larger shifts than those not stabilized and stored at the same tem-

peratures (Fig 6B). After 7 days, the proportions of ASVs within communities stored in etha-

nol at 4˚C (r = 0.914) demonstrated much smaller shifts than those not stabilized (Fig 6B).

The relationship between the similarities of communities preserved via different stabiliza-

tion methods (i.e., none, OMNIgene1•GUT, ethanol) and different temperatures (i.e., -80˚C,

-20˚C, 4˚C, room temperature ~20˚C) remained the same following 14-days storage (Fig 7A).

Like after 7-days storage, microbial communities stabilized with OMNIgene and stored at any

temperature were the most similar to communities of fresh untreated fecal samples and once

again formed clades largely based on storage temperature (Fig 7A). Samples stabilized with

OMNIgene and stored below freezing (-20˚C r = 0.994; -80˚C r = 0.994) once again had the

Fig 5. Scatterplots showing the correlation between the relative abundance of every ASV between A) the four replicates within each treatment group

(OMNIgene1•GUT solution, 100% ethanol, no treatment) and B) each treatment and the no treatment group from samples extracted immediately after

collection. ASVs are colored by taxonomic family, and the Pearson correlation coefficient is displayed in the top right corner of each panel.

https://doi.org/10.1371/journal.pone.0300285.g005
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smallest shifts in ASV relative abundance versus fresh samples after 14 days storage (Fig 7B).

OMNIgene1•GUT stabilized samples that were stored at 4˚C (r = 0.976) and 20˚C (r = 0.974)

exhibited a slightly larger shift in ASV relative abundance which were similar to those observed

in untreated samples and stored at -20˚C and -80˚C. All four storage temperatures for

Fig 6. A) The relatedness of microbial communities from samples extracted after 7-days storage at room temperature, 4˚C, -20˚C, or -80˚C and stabilized with

OMNIgene1•GUT solution, 100% ethanol, or given no stabilization solution (no treatment). Hierarchal clustering was performed on generalized UniFrac

distances using Ward’s agglomeration method. The bar plot illustrates the relative abundance of microbial families within each individual family. The fifteen

most abundant families across all 7-day storage samples are displayed in the legend. B) Scatterplots showing the correlation between the relative abundance of

every ASV between samples from each treatment group and storage temperature after 7-days storage and no treatment samples that were extracted

immediately.

https://doi.org/10.1371/journal.pone.0300285.g006
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OMNIgene1•GUT stabilized samples exhibited nearly identical shifts in ASV proportions at

14-days to those seen after 7-days (Figs 6B and 7B, respectively).

As was the case at 7-days of storage, communities stored without a stabilization solution

and frozen at -20˚C or -80˚C were the next most similar to fresh communities (Fig 7A) and

exhibited shifts in ASV relative abundance similar to those of OMNIgene stabilized

Fig 7. A) The relatedness of microbial communities from samples extracted after 14-days storage at room temperature, 4˚C, -20˚C, or -80˚C and stabilized

with OMNIgene1•GUT solution, 100% ethanol, or given no stabilization solution (no treatment). Hierarchal clustering was performed on generalized UniFrac

distances using Ward’s agglomeration method. The bar plot illustrates the relative abundance of microbial families within each individual family. The fifteen

most abundant families across all 14-day storage samples are displayed in the legend. B) Scatterplots showing the correlation between the relative abundance of

every ASV between samples from each treatment group and storage temperature after 14-days storage and no treatment samples that were extracted

immediately.

https://doi.org/10.1371/journal.pone.0300285.g007
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communities (Fig 7B). The differences observed at 7-days in untreated communities stored at

4˚C and room temperature were exacerbated, with significantly increased relative abundances

of Planococcaceae and Xanthomonadaceae within communities stored at 4˚C and room tem-

perature, respectively (Fig 7A; pairwise Wilcoxon rank-sum test with Benjamini-Hochberg

correction, n = 4, p< 0.05). Large shifts in the relative abundances of ASVs within these sam-

ples was once again observed (4˚C r = 0.351; RT r = 0.008), and these shifts had also increased

when compared to 7-days storage (Figs 6B and 7B).

