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Abstract
Non-invasive fecal sampling is essential for molecular wildlife studies such as gut microbiome (GMB) research, yet 
�eld conditions often limit preservation options. To test the e�ects of preservation methods on the results of GMB 
community composition, we compared gut bacterial communities in paired fecal samples preserved in stabilization 
tubes and air-dried in paper bags collected from anesthetized African lions (Panthera leo) and spotted hyenas 
(Crocuta crocuta) in Etosha National Park, Namibia. Additional opportunistic samples from the ground around 
carnivore feeding sites that varied in moisture content were also analyzed. No di�erences in alpha or beta diversity 
were detected between preserved and dried samples, although bacterial beta diversity di�ered between preserved 
and opportunistic samples, supported by NMDS ordinations and PERMANOVA results. Core bacterial communities 
remained consistent across opportunistic sample conditions, indicating that host-associated taxa persist despite 
environmental exposure supporting the use of opportunistic samples for GMB studies in remote arid settings. 
However, consistent sampling protocols and future �eld-based desiccation studies remain critical for comparative 
analyses. These �ndings highlight that rapid air-drying o�ers a reliable, low-cost preservation option that maintains 
core microbiome patterns, expanding the feasibility of GMB research in remote or resource-limited �eld contexts 
where refrigeration and preservatives may be unavailable.
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Introduction
Exploration of the gut microbiome (GMB) of wildlife 

has many applications, including species conserva-

tion, ecosystem health, and One Health [1]. Research is 

continuously expanding to include a phylogenetically 

diverse range of species with varied life history traits 

and gut morphologies [2]. Amplicon sequencing of the 

16 S rRNA gene is a widely used approach in microbi-

ome research but can introduce technical biases during 

Polymerase Chain Reaction (PCR) amplification [3, 4]. 

Deep whole-metagenome shotgun sequencing, often 

exceeding tens of millions of reads per sample, enables 

comprehensive taxonomic and functional profiling along 

with directly observed gene profiles, but it is often pro-

hibitively expensive and may generate more data than is 

necessary for exploratory studies focused on taxonomic 

composition [3, 5]. As a cost-effective alternative, shal-

low shotgun metagenomic sequencing performed at 0.5 

to 5 million reads per sample avoids PCR amplification 

and the high data burden and costs associated with deep 

sequencing [3–5]. �us, shallow shotgun metagenomic 

sequencing enables cost-effective exploration of GMB 

diversity and composition in understudied systems, par-

ticularly wildlife.

Host-associated GMBs include the communities of 

bacteria and eukaryotes (e.g. protists, fungi, and meta-

zoan parasites) that inhabit the digestive tract. Gut 

bacteria, adapted to the environment within the gastro-

intestinal tract of their host, are impacted by external 

environmental factors after defecation [6]. As such, the 

presence and abundance of gut bacteria can shift in feces 

post-defecation depending on taxon-specific responses 

to environmental conditions, and environmental bacteria 

may colonize and contaminate samples [6]. �us, imme-

diate preservation of fecal samples best captures GMB 

composition when collected directly from the host or at 

the time of defecation [7]. However, collecting fresh fecal 

samples from wildlife often requires invasive capture 

techniques, posing health and safety risks to researchers 

and wildlife. Additionally, capture techniques are difficult 

to employ in elusive and rare wildlife species [8]. Collect-

ing fecal samples off the ground without inducing stress 

in target species or risking the safety of humans or wild-

life could be a more cost-effective and feasible method of 

sampling for GMB studies [9]. However, there is a criti-

cal need for greater understanding of the extent to which 

fecal samples are representative of the GMB after expo-

sure to the environment post-defecation, to optimize 

collection and storage protocols that maintain sample 

integrity.

Previous studies investigating potential shifts in GMB 

communities resulting from environmental exposure to 

fecal samples found varying results. In two African rumi-

nants, springbok (Antidorcas marsupialis) and giraffe 

(Gira�a camelopardalis), anaerobic bacteria decreased 

and both facultatively and obligately aerobic bacteria 

increased over time since defecation, with faster and 

more pronounced changes in springbok [6]. In contrast, 

GMB communities in fecal samples from Rocky Moun-

tain elk (Cervus canadensis) collected in Yellowstone 

National Park remained relatively stable for up to 7 days, 

with minimal detectable changes in the relative abun-

dance of two genera by day 14 [10]. For spider monkeys 

(Ateles geo�royi), however, both the preservation method 

and a 24-hour delay significantly altered GMB diversity 

and composition [11]. Methodological differences also 

contributed to variation. For example, in Eurasian cranes 

(Grus grus), invasive (trapped) vs. non-invasive (field-

collected) fecal samples differed in richness and compo-

sition, with higher richness and composition dispersion 

in samples from trapped birds, though 60% of genera 

were shared between methods [9]. Similarly, a time series 

analysis of cheetah (Acinonyx jubatus) fecal subsamples 

over five days found that alpha diversity and richness 

were maintained, but relative abundances of some phyla 

shifted after 24 h, suggesting samples collected within 

one day of defecation are representative under moist con-

ditions and samples collected after 24 h may introduce 

compositional biases [12].

Given the variable results in the literature, our goal was 

to assess the impact of fecal storage techniques (e.g. use 

of preservation media versus no preservation media) and 

fecal sample conditions (e.g. moisture content at time of 

collection) on microbiome community integrity for Afri-

can carnivore GMB research. �is study builds on previ-

ous research by evaluating which storage-related effects 

on microbiome diversity and composition reported in 

other taxa are most evident in large, free-ranging car-

nivores under field conditions. We had two main objec-

tives: (1) to compare GMB community composition and 

diversity between freshly preserved samples collected 

directly from hosts and placed into a commercially avail-

able DNA stabilization buffer containing < 24% ethanol 

(“Wet” samples; lions n = 30, hyenas n = 15) and a sub-

set placed in brown paper bags, hung in trees, and dried 

for 24 h under ambient conditions (“Dry samples; lions n 

= 16, hyenas = 4); and (2) to compare freshly preserved 

samples with opportunistically collected samples col-

lected from the environment (“Opportunistic” samples; 

lions n = 116, hyenas = 41). Opportunistic samples were 

collected along roads, around waterholes, or near car-

nivore kill sites, categorized by gross moisture content 

(e.g. inside–outside soft [IOS], inside soft–outside hard 

[ISOH], inside–outside hard [IOH], and samples con-

taining only hairs [Hairs]) as a proxy for time since def-

ecation, and were subsequently air-dried under ambient 

conditions following the same drying protocol used for 

Dry samples. Additionally, we determined whether the 
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presence or absence of microbial taxa correlated with the 

sample storage technique or the condition in which sam-

ples were collected. We hypothesized that GMB commu-

nity diversity and composition would not differ between 

fresh preserved samples and fresh samples that had been 

dried, and that rapid drying in the semi-arid environment 

of Etosha National Park in northern Namibia [13] would 

preserve core GMB taxa regardless of initial sample con-

ditions. We expected opportunistically collected samples 

to show enrichment of environment-associated taxa (e.g. 

soil-associated microbes) and shifts in community mem-

bership relative to freshly preserved samples.

Results
Storage technique

No differences in alpha diversity metrics (Observed, 

Shannon, Chao1, Simpson’s, and Faith’s PD) were 

observed between storage techniques (Wet vs. Dry) 

based on paired t-tests (p > 0.05, Fig.  1). Similarly, no 

differences in community composition were detected 

between Wet and Dry samples using PERMANOVA 

across all beta diversity metrics, including Bray–Curtis 

dissimilarities, weighted and unweighted UniFrac dis-

tances, and Aitchison distance (all p > 0.05; Fig. 2).

�e most abundant phyla across Wet and Dry sam-

ples, based on mean relative abundance, were Firmicutes 

(Wet: 52% / Dry: 51%), Bacteroidetes (19% / 16%), Pro-

teobacteria (15% / 15%), and Fusobacteriota (4% / 9%) 

(Fig. 3a), consistent with previous findings in carnivores 

[14]. �e most abundant genera, based on mean relative 

abundance, across Wet and Dry samples were Clostrid-

ium (Firmicutes, 30%/24%), Bacteroides (Bacteroidetes, 

11%/9%), and Fusobacterium (Fusobacteriota, 4%/8%) 

(Fig. 3b). Variability in relative abundance among sam-

ples is illustrated in Fig. 3.

DESeq2 analysis identified 17 genera significantly 

enriched in Wet samples compared to 3 enriched in Dry 

samples, including Rummeliibacillus, Enterobacter, and 

Fig. 1 Comparison of alpha diversity metrics between storage techniques across African lion (Panthera leo) and spotted hyena (Crocuta crocuta) fecal 
samples. Panels represent: (a) Chao1, (b) Faith’s Phylogenetic Diversity (FaithPD), (c) Observed taxa, (d) Shannon diversity, and (e) Simpson diversity. Stor-
age technique identi�cation is represented by “Wet” for fresh preserved and “Dry” for fresh, paired dried samples. No signi�cant di�erences (Paired T-Test, 
all p-values > 0.050) were observed in alpha diversity metrics between Wet-Dry pairs
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Mixta, although none surpassed 1% mean relative abun-

dance (Fig.  4). In contrast, Succinivibrio, Exiguobacte-

rium, and Vagococcus were significantly enriched in Dry 

samples, with Succinivibrio as the only genera to exceed 

1% mean relative abundance (Fig.  4). Using ANCOM-

BC2, two genera were identified as differentially abun-

dant between storage techniques after FDR correction 

(q < 0.05). Succinivibrio was enriched in Dry samples, 

whereas Campylobacter was enriched in Wet samples. 

However, neither genus passed the sensitivity analysis for 

pseudo-count addition, indicating that these differences 

were not robust to alternative zero-handling assump-

tions. Accordingly, no taxa were considered robustly 

differentially abundant between storage treatments. 

Host-stratified DESeq2 analyses revealed 12 enriched 

genera in Wet lion samples and 1 enriched genera in Dry 

lion samples (see Additional file 1), whereas no taxa were 

significantly differentially abundant among hyena sam-

ples after multiple-test correction.

Sample condition

Significant differences in alpha diversity metrics 

(Observed, Shannon, Chao1, Simpson, and Faith’s PD) 

were observed between Wet samples and both IOH and 

IOS samples (Wilcoxon rank-sum tests, all p < 0.050 

(except Wet vs. IOS Faith PD, p = 0.090), but not between 

IOH and IOS. Comparisons involving ISOH (lion n = 2, 

hyena n = 0) and Hairs (lion n = 2, hyena n = 2) were 

excluded due to limited sample sizes and reduced sta-

tistical power. Stratified pairwise PERMANOVA (con-

trolling for host species) on Bray–Curtis distances 

detected differences in GMB community composition 

between Wet and IOH, and between Wet and IOS (Bon-

ferroni-adjusted p = 0.045 and p = 0.003, respectively), 

but not between IOH and IOS. Stratified pairwise PER-

MANOVA on unweighted UniFrac distances (Bonfer-

roni-adjusted p = 0.012) detected significant differences 

in GMB community composition between Wet and IOS, 

but not between Wet and IOH or IOH and IOS. Strati-

fied pairwise PERMANOVA on weighted UniFrac dis-

tances detected no significant differences among groups 

(all p > 0.050). Stratified pairwise PERMANOVA on 

Aitchison (CLR–Euclidean) distances detected differ-

ences in GMB community composition between Wet 

and IOH and between Wet and IOS (Bonferroni-adjusted 

p = 0.003 for both comparisons), whereas no differences 

were detected between IOH and IOS. NMDS ordina-

tions based on weighted and unweighted UniFrac dis-

tances (Fig. 5) indicate substantial overlap between Wet 

and opportunistic samples, with IOS samples exhibiting 

greater dispersion in ordination space relative to Wet 

samples.

Across all sample conditions, the most abundant phyla, 

based on mean relative abundance, in lions and hyenas 

were Firmicutes (49% and 45%, respectively), Bacte-

roidetes (15% and 25%), Fusobacteriota (8% and 12%), 

Fig. 2 Non-metric multidimensional scaling (NMDS) ordinations of paired fecal samples from African lions (Panthera leo) and spotted hyenas (Crocuta 

crocuta) comparing storage techniques. Ordinations are based on (a) unweighted UniFrac and (b) Bray–Curtis dissimilarity. Points represent individual 
samples colored by storage technique (Wet vs. Dry) and shaped by host species. Paired samples collected from the same individual are connected by 
lines, illustrating within-individual similarity between storage treatments. Dashed ellipses represent 95% con�dence intervals around group centroids. 
Storage technique identi�cation is represented by “Wet” for freshly preserved and “Dry” for freshly collected, paired dried samples. No signi�cant di�er-
ences were observed in UniFrac distances between Wet and Dry samples (p > 0.05). NMDS stress values were 0.213 for unweighted UniFrac and 0.071 for 
weighted UniFrac
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Proteobacteria (13% and 6%), and Actinomycetota (5% 

and 1%) (Fig.  6a); the most abundant genera, based on 

mean relative abundance, were Clostridium (20% and 

21%), Fusobacterium (8% and 11%, respectively), and 

Bacteroides (7% and 13%) (Fig.  6b). Additionally, Para-

clostridium (4%) and Streptococcus (2%) were among the 

top 5 most abundant genera in lions, while Phasolarcto-

bacterium (5%) and Phocaeicola (2%) were among the 

top 5 in hyenas. Variability in relative abundance among 

samples is illustrated in Fig. 6.

�ese genera also exhibited high prevalence across 

sample conditions, particularly in Wet, IOS, and IOH 

samples, indicating strong representation of core (≥ 95% 

prevalence), host-associated anaerobes. In Wet samples, 

Clostridium (27%), Bacteroides (13%), Fusobacterium 

(4%), Paraclostridium (4%), and Phasolarctobacterium 

(3%) dominated in mean relative abundance across lion 

and hyena samples and were present in 100% of samples 

along with Escherichia, Faecalimonas, Peptacetobacter, 

and Streptococcus. Clostridium (12%), Fusobacterium 

(10%), Bacteroides (5%), and Paraclostridium (4%) were 

among the most abundant taxa and exhibited 100% 

prevalence in IOS samples, suggesting these samples 

retained a strong host-microbiome signature. IOH sam-

ples exhibited similar profiles, with 100% prevalence of 

Clostridium (20%), Fusobacterium (10%), Bacteroides 

(7%), Paraclostridium (3%), and Phasolarctobacterium 

(3%). While Hairs (lion n = 2, hyena n = 0) and ISOH (lion 

n = 2, hyena n = 0) sample types were not included in sta-

tistical comparisons due to limited replication, their core 

microbiome profiles were explored to assess whether 

they retained key host-associated bacterial taxa. �ese 

samples consistently harbored core host-associated gen-

era such as Clostridium and Bacteroides, but taxa like 

Mediterraneibacter and Sutterella also exhibited 100% 

prevalence, a pattern likely inflated by the stochastic 

effects of low sample size. Visualization with a binary 

heatmap (Fig. 7) revealed taxonomic overlap among Wet, 

IOS, IOH, ISOH, and Hairs samples, revealing that the 

majority of taxa were shared across all sample conditions, 

though each group also contained unique taxa.