Communities stabilized with ethanol and stored for 14-days again formed their own clade

that, except for untreated communities stored at room temperature, was the least similar to

fresh samples (Fig 7B). Samples stored below freezing for 14 days exhibited similar shifts

(-20˚C r = 0.943; -80˚C r = 0.931) in ASV relative abundances as those stored for 7-days, but

these shifts were greater than all OMNIgene stabilized communities and untreated communi-

ties stored below freezing (Fig 7B). At 4˚C and room temperature, ethanol stabilized commu-

nities (4˚C r = 0.895; RT r = 0.602) had much smaller changes in ASV proportions compared

to those in untreated communities (Fig 7B) following 14-days storage, but much larger

changes compared to those stabilized with OMNIgene1•GUT. Additionally, shifts in ASV rel-

ative abundance increased between 7-days and 14-days storage (Figs 6B and 7B, respectively).

Part B) DNA isolation yields and changes in bovine respiratory microbial

community composition following stabilization with ethanol

Unlike with fecal samples, there was no significant difference in the DNA yield resulting from

samples stabilized with ethanol versus untreated samples (Fig 8 and S4 Table; Kruskal-Wallis

ANOVA, n = 16, p> 0.05). Though not significant, yields were slightly lower from ethanol sta-

bilized samples than from untreated samples (no treatment 88.65 ng�μL-1 ± 6.30 SEM, ethanol

76.76 ng�μL-1 ± 4.84 SEM).

To investigate the effects of ethanol stabilization on bovine respiratory microbial communi-

ties we compared the microbial community composition in treated samples to those of

untreated swab samples collected at the same time. A PCoA based on generalized UniFrac val-

ues illustrated that samples did not cluster based on preservation method and that, in general,

ethanol stabilized communities tended to cluster with their untreated counterpart (Fig 9A).

PERMANOVA confirmed that there was no difference in community composition (PERMA-

NOVA, n = 16, p> 0.05) between untreated samples and those from samples treated with eth-

anol. Further, hierarchal clustering demonstrated that communities from both treated and

untreated samples were intermixed samples collected from the same animals tended clustered

to be within a single large clade (Fig 9B). However, only six of the 16 ethanol stabilized samples

were highly similar to untreated samples collected from the same animals (Fig 9B). The major

driver of clade formation was inter-sample differences between predominant taxa (Fig 9B).

For example, communities dominated by Mycoplasmataceae formed the largest clade, while

those with higher relative abundance of Pasteurellaceae, Moraxellaceae, or Prevotellaceae were

in different clades (Fig 9B). Shifts in the relative abundance of ASVs were small between

untreated and ethanol stabilized communities (average r = 0.902), albeit with a very large

range (r = 0.408 and r = 0.995). The majority of samples exhibited shifts similar to those seen

in ethanol stabilized fecal communities compared to fresh fecal communities (Figs 5–7B).

Discussion

This study utilized 16S rRNA gene sequencing to investigate the effects of two stabilization

solutions, and temperature, over time in the absence of biological variation on maintaining

microbial community structure in bovine fecal and nasopharyngeal swab samples. Sample
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collection in remote areas or under time constraints may not provide an opportunity to imme-

diately cool and freeze samples in ultracold freezers and researchers may need to utilize a pres-

ervation method to help maintain representative microbial community structures. Further, the

number of studies targeting microbial communities within the animal and agricultural sci-

ences is growing rapidly, and along with an ever-increasing need for larger sample sizes, tem-

poral scales, and environmental coverage the availability and effectiveness of stabilization

methods is of critical importance for researchers.