Fig. 3 Comparison of (a) top phyla and (b) top genera by mean relative abundance (> 1% across samples) across African lion (Panthera leo) and spotted 
hyena (Crocuta crocuta) samples. Storage technique identi�cation is represented by “Wet” for fresh preserved samples and “Dry” for fresh, paired dried 
samples. (a) The �ve most abundant phyla by overall mean relative abundance in Wet and Dry samples are shown. (b) The �fteen most abundant genera 
by mean relative abundance in Wet and Dry samples are shown
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�e Wet vs. IOS (Fig.  8a) comparison identified 10 

enriched genera (padj < 0.05) within Wet samples, includ-

ing Edwardsiella, Globicatella, Succinivibrio, and Cuti-

bacterium, while 66 enriched genera (padj < 0.05) were 

identified within IOS samples, including Prescottella, 

Psychrobacillus, Cytobacillus, and Planococcus. Genera 

are listed in order of effect size, from greatest to small-

est log₂ fold change within each group (i.e., most posi-

tive in Wet and most negative in IOS). However, none 

of these exceeded 1% mean relative abundance within 

their enriched group, suggesting that statistical differ-

ences were driven by low or near-zero presence in one 

group rather than dominance in the other. In contrast, 

in the Wet vs. IOH comparison (Fig.  8b), 4 enriched 

genera (padj < 0.05) were identified within Wet samples, 

including Erysipelothrix, Cutibacterium, Bacteroides, 

and Wansuia, while 68 enriched genera (padj < 0.05) 

were identified within IOH samples, including Cytobacil-

lus, Prescottella, Arthrobacter, and Streptomyces. Of the 

genera enriched in IOH samples relative to Wet samples, 

Solibacillus (2%), Prevotellamassilia (3%), Fusobacte-

rium (17%), Sutterella (10%), and Peptacetobacter (13%) 

were the only taxa to exceed 1% mean relative abun-

dance in IOH samples. Comparison of DESeq2-identified 

enriched genera revealed substantial overlap between 

IOS- and IOH-enriched taxa, with 50 of 66 IOS-enriched 

genera also enriched in IOH samples, while 16 genera 

were unique to IOS and 18 were unique to IOH. Host-

stratified DESeq2 analyses identified multiple differen-

tially abundant genera in lions for both Wet vs. IOS and 

Wet vs. IOH comparisons (Additional file 2). In hyenas, 

only a small number of genera were identified as differ-

entially abundant in either comparison (Additional file 

3).Complementary differential abundance testing using 

Fig. 4 Di�erentially abundant bacterial genera between Wet and Dry samples across African lions (Panthera leo) and spotted hyenas (Crocuta Crocuta) 
based on DESeq2 analysis (α = 0.05). Storage technique identi�cation is represented by “Wet” for fresh preserved and “Dry” for fresh, paired dried samples. 
Points represent signi�cantly di�erent genera colored by phylum. Each dot represents a bacterial genus identi�ed as signi�cantly di�erentially abundant 
between Wet and Dry samples. Genera with positive log₂ fold change values are enriched in Dry samples, while negative values indicate enrichment in 
Wet samples. Succinivibrio was the only genus enriched in Dry samples that exceeded 1% mean relative abundance, while all genera enriched in Wet 
samples remained below this threshold
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ANCOM-BC2 identified several genera (Coprococcus, 

Dorea, Faecalicatena, Lachnoclostridium, Peptostrepto-

coccus, Prevotellamassilia, and Cetobacterium) as dif-

ferentially abundant between Wet and IOH samples 

under the primary model; however, none of these taxa 

passed the sensitivity analysis for pseudo-count addition, 

indicating that these differences were not robust to alter-

native zero-handling assumptions. No genera were iden-

tified as differentially abundant between Wet and IOS 

samples using ANCOM-BC2.

Fig. 5 Non-metric multidimensional scaling (NMDS) ordinations based on weighted and unweighted UniFrac distances. Sample condition identi�ca-
tion is represented by “Wet” for fresh preserved samples, “IOH” for inside-outside hard samples, and “IOS” for inside-outside soft samples. Points represent 
individual samples, colored by sample condition and shaped by host species (African lion [Panthera leo] and spotted hyena [Crocuta crocuta]), with 95% 
con�dence ellipses shown for each group. (a) NMDS on weighted Unifrac distances for Wet vs. IOH, stress = 0.084; (b) NMDS on unweighted Unifrac 
distances for Wet vs. IOH, stress = 0.176; (c) NMDS on weighted Wet vs. IOS, stress = 0.088; (d) NMDS on unweighted Unifrac distances for Wet vs. IOS, 
stress = 0.176. PERMANOVA revealed signi�cant di�erences in bacterial community composition between Wet vs. IOS (unweighted UniFrac, p = 0.012, R² 
= 0.002) sample conditions
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Discussion
�is study aimed to evaluate how fecal storage tech-

niques and sample conditions correlate with variation 

in GMB diversity and composition in two large African 

carnivores under field conditions. Although immediate 

preservation of fecal samples at the time of defecation 

remains the gold standard for microbiome studies [7], 

ambient drying of fecal material has been used in wild-

life molecular ecology as a practical field method for pre-

serving DNA when freezing or preservation reagents are 

not feasible [15]. Additionally, studies have demonstrated 

that fecal microbiome composition and diversity metrics 

remain reproducible during short-term storage at ambi-

ent temperature, supporting the feasibility of field-based 

sampling when immediate preservation is not possible 

[16]. By comparing fresh fecal samples preserved in vali-

dated PERFORMAbiome animal GMB DNA collection 

tubes, which contain a proprietary stabilization solution 

with < 24% ethanol and have been shown to preserve 

wildlife fecal microbiome composition comparably to 

immediate freezing during ambient storage [17], to those 

dried without preservatives, we found that both preser-

vation methods maintained gut microbiome diversity 

and composition under short-term, semi-arid field condi-

tions, whereas Opportunistic samples, though retaining 

core taxa, showed environmentally driven compositional 

shifts, underscoring the need for consistent sampling 

protocols. �e results provide important context for 

interpreting GMB data from conservation field studies, 

especially when logistical constraints necessitate varied 

collection or storage methods.

Storage technique

Our comparison of GMBs in Wet versus Dry fecal sam-

ples collected during animal captures revealed no dif-

ferences in alpha or beta diversity, suggesting overall 

stability in microbiome community structure across 

these storage techniques. While taxon-specific differ-

ences were detected using count-based differential abun-

dance analysis, such as the enrichment of Succinivibrio in 

Fig. 6 Comparison of (a) top bacterial phyla and (b) top genera by mean relative abundance, shown separately for African lion (Panthera leo) and spotted 
hyena (Crocuta crocuta) samples. Taxa shown represent the top 15 phyla and genera with > 1% mean relative abundance across all sample conditions. 
Sample conditions are denoted as “Wet” for fresh preserved samples, “IOH” for inside-outside hard, “IOS” for inside-outside soft, “ISOH” for inside soft/out-
side hard, and “Hairs” for samples with only hairs remaining. (a) The most abundant phyla included Firmicutes (Bacillota; 49% and 45%, respectively), Bac-

teroidetes (Bacteroidota; 15% and 25%), and Fusobacteriota (8% and 12%). (b) The most abundant genera were Clostridium (20% and 21%), Fusobacterium 
(8% and 11%, respectively), and Bacteroides (7% and 13%)
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Dry samples and Rummeliibacillus in Wet samples, none 

of the taxa enriched in Wet samples exceeded 1% mean 

relative abundance. In several cases, the mean abundance 

of enriched taxa was near or below detection thresholds. 