In the absence of biological variation, both stabilization solutions introduced immediate

bias into the microbial community structure of bovine fecal samples, though stabilization with

OMNIgene1•GUT solution performed considerably better than stabilization with 100% etha-

nol. Some previous studies based on human fecal samples have recommended stabilization

with ethanol for sample storage [35,48], while another concluded it affected community com-

position [32]. The results here suggest that stabilization with ethanol is not ideal under most

common storage situations. The immediate and short-term bias introduced by ethanol appears

Fig 8. Boxplot demonstrating the concentration of DNA isolated from bovine respiratory samples stored with

100% ethanol or no stabilization solution. No significant differences between treatment methods were identified

(pairwise Wilcoxon rank-sum with Benjamini-Hochberg, n = 16, p> 0.05).

https://doi.org/10.1371/journal.pone.0300285.g008
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to result in altered relative abundances of variety of taxa within the classes Clostridia and Bac-

teroidia. These represent two of the most abundant classes found within the bovine GIT across

populations from different geographic locations and environmental conditions [7,49,50], sug-

gesting that stabilization with ethanol is likely not optimal for the majority of bovine GIT sam-

ple storage. Additionally, variation among technical replicates was much higher in samples

stabilized with ethanol versus untreated samples or those stabilized in OMNIgene1•GUT

solution. While stabilization with OMNIgene1•GUT also introduced immediate bias, it was

considerably smaller and was limited to rare taxa.

After 7-days and 14-days storage, stabilization with OMNIgene preserved original commu-

nity structure in bovine feces better than flash-freezing or ethanol stabilization, particularly at

temperatures above freezing. Below freezing, differences between untreated and stabilized

Fig 9. A) Principal co-ordinates analysis (PCoA) based on generalized UniFrac distances from respiratory samples stabilized with 100% ethanol or given no

stabilization solution (no treatment). Numbers (1–16) represent the individual animal that both the stabilized and untreated samples were collected from. B)

The relatedness of microbial communities from respiratory samples stabilized with 100% ethanol or given no stabilization solution (no treatment). Hierarchal

clustering was performed on generalized UniFrac distances using Ward’s agglomeration method. The bar plot illustrates the relative abundance of microbial

families within each individual family. The eight most abundant families across all respiratory samples are displayed in the legend. C) Scatterplots showing the

correlation between the relative abundance of every ASV between samples stabilized with 100% and those that did not receive stabilization solution for each of

the 16 animals sampled.

https://doi.org/10.1371/journal.pone.0300285.g009
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communities were minimal and generally limited to less prevalent taxa, suggesting that use of a

stabilization solution may not be necessary when using short-term storage in an ultracold freezer,

unless study objectives require rare biosphere characterization. When it is not possible to immedi-

ately freeze samples, storage conditions were associated with dramatic impacts on microbial com-

munity compositions. Microbial communities shifted substantially over time without use of

preservation, which was expected as it is has been known for over a century that specific taxa will

outperform others (i.e., bottle effect) given the different nutrient conditions within the sample

storage tube [51–53]. Preservation of microbial community structure in feces stabilized with etha-

nol stored above freezing was considerably better than untreated communities, but OMNIgen-

e1•GUT stabilization resulted in much better-preserved communities than both ethanol and

untreated communities. Previous work corroborates our findings that OMNIgene1•GUT per-

forms better than other stabilization solutions [35,54]. Indeed, stabilization with OMNIgen-

e1•GUT for short-term storage (< 14 days) at 4˚C and even at room temperature, resulted in a

considerably better-preserved microbial community structures in bovine fecal samples.

Stabilization with ethanol had a smaller impact on bovine respiratory microbial communi-

ties than did inter-individual variation when stored at -80˚C and shipped from one laboratory

to another on ice. In fecal samples, stabilization with ethanol has been demonstrated to intro-

duce differences equal or less than inter-individual variation [35], but to our knowledge these

results are the first to compare stabilization of respiratory communities collected with swabs.