�ese findings suggest that differential abundance results 

were influenced primarily by low-abundance or inconsis-

tently detected taxa rather than consistent shifts in domi-

nant community members, underscoring the importance 

of considering both statistical significance and ecologi-

cal relevance in microbiome comparisons. To evaluate 

the robustness of these findings under a compositional 

framework, we additionally applied ANCOM-BC2, 

which corrects for bias due to unequal sampling fractions 

and is generally more conservative than count-based 

approaches. ANCOM-BC2 identified only two genera 

as differentially abundant: Succinivibrio, enriched in Dry 

samples, and Campylobacter, enriched in Wet-preserved 

samples. �e reduced number of significant taxa detected 

by ANCOM-BC2 supports the interpretation that most 

storage-associated differences identified by count-based 

methods reflect low-abundance or sporadically detected 

taxa rather than consistent shifts in dominant commu-

nity composition.

Although differences were detected in specific taxa, 

particularly among those with low relative abundance, 

overall microbiome richness and the composition of 

dominant taxa did not differ between storage tech-

niques. �ese findings suggest that both storage tech-

niques, immediate preservation in stabilization media 

and air-drying overnight in paper bags, are suitable for 

maintaining GMB community diversity and composi-

tion in short-term field conditions in semi-arid environ-

ments with high evaporation, such as Etosha. Because 

samples were collected fresh and a subset of the initial, 

whole fecal mass was dried in brown paper bags imme-

diately, the consistency in diversity metrics reflects the 

minimal impact of fast, short-term drying when des-

iccation is rapid and contamination risk is low. �is 

has important implications for fieldwork in remote or 

resource-limited settings, where access to preservatives 

or refrigeration may be constrained. Drying fecal samples 

in clean paper bags represents a practical, low-cost alter-

native that preserves microbiome community diversity 

Fig. 7 Binary heatmap of the top 1% most prevalent core (> 95%) bacterial genera across sample conditions for African lions (Panthera leo) and spotted 
hyenas (Crocuta crocuta). Genera were considered core if they appeared in ≥ 95% of samples within a group. Each tile represents the presence (colored) or 
absence (white) of a genus in an individual sample. Colors indicate bacterial phylum. Sample conditions are denoted as “Wet” for fresh preserved samples, 
“IOS” for inside/outside soft, “IOH” for inside/outside hard, “ISOH” for inside soft/outside hard, and “Hairs” for samples where only hair remained. Panels are 
ordered and labeled as follows: (a) Spotted hyena Wet (n = 15), (b) Spotted hyena IOS (n = 3), (c) Spotted hyena IOH (n = 38), (d) Lion Wet (n = 30), (e) Lion 
IOS (n = 33), (f) Lion IOH (n = 79), (g) Lion ISOH (n = 2), and (h) Lion Hairs (n = 2). Core host-associated genera such as Clostridium, Fusobacterium, and Bac-

teroides were consistently detected in all sample conditions

 



Page 10 of 17Peirson et al. Animal Microbiome            (2026) 8:59 

and composition sufficiently for broad ecological assess-

ments, such as comparisons of alpha and beta diversity 

or relative abundance of dominant taxa. However, this 

method may be less suitable for assessments of functional 

potential via metagenomics or transcriptomics, which 

may be more sensitive to degradation or compositional 

shifts introduced by desiccation. Future studies may still 

assess functional potential and strain-level or subspecies 

variation that reflect different genotypic or phenotypic 

traits. Such analyses may be more sensitive to storage dif-

ferences, but our results support the interchangeability of 

these storage methods for broad ecological assessments 

of carnivore GMB communities.

Sample condition

Comparisons involving Wet samples and opportunis-

tically collected IOH and IOS samples revealed more 

pronounced differences in diversity metrics. Alpha diver-

sity was significantly reduced in IOH and IOS samples 

compared to Wet samples, and beta diversity analyses 

detected differences in community composition, partic-

ularly between Wet and IOS samples, characterized by 

increased dispersion and variability in IOS samples rather 

Fig. 8 Di�erential abundance of signi�cantly enriched bacterial genera identi�ed by DESeq2 across African lions (Panthera leo) and spotted hyenas 
(Crocuta crocuta) in (a) Wet vs. IOS and (b) Wet vs. IOH comparisons. Sample condition identi�cation is represented by “Wet” for fresh preserved samples, 
“IOS” for inside/outside soft samples, and “IOH” for inside/outside hard samples. Only genera with adjusted p-values < 0.050 (padj) are shown. E�ect size 
is represented as log₂ fold change, where negative values indicate enrichment in IOS or IOH samples, and positive values indicate enrichment in Wet 
samples. (a) In the Wet vs. IOS comparison, 76 genera were signi�cantly enriched, but none exceeded the 1% relative abundance threshold within their 
enriched group, suggesting statistical signi�cance was primarily driven by low abundance or near absence in the comparison group. (b) In the Wet vs. 
IOH comparison, 72 genera were signi�cantly enriched, but only Prevotellamassilia, Solibacillus, Fusobacterium, Peptacetobacter, and Sutterella exceeded 
1% mean relative abundance within the group in which it was enriched (IOH), indicating biologically meaningful enrichment
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than distinct clustering, as supported by PERMANOVA 

results and NMDS ordinations. �e substantial over-

lap observed between some IOS and Wet samples may 

reflect opportunistic samples collected shortly after def-

ecation, prior to extensive environmental exposure. In 

contrast, the broader dispersion of IOS samples likely 

reflects variable exposure duration and microenviron-

mental conditions, contributing to increased heteroge-

neity in community membership. Because opportunistic 

samples varied in both estimated time since defecation 

and environmental exposure prior to collection, these 

factors cannot be fully disentangled in the present study. 

DESeq2 analysis identified 68 and 66 genera signifi-

cantly enriched in IOH and IOS samples, respectively. 

Notably, the majority of these taxa overlapped between 

sample conditions, with 50 genera enriched in both IOS 

and IOH samples. �is substantial overlap indicates that 

taxa enriched in IOS samples generally remain enriched 

at the IOH stage, consistent with progressive amplifica-

tion of environmentally associated taxa with increasing 

exposure duration rather than complete taxonomic turn-

over. However, a smaller subset of genera was unique to 

each condition, suggesting that some taxa may prefer-

entially proliferate or decline at later stages of environ-

mental exposure. When analyses were stratified by host 

species, differential abundance patterns were more pro-

nounced in lions than in spotted hyenas. Numerous gen-

era were detected in lions across both Wet vs. IOS and 

Wet vs. IOH contrasts, whereas few genera were iden-

tified in hyenas, suggesting that the hyena gut microbi-

ome was less sensitive to variation in sample condition. 

While differences in presence or absence can be eco-

logically meaningful, particularly for functionally impor-

tant taxa, the majority of differentially abundant genera 

identified in this study were low in both relative abun-

dance and prevalence. In contrast, core taxa (defined as 

those detected in ≥ 95% of samples per group) remained 

consistently represented across sample types, suggest-

ing that community shifts were primarily driven by less 

dominant taxa. Although abundance does not necessarily 

equate to functional importance, and rare taxa can exert 

critical ecological roles, our findings suggest that differ-

ences in sample condition are associated with variation 

in the detection of low-abundance or environmentally 

sensitive organisms. Reductions in obligate anaerobes 

in opportunistically collected feces have been reported 

with increasing time since deposition under field condi-

tions, consistent with post-defecation exposure driving 

compositional shifts rather than reflecting true absence 

from the gut community [6]. For instance, the reduced 

prevalence of obligate anaerobes such as Paraclostridium 

and Fusobacterium in IOH samples likely reflects oxy-

gen exposure post-defecation rather than absence from 

the gut microbiome. �us, while Opportunistic samples 

retain core community members, variation introduced 

by environmental degradation must be considered when 

interpreting compositional differences. �is highlights 

the importance of consistent sampling protocols when 

comparing gut microbiomes.