However, further work is needed to compare flash-frozen and ethanol stabilized samples with

fresh samples representative of the original community structure. Additionally, we acknowl-

edge that for both our fecal and respiratory communities, a larger series of samples with differ-

ing composition may have identified differences not observed here.
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10. Melo-González F, Sepúlveda-Alfaro J, Schultz BM, Suazo ID, Boone DL, Kalergis AM, Bueno SM. Dis-

tal Consequences of Mucosal Infections in Intestinal and Lung Inflammation. Front Immunol. 2022;13.

https://doi.org/10.3389/fimmu.2022.877533 PMID: 35572549

PLOS ONE Preservation of microbial communities from bovine fecal and respiratory communities

PLOS ONE | https://doi.org/10.1371/journal.pone.0300285 April 2, 2024 16 / 19

https://doi.org/10.1038/nature18850
https://doi.org/10.1038/nature18850
http://www.ncbi.nlm.nih.gov/pubmed/27383984
https://doi.org/10.1016/j.celrep.2016.01.026
http://www.ncbi.nlm.nih.gov/pubmed/26854221
https://doi.org/10.1186/s40168-019-0781-8
http://www.ncbi.nlm.nih.gov/pubmed/32122398
https://doi.org/10.3389/fmicb.2023.1203498
http://www.ncbi.nlm.nih.gov/pubmed/37383638
https://doi.org/10.3390/oceans3030020
https://doi.org/10.1016/j.scitotenv.2022.159789
http://www.ncbi.nlm.nih.gov/pubmed/36309273
https://doi.org/10.3389/fmed.2021.669913
https://doi.org/10.3389/fmed.2021.669913
http://www.ncbi.nlm.nih.gov/pubmed/34513862
https://doi.org/10.3390/ijms21218351
https://doi.org/10.3390/ijms21218351
http://www.ncbi.nlm.nih.gov/pubmed/33171747
https://doi.org/10.3389/fimmu.2022.877533
http://www.ncbi.nlm.nih.gov/pubmed/35572549
https://doi.org/10.1371/journal.pone.0300285


11. Jucan AE, Gavrilescu O, Dranga M, Popa IV, Mihai BM, Prelipcean CC, Mihai C. Ischemic Heart Dis-

ease in Patients with Inflammatory Bowel Disease: Risk Factors, Mechanisms and Prevention. Life.

2022; 12(8):1113. https://doi.org/10.3390/life12081113 PMID: 35892915

12. Sonali S, Ray B, Ahmed Tousif H, Rathipriya AG, Sunanda T, Mahalakshmi AM, et al. Mechanistic

Insights into the Link between Gut Dysbiosis and Major Depression: An Extensive Review. Cells. 2022;

11(8):1362. https://doi.org/10.3390/cells11081362 PMID: 35456041

13. Ilchmann-Diounou H, Menard S. Psychological Stress, Intestinal Barrier Dysfunctions, and Autoim-

mune Disorders: An Overview. Front Immunol. 2020;11. https://doi.org/10.3389/fimmu.2020.01823

PMID: 32983091

14. Hanning N, Edwinson AL, Ceuleers H, Peters SA, De Man JG, Hassett LC, et al. Intestinal barrier dys-

function in irritable bowel syndrome: a systematic review. Therap Adv Gastroenterol. 2021;

14:1756284821993586. Epub 20210224. https://doi.org/10.1177/1756284821993586 PMID:

33717210; PubMed Central PMCID: PMC7925957.