Our findings align with previous research demon-

strating the resilience of the GMB community struc-

ture under certain short-term environmental exposures. 

Minimal shifts in dominant phyla were observed during 

early post-defecation intervals in giraffes and springbok 

[6], and cheetah microbiome composition remained 

stable over several days under dry conditions [12]. Like-

wise, studies in elk and other large mammals suggest 

that the microbiome may remain relatively stable up to 

a week in temperate climates during the winter [10]. Our 

results reinforce these findings and further extend them 

to African carnivores, demonstrating that rapid drying in 

a semi-arid environment can maintain core gut bacterial 

signatures. However, our findings contrast with studies 

from more humid environments, such as tropical regions 

of China where significant shifts in GMB diversity and 

composition were observed in spider monkey fecal sam-

ples after 24 h [11]. �is underscores that environmental 

context, particularly humidity, is a critical determinant of 

sample stability and preservation success.

While this study demonstrates that desiccated field 

samples can yield microbiome profiles similar to pre-

served samples in semi-arid environments, methodologi-

cal consistency remains critical. Including both fresh 

samples collected directly from the host (whether chemi-

cally preserved or dried immediately) and opportunisti-

cally collected ground samples in the same analysis may 

introduce artificial variation. Additionally, differences in 

DNA extraction protocols, such as the use of a brief heat 

step to improve DNA yield from Dry and Opportunistic 

samples, represent a further source of potential meth-

odological variability. �is heat step was applied con-

sistently across all non-Wet samples to maximize DNA 

recovery from potentially degraded material; however, its 

effects cannot be fully disentangled from sample condi-

tion and are therefore acknowledged as a limitation of 

this study. GMB profiles differed significantly in common 

cranes depending on whether samples were collected 

noninvasively or from trapped and sedated individuals 

[9]. �e differences observed in common cranes were 

not fully explained by environmental contamination, sug-

gesting that sample collection context, including stress, 

sedation, or time to defecation, can influence GMB 

composition. �erefore, for comparative GMB analy-

ses, researchers should ideally employ a single sampling 

strategy across all individuals or separate analyses by 

sampling method. Future research should prioritize time 

series and field-based desiccation studies across diverse 

host species and environments to evaluate how sample 
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collection methods may affect GMB diversity and com-

position. �ese studies would help determine whether 

differences in sampling strategy introduce systematic 

bias into comparative GMB analyses. Broader adoption 

of desiccation-based methods could improve accessibil-

ity and standardization of GMB research across conser-

vation projects, especially where traditional preservation 

methods are logistically impractical.

Conclusions
Our findings demonstrate that simple, low-cost desic-

cation methods can preserve gut microbiome diversity 

in African carnivores’ fecal samples under semi-arid 

field conditions, supporting the broader use of such 

approaches in wildlife research where traditional pres-

ervation methods are impractical. Core bacterial com-

munities remained stable despite opportunistic sampling 

and environmental exposure, underscoring the resilience 

of dominant taxa. Adoption of standardized, accessible 

sampling protocols will expand opportunities for com-

parative microbiome studies across diverse habitats and 

species, advancing both ecological and conservation 

research.

Methods
Study area

�is study was conducted in Etosha National Park 

(ENP) in northern Namibia, a semi-arid savanna eco-

system characterized by frequent droughts, high evapo-

ration, and strong spatial variation in rainfall from west 

to east, resulting in a heterogeneous pattern of con-

sumer resources [13, 18]. Mean annual rainfall ranges 

from approximately 250–600 mm, falling predomi-

nantly during the November–April wet season, while 

the May–October dry season is marked by low humidity, 

minimal precipitation, and high solar radiation [13, 18]. 

Mean annual temperatures exceed 22 °C across most of 

the basin, with some of the highest temperatures in the 

country occurring during the early summer months [18]. 

Relative humidity varies seasonally, averaging over 80% in 

March (late wet season) but frequently dropping below 

20% in September during the dry season [18].

Sample collection

Storage technique

To assess the validity of storage techniques, fresh fecal 

samples were collected from individual African lions 

(Panthera leo, n = 30) and spotted hyenas (Crocuta 

crocuta, n = 15) while anesthetized as part of ongoing 

studies on the spatial ecology of these species in Eto-

sha National Park [19]. Briefly, animals were chemically 

immobilized via vehicle-based darting using bait and call-

ins under standard protocols; when available, fecal mate-

rial was collected during handling. All immobilizations 

were performed by veterinarians registered with the 

Namibian Veterinary Council and the Ministry of Envi-

ronment, Forestry, and Tourism in accordance with Uni-

versity of Georgia and Northern Michigan University 

approved IACUC proposals (A2021 04-013-42-A7 and 

RCIV00072018, respectively). A subsample (approxi-

mately 630 mg, per manufacturer’s protocol) of each 

whole fecal mass was preserved in PERFORMAbiome 

animal GMB DNA collection tubes (DNA Genotek Inc.) 

which contain a proprietary stabilization solution with 

< 24% ethanol and stored in a refrigerator (hereafter 

referred to as Wet). �ese tubes have been previously 

validated for wildlife microbiome research, demonstrat-

ing preservation of microbial community composition 

comparable to immediate freezing and stability during 

extended ambient storage [17]. When sufficient mate-

rial remained, an additional subsample (5–10 g) from a 

subset of lion (n = 16) and hyena (n = 4) fecal samples 

was placed in brown paper bags and suspended outdoors 

under ambient temperature and humidity for at least 24 

h to dry before being transferred to screw-cap contain-

ers for storage in ambient temperature (hereafter referred 

to as Dry). Samples were collected between May 2022 

and June 2024 and shipped at ambient temperature from 

Namibia to the United States. Upon arrival, Dry samples 

were stored at room temperature, and Wet samples were 

stored in a -80° freezer before DNA extraction.

Sample condition

To assess the impact of sample condition on GMB diver-

sity and composition, Wet samples were compared to 

a set of lion (n = 116) and hyena (n = 41) fecal samples 

collected opportunistically off the ground (hereafter, 

Opportunistic) along roads, around waterholes, or near 

carnivore kill sites within our study area. Carnivore host 

species were initially assigned from fecal morphology 

(e.g. size, shape, texture), and the gross moisture content 

was recorded. Gross moisture content was recorded only 

for opportunistically collected samples, as fresh samples 

collected directly from anesthetized animals were imme-

diately subsampled and preserved. Host identity was sub-

sequently verified via DNA metabarcoding of the same 

samples conducted by Jonah Ventures (Patterson, 2025); 

these data were used solely to confirm field assignments 

and were not included in the analyses reported here. 

Samples not identified to be African lion or spotted hyena 

were excluded from this study, and all reported sample 

counts reflect only confirmed host identifications. Gross 

moisture content was assessed by breaking open the fecal 

mass with gloved hands to inspect internal and external 

consistency before subsampling (5–10 g) into screw-cap 

containers for storage. Moisture content categories for 

Opportunistic samples included inside and outside soft 

(IOS), inside soft and outside hard (ISOH), and inside 
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and outside hard (IOH). Some samples were degraded to 

the point that only hairs remained (Hairs). Opportunis-

tic samples that maintained moisture (i.e., IOS or ISOH) 

were placed in brown paper bags and hung in trees to dry 

overnight, using the same ambient field-drying approach 

applied to Dry samples, before placement into screw 

cap containers for storage. A schematic of the sampling 

workflow is illustrated in Fig.  9. Time since fecal depo-

sition was unknown for all samples, and no controlled 

field aging experiments were conducted. However, based 

on field observations and condition classifications, IOS 

samples were estimated to be less than 1 day old, ISOH 

less than 3 days old, IOH approximately 1 week or older, 

and Hairs likely over 1 month old. Opportunistic samples 

were collected between October 2021 and March 2024, 

stored at room temperature from collection until arrival 

to the United States in August 2025 for DNA extraction.