15. Shi CY, Yu CH, Yu WY, Ying HZ. Gut-Lung Microbiota in Chronic Pulmonary Diseases: Evolution, Path-

ogenesis, and Therapeutics. Canadian Journal of Infectious Diseases and Medical Microbiology. 2021;

2021:9278441. https://doi.org/10.1155/2021/9278441 PMID: 34900069

16. Han MN, Finkelstein DI, McQuade RM, Diwakarla S. Gastrointestinal Dysfunction in Parkinson&rsquo;s

Disease: Current and Potential Therapeutics. Journal of Personalized Medicine. 2022; 12(2):144.

https://doi.org/10.3390/jpm12020144

17. Peralta-Marzal LN, Prince N, Bajic D, Roussin L, Naudon L, Rabot S, et al. The Impact of Gut Micro-

biota-Derived Metabolites in Autism Spectrum Disorders. Int J Mol Sci. 2021; 22(18):10052. https://doi.

org/10.3390/ijms221810052 PMID: 34576216

18. Matei DE, Menon M, Alber DG, Smith AM, Nedjat-Shokouhi B, Fasano A, et al. Intestinal barrier dys-

function plays an integral role in arthritis pathology and can be targeted to ameliorate disease. Med (N

Y). 2021; 2(7):864–83.e9. https://doi.org/10.1016/j.medj.2021.04.013 PubMed Central PMCID:

PMC8280953. PMID: 34296202

19. Pinnell LJ, Whitlow CW, Huebner KL, Bryant TC, Martin J, Belk KE, Morley PS. Not All Liver Abscesses

Are Created Equal: The Impact of Tylosin and Antibiotic Alternatives on Bovine Liver Abscess Microbial

Communities and a First Look at Bacteroidetes-Dominated Communities. Front Microbiol. 2022;13.

https://doi.org/10.3389/fmicb.2022.882419 PMID: 35572696

20. Pinnell LJ, Reyes AA, Wolfe CA, Weinroth MD, Metcalf JL, Delmore RJ, et al. Bacteroidetes and Firmi-

cutes Drive Differing Microbial Diversity and Community Composition Among Micro-Environments in

the Bovine Rumen. Frontiers in Veterinary Science. 2022;9. https://doi.org/10.3389/fvets.2022.897996

PMID: 35664853

21. Crosby WB, Pinnell LJ, Richeson JT, Wolfe C, Castle J, Loy JD, et al. Does swab type matter? Compar-

ing methods for Mannheimia haemolytica recovery and upper respiratory microbiome characterization

in feedlot cattle. Animal Microbiome. 2022; 4(1):49. https://doi.org/10.1186/s42523-022-00197-6 PMID:

35964128

22. Rovira P, McAllister T, Lakin SM, Cook SR, Doster E, Noyes NR, et al. Characterization of the Microbial

Resistome in Conventional and “Raised Without Antibiotics” Beef and Dairy Production Systems. Front

Microbiol. 2019; 10(1980). https://doi.org/10.3389/fmicb.2019.01980 PMID: 31555225

23. Doster E, Rovira P, Noyes NR, Burgess BA, Yang X, Weinroth MD, et al. Investigating Effects of Tula-

thromycin Metaphylaxis on the Fecal Resistome and Microbiome of Commercial Feedlot Cattle Early in

the Feeding Period. Front Microbiol. 2018; 9(1715). https://doi.org/10.3389/fmicb.2018.01715 PMID:

30105011

24. Weinroth MD, Scott HM, Norby B, Loneragan GH, Noyes NR, Rovira P, et al. Effects of Ceftiofur and

Chlortetracycline on the Resistomes of Feedlot Cattle. Applied and Environmental Microbiology. 2018;

84(13):e00610–18. https://doi.org/10.1128/AEM.00610-18 PMID: 29728379

25. Johnson CP. Feeding strategies to aid health, performance, and the gut microbiome in high-risk, newly

received feedlot cattle. West Texas A&M University; 2022.

26. Valeris-Chacin R, Powledge S, McAtee T, Morley PS, Richeson J. Mycoplasma bovis is associated with

Mannheimia haemolytica during acute bovine respiratory disease in feedlot cattle. Front Microbiol.