DNA extraction and sequence processing

DNA was extracted from Wet feces using DNeasy Pow-

erSoil Pro DNA Kits [20]. An additional heat step was 

added to the QIAGEN protocol for all Dry and Oppor-

tunistic samples to obtain a sufficient quantity of DNA 

from potentially degraded samples [21]. Specifically, 

samples were heated for 10 min at 65 degrees Celsius 

before the first vortex step to improve DNA yield [22]. 

�e decision to add a heat step was supported by previ-

ous research indicating that the extraction technique 

influences DNA yield and that storage media, but not the 

extraction method, influence the diversity and abundance 

of microbiome communities recovered [21, 23]. �e 

target amount of homogenized fecal material used for 

DNA extraction was 200 µl for Wet samples and 250 mil-

ligrams for Dry and Opportunistic samples. Aliquots in 

equimolar ratios were sent to Argonne National Labora-

tory (ANL) for paired-end shallow shotgun metagenomic 

sequencing on the Illumina NextSeq 2000 platform to 

read genomic DNA to identify gut bacteria. ANL includes 

positive and negative controls in each sequencing run and 

proceeds only if negative controls are free of contamina-

tion and positive controls yield expected results, ensur-

ing sequencing integrity. FASTQ files received from the 

ANL were uploaded to the Galaxy [24] Europe server to 

join sequences by creating a paired-end library and qual-

ity filter using FASTQC [25] and TRIMMOMATIC [26]. 

�e Galaxy Europe instance was selected for taxonomic 

classification in this study due to its increased memory 

capacity and early integration of the Kraken2 nt_core ref-

erence database [27]. While Kraken2 is available through 

other pipelines such as QIIME2, the nt_core database is 

Fig. 9 Schematic illustrating fecal sample collection pathways, moisture assessment, and storage treatments. Fecal samples were obtained from free-
ranging lions (Panthera leo) and spotted hyenas (Crocuta crocuta) in Etosha National Park, Namibia. Fresh samples were collected directly from anes-
thetized hosts and divided into paired sub-samples. One sub-sample was immediately preserved in PERFORMAbiome tubes (“Wet”), while the paired 
sub-sample was air-dried under ambient �eld conditions prior to storage in screw-cap containers (“Dry”). Opportunistic samples were collected from the 
ground along roads, around waterholes, or near carnivore kill sites and gross moisture content was assessed at the time of collection. Samples classi�ed 
as internally moist [inside/outside soft (“IOS”) and inside soft/outside hard (“ISOH”)] were air-dried under ambient conditions before storage in screw-cap 
containers. Samples classi�ed as desiccated [inside/outside hard (“IOH”) and only hairs remaining (“Hairs”)] were stored directly in screw-cap containers 
without additional drying
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substantially larger than the standard Kraken2 database 

and can be difficult to install and run locally. FASTQC 

was used to assess the quality of sequences before and 

after trimming and filtering reads. Paired-end sequences 

were trimmed with the sliding window set to 4, mini-

mum length set to 50 base pairs, and head crop set to 

13 base pairs to reduce noise. Nextera standard adapter 

sequences were also removed. Kraken2 [27] was used to 

classify bacterial reads. �e confidence score (CS) of 0.4 

and minimum hit group of 3 were used to reduce false 

positives identified when using the default minimum hit 

group setting (2) and CS (0.2) and to improve sensitivity 

resulting from an increased CS of 0.6 [28]. Although spe-

cies-level assignments were explored by adjusting confi-

dence thresholds, classification confidence at the species 

level was inconsistent across taxa; therefore, downstream 

analyses were conservatively conducted at the phylum 

and genus levels. After quality filtering and taxonomic 

classification, sequencing depth per sample ranged from 

1,755 to 222,041 reads (median = 52,444; mean = 75,422). 

A read-based taxonomic classification approach was 

used rather than assembly-based methods. A read-based 

taxonomic classification approach was used rather than 

assembly-based methods. Shallow shotgun metagenomic 

sequencing is effective for profiling microbial community 

composition, but sequencing depth strongly influences 

the recovery of genomic content and the reconstruction 

of metagenome-assembled genomes (MAGs) [3]. While 

relatively low sequencing depth can capture broad taxo-

nomic patterns, de novo assembly from complex gut 

microbiomes requires substantially greater coverage, 

and MAG recovery is strongly dependent on sequenc-

ing depth and community complexity [3, 29]. In this 

study, sequencing depth per sample (median ≈ 52,000 

reads) was well below thresholds typically required for 

reliable assembly [29], and assembly-based approaches 

at low sequencing depths can bias results toward highly 

abundant taxa and reduce comparability across samples 

[30]. Because the primary objectives of this study were to 

assess gut microbiome diversity and taxonomic compo-

sition across sample storage and condition, a read-based 

approach was selected as the most appropriate and con-

servative analytical strategy. Community composition 

across all samples was visualized using Pavian [31]. �e 

Kraken software suite [32] was used to create a Biologi-

cal Information Matrix (BIOM) [33] file and an OTU ID 

file from the filtered tabular Kraken output reports in 

Galaxy. �e “phyloseq” [34] package was used to con-

vert the BIOM file into a phyloseq object within Galaxy. 

To construct a phylogenetic tree for diversity analyses, 

we extracted taxonomic lineage information from the 

OTU ID file generated by the Kraken to BIOM tool using 

TaxonKit (v0.12.0), mapping each taxonomic identifier 

to its complete taxonomic lineage based on the NCBI 

taxonomy reference database. Taxa were filtered to retain 

only bacterial lineages for tree construction and statisti-

cal analysis. �e resulting taxonomy table was used to 

construct a taxonomic tree in Newick format using the 

Python ETE Toolkit (v3.1.2) with the “anytree” package. 

�is tree represents hierarchical taxonomic relation-

ships rather than inferred phylogeny. Sample observation 

metadata and the Newick tree were then added to the 

phyloseq object for diversity analyses in RStudio.

Statistical analysis

Storage technique

Paired samples (e.g. Wet and Dry) from lions (n = 16) 

and hyenas (n = 4) were compared to evaluate the effects 

of storage technique on GMB diversity and composi-

tion. For scaling with rank subsampling [35], samples 

were normalized to 5,000 reads based on rarefaction 

curves (see Additional file 4), establishing this value as 

the minimum sequencing depth (Cmin) to ensure suffi-

cient coverage for community-level analysis while maxi-

mizing sample retention. One pair of lion samples was 

excluded from the analyses due to insufficient sequenc-

ing depth (< 5000 reads). Alpha diversity metrics (Shan-

non, Observed, Simpson’s, Chao1, and Faith’s PD) were 

calculated. Shapiro–Wilk tests of the differences between 

paired Wet and Dry samples (p > 0.050 for all metrics) 

supported the use of parametric paired t-tests for alpha 

diversity comparisons. Relative abundance was visual-

ized at the phylum and genus levels. Beta diversity was 

assessed using Bray–Curtis dissimilarities (based on 

species abundance) and UniFrac distances (weighted 

and unweighted) calculated from a taxonomy-derived 

tree constructed using the NCBI taxonomic hierarchy. 

Because this tree lacks branch lengths based on sequence 

divergence, the UniFrac results reflect taxonomic related-

ness rather than true phylogenetic distance and should be 

interpreted with caution. A PERMDISP test (F = 0.249, 

p = 0.062) supported the use of a non-parametric PER-

MANOVA test for differences between Wet-Dry pairs. 

To complement these approaches and explicitly account 

for compositionality, beta diversity was additionally 

evaluated using Aitchison distance (Euclidean distance 

on centered log-ratio–transformed counts), which does 

not require rarefaction [36]. Differential abundance 

analyses were conducted using both DESeq2 [37] and 

Analysis of Compositions of Microbiomes [38] with Bias 

Correction (ANCOM-BC2) to assess robustness to ana-

lytical approach. DESeq2 was applied to paired samples 

to identify taxa enriched by storage condition (adjusted 

p < 0.05), and mean relative abundance (RAB) was cal-

culated across and within storage techniques. DESeq2 

results were further filtered to highlight major taxa with a 

mean RAB greater than 1% overall and within respective 

groups. Additional differential abundance analyses were 
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performed with DESeq2 separately for lions and spotted 

hyenas to control for host effects.

Sample condition

To investigate the influence of sample conditions on 

GMB composition (Table  1), alpha and beta diver-

sity were assessed across Wet, IOS, ISOH, IOH, and 

Hairs samples within lions (n = 146) and hyenas (n = 45), 

as detailed below. Dry pairs were excluded from this 

analysis.

To compare broader sample conditions (including Wet, 

IOS, IOH, ISOH, and Hairs), samples were normalized 

to 5,000 reads using scaling with ranked subsampling to 

ensure consistency with the Wet vs. Dry analysis. Rar-

efaction curves confirmed this threshold provided suf-

ficient depth for reliable community-level comparisons 

while retaining all available samples (see Additional file 

5). �ree IOH, one IOS, and one Wet lion samples were 

removed due to insufficient sequencing depth (< 5000 

reads), while one IOH hyena sample was removed due 

to insufficient sequencing depth (< 5000 reads) (Table 1). 

Bonferroni-corrected pairwise comparisons were used 

per diversity metric. Homogeneity of multivariate dis-

persions was assessed using PERMDISP, and no signifi-

cant differences (F = 0.824, p = 0.532) in group dispersions 

were detected across sample conditions. ISOH (lion 

n = 2, hyena n = 0) and Hairs (lion n = 2, hyena n = 0) were 

excluded from PERMANOVA due to insufficient sam-

ple size. Differential abundance analyses across sample 

conditions were conducted using both DESeq2 and 

ANCOM-BC2. To control for host-specific microbiome 

differences, additional models were performed separately 

for lions and spotted hyenas. Mean RAB was calculated 

within each sample condition. A binary heatmap was 

used to visualize shared and condition-specific taxa pres-

ence across sample conditions. Core taxa were defined as 

those present in more than 95% of samples within each 

sample condition group. To highlight the most domi-

nant members of the core microbiome, the top 1% most 

prevalent taxa were identified for each sample condition 

based on their frequency of occurrence across samples. 

Visualizations (e.g. binary heatmap) were grouped by 

sample condition, and taxonomic identities were deter-

mined via Genus-level annotations.

Abbreviations

GMB  Gut microbiome
PCR  Polymerase chain reaction
Wet  Freshly preserved samples
Dry  Samples dried for 24 h under ambient conditions
Opportunistic  Samples collected from the ground at roads, waterholes, or 

carnivore kill sites
IOS  Inside–outside soft
ISOH  Inside soft–outside hard
IOH  Inside–outside hard
Hairs  Degraded samples containing only hairs
NMDS  Non-metric multidimensional scaling
CS  Con�dence score
BIOM  Biological observation matrix
Cmin  Minimum sequencing depth
RAB  Relative abundance

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  4 2 5 2 3 - 0 2 6 - 0 0 5 5 3 - w.

Supplementary Material 1: Additional �le 1. DESeq2 di�erential abundance 
results for storage technique in lions (PDF). Log2 fold-change plot show-
ing genera identi�ed as signi�cantly di�erentially abundant between Wet 
and Dry lion fecal samples using DESeq2. Negative values indicate genera 
enriched in Wet samples, and positive values indicate genera enriched in 
Dry samples. Only taxa remaining signi�cant after multiple-testing correc-
tion are shown.

Supplementary Material 2: Additional �le 2. Host-strati�ed DESeq2 
di�erential abundance results for lions (PDF). Genus-level di�erential abun-
dance analysis comparing Wet vs. IOS (panel a) and Wet vs. IOH (panel 
b) samples in lions. Points represent signi�cantly di�erentially abundant 
genera (adjusted p < 0.05), colored by phylum. Log2 fold change values 
indicate enrichment relative to Wet samples (negative values indicate 
enrichment in IOS or IOH; positive values indicate enrichment in Wet).

Supplementary Material 3: Additional �le 3. Host-strati�ed DESeq2 di�er-
ential abundance results for spotted hyenas (PDF). Genus-level di�erential 
abundance analysis comparing Wet vs. IOS (panel a) and Wet vs. IOH 
(panel b) samples in spotted hyenas. Points represent signi�cantly dif-
ferentially abundant genera (adjusted p < 0.05), colored by phylum. Log2 
fold change values indicate enrichment relative to Wet samples (negative 
values indicate enrichment in IOS or IOH; positive values indicate enrich-
ment in Wet).

Supplementary Material 4: Additional �le 4. Rarefaction curves for storage 
technique comparison (PDF). Rarefaction curves showing sequencing 
depth for all samples included in the storage technique analysis. Vertical 
dashed lines indicate the selected rarefaction threshold (5,000 reads) and 
the 10th percentile sequencing depth (7,885 reads).

Supplementary Material 5: Additional �le 5. Rarefaction curves for sample 
condition comparison (PDF). Rarefaction curves showing sequencing 
depth for samples included in the sample condition analysis. Vertical 
dashed lines indicate the selected rarefaction threshold (5,000 reads) and 
the 5th percentile sequencing depth (9,022 reads).

Acknowledgements

We are grateful for the research team at the Etosha Ecological Institute and 
Ongava Research Centre for their support and to the Namibian Ministry of 
Environment, Forestry and Tourism (MEFT) and Etosha Ecological Institute for 
permission to engage in research within the park.

Table 1 Sample counts for each condition within lions (Panthera 

leo) and hyenas (Crocuta Crocuta)
Sample condition African lion (n)

Before/after 

Scaling (Ranked 

Subsampling)

Spotted hyena 

(n)Before/after 

Scaling (Ranked 

Subsampling)

Fresh Preserved (Wet) 30/29 15/15

Inside/Outside Soft (IOS) 33/32 3/3

Inside Soft/Outside Hard 
(ISOH)

2/2 0/0

Inside/Outside Hard (IOH) 79/76 27/26

Only Hairs Remaining (Hairs) 2/2 0/0

Values represent sample counts before and after scaling with ranked 

subsampling (SRS). IOS = inside–outside soft; ISOH = inside soft–outside hard; 

IOH = inside–outside hard; Hairs = only hairs remaining

https://doi.org/10.1186/s42523-026-00553-w
https://doi.org/10.1186/s42523-026-00553-w


Page 16 of 17Peirson et al. Animal Microbiome            (2026) 8:59 

Author contributions

LEP designed the study, performed laboratory work, carried out all 
bioinformatic and statistical analyses, created all �gures, generated the 
phyloseq and tree-based datasets, and led the writing of the manuscript. EAM 
provided guidance on microbiome analysis, contributed to the interpretation 
of results, and assisted with manuscript revision. JRP contributed to �eldwork 
logistics, carnivore captures, sample acquisition, metadata organization, and 
manuscript editing. JCB contributed to project conceptualization, �eldwork 
oversight, sample acquisition, and manuscript revision. SPP contributed to 
�eld data collection, carnivore tracking and sample acquisition, and provided 
manuscript feedback. CC coordinated �eld operations in Etosha National 
Park, assisted with sample acquisition and permitting, and provided critical 
revisions to the manuscript. MHM assisted with sample collection, laboratory 
processing, and manuscript editing. BPW assisted with sample collection, 
laboratory processing, and manuscript editing. RP contributed to sample 
collection, coordination with �eld research sta�, and manuscript comments. 
OA facilitated and conducted carnivore captures, assisted with �eld sampling 
and permitting coordination, and contributed to manuscript revisions. DJRL 
supervised the project, contributed to study design, assisted in interpretation 
of results, secured project funding, and provided substantial revisions to the 
manuscript.All authors read and approved the �nal manuscript.