2022;13. https://doi.org/10.3389/fmicb.2022.946792 PMID: 35979489

27. Chai J, Capik SF, Kegley B, Richeson JT, Powell JG, Zhao J. Bovine respiratory microbiota of feedlot

cattle and its association with disease. Vet Res. 2022; 53(1):4. https://doi.org/10.1186/s13567-021-

01020-x PMID: 35022062

28. Brault SA, Hannon SJ, Gow SP, Warr BN, Withell J, Song J, et al. Antimicrobial Use on 36 Beef Feed-

lots in Western Canada: 2008–2012. Frontiers in Veterinary Science. 2019;6. https://doi.org/10.3389/

fvets.2019.00329 PMID: 31681801

PLOS ONE Preservation of microbial communities from bovine fecal and respiratory communities

PLOS ONE | https://doi.org/10.1371/journal.pone.0300285 April 2, 2024 17 / 19

https://doi.org/10.3390/life12081113
http://www.ncbi.nlm.nih.gov/pubmed/35892915
https://doi.org/10.3390/cells11081362
http://www.ncbi.nlm.nih.gov/pubmed/35456041
https://doi.org/10.3389/fimmu.2020.01823
http://www.ncbi.nlm.nih.gov/pubmed/32983091
https://doi.org/10.1177/1756284821993586
http://www.ncbi.nlm.nih.gov/pubmed/33717210
https://doi.org/10.1155/2021/9278441
http://www.ncbi.nlm.nih.gov/pubmed/34900069
https://doi.org/10.3390/jpm12020144
https://doi.org/10.3390/ijms221810052
https://doi.org/10.3390/ijms221810052
http://www.ncbi.nlm.nih.gov/pubmed/34576216
https://doi.org/10.1016/j.medj.2021.04.013
http://www.ncbi.nlm.nih.gov/pubmed/34296202
https://doi.org/10.3389/fmicb.2022.882419
http://www.ncbi.nlm.nih.gov/pubmed/35572696
https://doi.org/10.3389/fvets.2022.897996
http://www.ncbi.nlm.nih.gov/pubmed/35664853
https://doi.org/10.1186/s42523-022-00197-6
http://www.ncbi.nlm.nih.gov/pubmed/35964128
https://doi.org/10.3389/fmicb.2019.01980
http://www.ncbi.nlm.nih.gov/pubmed/31555225
https://doi.org/10.3389/fmicb.2018.01715
http://www.ncbi.nlm.nih.gov/pubmed/30105011
https://doi.org/10.1128/AEM.00610-18
http://www.ncbi.nlm.nih.gov/pubmed/29728379
https://doi.org/10.3389/fmicb.2022.946792
http://www.ncbi.nlm.nih.gov/pubmed/35979489
https://doi.org/10.1186/s13567-021-01020-x
https://doi.org/10.1186/s13567-021-01020-x
http://www.ncbi.nlm.nih.gov/pubmed/35022062
https://doi.org/10.3389/fvets.2019.00329
https://doi.org/10.3389/fvets.2019.00329
http://www.ncbi.nlm.nih.gov/pubmed/31681801
https://doi.org/10.1371/journal.pone.0300285


29. Vandeputte D, Tito RY, Vanleeuwen R, Falony G, Raes J. Practical considerations for large-scale gut

microbiome studies. FEMS Microbiol Rev. 2017; 41(Supplement_1):S154–S67. https://doi.org/10.

1093/femsre/fux027 PMID: 28830090

30. Vogtmann E, Chen J, Kibriya MG, Chen Y, Islam T, Eunes M, et al. Comparison of Fecal Collection

Methods for Microbiota Studies in Bangladesh. Applied and Environmental Microbiology. 2017; 83(10):

e00361–17. https://doi.org/10.1128/AEM.00361-17 PMID: 28258145

31. Kim JH, Jeon J-Y, Im Y-J, Ha N, Kim J-K, Moon SJ, Kim M-G. Long-term taxonomic and functional sta-

bility of the gut microbiome from human fecal samples. Sci Rep. 2023; 13(1):114. https://doi.org/10.

1038/s41598-022-27033-w PMID: 36596832

32. Guan H, Pu Y, Liu C, Lou T, Tan S, Kong M, et al. Comparison of Fecal Collection Methods on Variation

in Gut Metagenomics and Untargeted Metabolomics. mSphere. 2021; 6(5):10.1128/msphere.00636-

21. https://doi.org/10.1128/mSphere.00636-21 PMID: 34523982

33. Monger XC, Saucier L, Gilbert A-A, Vincent AT. Stabilization of swine faecal samples influences taxo-

nomic and functional results in microbiome analyses. MethodsX. 2022; 9:101716. https://doi.org/10.

1016/j.mex.2022.101716 PMID: 35601955

34. Lin C-Y, Cross T-WL, Doukhanine E, Swanson KS. An ambient temperature collection and stabilization

strategy for canine microbiota studies. Sci Rep. 2020; 10(1):13383. https://doi.org/10.1038/s41598-

020-70232-6 PMID: 32770113

35. Song SJ, Amir A, Metcalf JL, Amato KR, Xu ZZ, Humphrey G, et al. Preservation Methods Differ in

Fecal Microbiome Stability, Affecting Suitability for Field Studies. mSystems. 2016; 1(3):e00021–16.

https://doi.org/10.1128/mSystems.00021-16 PMID: 27822526

36. Gorzelak MA, Gill SK, Tasnim N, Ahmadi-Vand Z, Jay M, Gibson DL. Methods for Improving Human

Gut Microbiome Data by Reducing Variability through Sample Processing and Storage of Stool. PLoS

One. 2015; 10(8):e0134802. https://doi.org/10.1371/journal.pone.0134802 PMID: 26252519

37. Illumina Inc. 16S Metagenomic Sequencing Library Preparation. 2013.

38. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al. Reproducible, interac-

tive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol. 2019; 37(8):852–

7. https://doi.org/10.1038/s41587-019-0209-9 PMID: 31341288

39. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: High-resolution

sample inference from Illumina amplicon data. Nat Methods. 2016; 13(7):581–3. Epub 2016/05/24.

https://doi.org/10.1038/nmeth.3869 PMID: 27214047; PubMed Central PMCID: PMC4927377.

40. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and graphics of

microbiome census data. PLoS One. 2013; 8(4):e61217. https://doi.org/10.1371/journal.pone.0061217

PMID: 23630581

41. Paulson JN, Stine OC, Bravo HC, Pop M. Differential abundance analysis for microbial marker-gene

surveys. Nat Methods. 2013; 10(12):1200–2. https://doi.org/10.1038/nmeth.2658 PMID: 24076764

42. Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an effective distance metric for

microbial community comparison. ISME J. 2011; 5(2):169–72. https://doi.org/10.1038/ismej.2010.133

PMC3105689. PMID: 20827291

43. Chen J, Bittinger K, Charlson ES, Hoffmann C, Lewis J, Wu GD, et al. Associating microbiome composi-

tion with environmental covariates using generalized UniFrac distances. Bioinformatics. 2012; 28

(16):2106–13. https://doi.org/10.1093/bioinformatics/bts342 PMID: 22711789

44. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. vegan: Community Ecol-

ogy Package. https://CRAN.R-project.org/package=vegan: 2019.

45. Arbizu PM. pairwiseAdonis: pairwise multilevel comparison using adonis. https://github.com/

pmartinezarbizu/pairwiseAdonis: 2017.

46. Murtagh F, Legendre P. Ward’s hierarchical agglomerative clustering method: which algorithms imple-

ment Ward’s criterion? J Classif. 2014; 31(3):274–95. https://doi.org/10.1007/s00357-014-9161-z

47. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation

for Statistical Computing; 2017.

48. Vogtmann E, Chen J, Amir A, Shi J, Abnet CC, Nelson H, et al. Comparison of Collection Methods for

Fecal Samples in Microbiome Studies. Am J Epidemiol. 2017; 185(2):115–23. https://doi.org/10.1093/

aje/kww177 PMID: 27986704

49. Thomas M, Webb M, Ghimire S, Blair A, Olson K, Fenske GJ, et al. Metagenomic characterization of

the effect of feed additives on the gut microbiome and antibiotic resistome of feedlot cattle. Sci Rep.

2017; 7(1):12257. https://doi.org/10.1038/s41598-017-12481-6 PMID: 28947833

50. Mansilla FI, Ficoseco CA, Miranda MH, Puglisi E, Nader-Macı́as MEF, Vignolo GM, Fontana CA.

Administration of probiotic lactic acid bacteria to modulate fecal microbiome in feedlot cattle. Sci Rep.

2022; 12(1):12957. https://doi.org/10.1038/s41598-022-16786-z PMID: 35902668

PLOS ONE Preservation of microbial communities from bovine fecal and respiratory communities

PLOS ONE | https://doi.org/10.1371/journal.pone.0300285 April 2, 2024 18 / 19

https://doi.org/10.1093/femsre/fux027
https://doi.org/10.1093/femsre/fux027
http://www.ncbi.nlm.nih.gov/pubmed/28830090
https://doi.org/10.1128/AEM.00361-17
http://www.ncbi.nlm.nih.gov/pubmed/28258145
https://doi.org/10.1038/s41598-022-27033-w
https://doi.org/10.1038/s41598-022-27033-w
http://www.ncbi.nlm.nih.gov/pubmed/36596832
https://doi.org/10.1128/mSphere.00636-21
http://www.ncbi.nlm.nih.gov/pubmed/34523982
https://doi.org/10.1016/j.mex.2022.101716
https://doi.org/10.1016/j.mex.2022.101716
http://www.ncbi.nlm.nih.gov/pubmed/35601955
https://doi.org/10.1038/s41598-020-70232-6
https://doi.org/10.1038/s41598-020-70232-6
http://www.ncbi.nlm.nih.gov/pubmed/32770113
https://doi.org/10.1128/mSystems.00021-16
http://www.ncbi.nlm.nih.gov/pubmed/27822526
https://doi.org/10.1371/journal.pone.0134802
http://www.ncbi.nlm.nih.gov/pubmed/26252519
https://doi.org/10.1038/s41587-019-0209-9
http://www.ncbi.nlm.nih.gov/pubmed/31341288
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
https://doi.org/10.1038/nmeth.2658
http://www.ncbi.nlm.nih.gov/pubmed/24076764
https://doi.org/10.1038/ismej.2010.133
http://www.ncbi.nlm.nih.gov/pubmed/20827291
https://doi.org/10.1093/bioinformatics/bts342
http://www.ncbi.nlm.nih.gov/pubmed/22711789
https://CRAN.R-project.org/package=vegan:
https://github.com/pmartinezarbizu/pairwiseAdonis:
https://github.com/pmartinezarbizu/pairwiseAdonis:
https://doi.org/10.1007/s00357-014-9161-z
https://doi.org/10.1093/aje/kww177
https://doi.org/10.1093/aje/kww177
http://www.ncbi.nlm.nih.gov/pubmed/27986704
https://doi.org/10.1038/s41598-017-12481-6
http://www.ncbi.nlm.nih.gov/pubmed/28947833
https://doi.org/10.1038/s41598-022-16786-z
http://www.ncbi.nlm.nih.gov/pubmed/35902668
https://doi.org/10.1371/journal.pone.0300285


51. Jenkins SV, Vang KB, Gies A, Griffin RJ, Jun S-R, Nookaew I, Dings RPM. Sample storage conditions

induce post-collection biases in microbiome profiles. BMC Microbiol. 2018; 18(1):227. https://doi.org/

10.1186/s12866-018-1359-5 PMID: 30591021
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