Funding

This project was supported by funding from Northern Michigan University, 
including the Peter White Scholar Award (DJRL) the Excellence in Education 
Award (LP), and the College of Arts and Sciences and Department of Biology 
at Northern Michigan University. Contributions of JCB, JRP, MM, and BPW were 
partially supported by the Conservation, Food & Health Foundation, University 
of Georgia and the US Department of Energy (Financial Assistance Award no. 
DE-EM0005228) to the University of Georgia Research Foundation. RP and 
OA were supported by the Federal Ministry of Economic A�airs and Climate 
Action of Germany, the German Aerospace Center (DLR) and the Deutsche 
Forschungsgemeinschaft (DFG, German Research Foundation).

Data availability

Raw sequencing data have been deposited in the NCBI Sequence Read 
Archive under [BioProject accession PRJNA1289876] ( h t t p  s : /  / z e n  o d  o . o  r g /  r e c 
o  r d  s / 1  5 7 4  6 4 7 9  ? p  r e v  i e w  = 1 % 2  6 t  o k e  n = e  y J h b  G c  i O i  J I U  z U x M  i J  9 . e  y J p  Z C I 6  I m  Y 3 
Y  m J k  M W Y y  L T  E z N  2 Y t  N G J l  Z i  1 h O  G E 5  L W U 2  Z T  c 2 Z  T R j  N m Y 5  Y S  I s I  m R h  d G E i  O n  t 9 L  
C J y  Y W 5 k  b 2  0 i O  i I 1  M j Q 4  M G  Z h N  T M 0  N D U y  Y j  Y 2 M  W E 4  N j Q 0  M j  h k M  j Z j  N W I 4  O S  J 9 
.  o F n  T V h U  5 w  M L n  J k e  Q q 5 H  r N  g b F  8 V _  l h _ p  C O  h E g x q T y n - p m W 7 V X 6 _ P V C V a t k g 
S z y z O B j 5 J H F F 3 U Z W N N o C 2 H 4 D 2 T _ g) and are accessible to reviewers only.All 
processed data, analysis code, and work�ow documentation are available to 
reviewers in a [Zenodo repository] ( h t t p  s : /  / z e n  o d  o . o  r g /  r e c o  r d  s / 1  5 7 4  6 4 7 9  ? p  r e 
v  i e w  = 1 % 2  6 t  o k e  n = e  y J h b  G c  i O i  J I U  z U x M  i J  9 . e  y J p  Z C I 6  I m  Y 3 Y  m J k  M W Y y  L T  E z N  2 Y t  
N G J l  Z i  1 h O  G E 5  L W U 2  Z T  c 2 Z  T R j  N m Y 5  Y S  I s I  m R h  d G E i  O n  t 9 L  C J y  Y W 5 k  b 2  0 i O  i I 1  M j Q 
4  M G  Z h N  T M 0  N D U y  Y j  Y 2 M  W E 4  N j Q 0  M j  h k M  j Z j  N W I 4  O S  J 9 .  o F n  T V h U  5 w  M L n  J k e  Q 
q 5 H  r N  g b F  8 V _  l h _ p  C O  h E g x q T y n - p m W 7 V X 6 _ P V C V a t k g S z y z O B j 5 J H F F 3 U Z W N N 
o C 2 H 4 D 2 T _ g).

Declarations

Ethics approval and consent to participate

All samples were imported into the United States via the Chicago Port 
Authority under research permits from both Namibia and the United States, 
as well as CITES export/import permits. Animal captures and handling 
were conducted under UGA/NMU IACUC protocols (A202104-013-42-A7/
RCIV00072018).

Disclaimer

This manuscript was prepared as an account of work sponsored by an agency 
of the United States Government. Neither the United States Government nor 
any agency thereof, nor any of their employees, makes any warranty, express 
or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information disclosed, or represents that’s 
its use would not infringe privately owned rights. Reference herein to any 
speci�c commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of the authors expressed herein do 

not necessarily state or re�ect those of the United States Government or any 
agency thereof.

Competing interests

The authors declare no competing interests.

Received: 22 November 2025 / Accepted: 13 March 2026

References

1. Ribas MP, García-Ulloa M, Espunyes J, Cabezón O. Improving the assessment 
of ecosystem and wildlife health: microbiome as an early indicator. Curr Opin 
Biotechnol. 2023;81:102923.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . c o  p b i  o . 2 0  2 3  . 1 0 2 9 2 3.

2. De Jonge N, Carlsen B, Christensen MH, Pertoldi C, Nielsen JL. The Gut Micro-
biome of 54 Mammalian Species. Front Microbiol. 2022;13:886252.  h t t p  s : /  / d o i  
. o  r g /  1 0 .  3 3 8 9  / f  m i c b . 2 0 2 2 . 8 8 6 2 5 2.

3. Hillmann B, Al-Ghalith GA, Shields-Cutler RR, Zhu Q, Gohl DM, Beckman KB, et 
al. Evaluating inform content shallow shotgun metagenomics. 2018;3.

4. Stothart MR, McLoughlin PD, Poissant J. Shallow shotgun sequencing of 
the microbiome recapitulates 16S amplicon results and provides functional 
insights. Mol Ecol Resour. 2023;23:549–64.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / 1  7 5 5 - 0 9 9 8 
. 1 3 7 1 3.

5. La Reau AJ, Strom NB, Filvaro� E, Mavrommatis K, Ward TL, Knights D. Shallow 
shotgun sequencing reduces technical variation in microbiome analysis. Sci 
Rep. 2023;13:7668.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / s  4 1 5 9 8 - 0 2 3 - 3 3 4 8 9 - 1.

6. Menke S, Meier M, Sommer S. Shifts in the gut microbiome observed in 
wildlife faecal samples exposed to natural weather conditions: lessons from 
time-series analyses using next‐generation sequencing for application in 
�eld studies. Methods Ecol Evol. 2015;6:1080–7.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / 2  0 4 
1 - 2 1 0 X . 1 2 3 9 4.

7. Pribyl AL, Parks DH, Angel NZ, Boyd JA, Hasson AG, Fang L, et al. Critical evalu-
ation of faecal microbiome preservation using metagenomic analysis. ISME 
Commun. 2021;1:14.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / s  4 3 7 0 5 - 0 2 1 - 0 0 0 1 4 - 2.

8. Piggott MP, Taylor AC. Remote collection of animal DNA and its applications 
in conservation management and understanding the population biology of 
rare and cryptic species. Wildl Res. 2003;30:1.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 7 1  / W  R 0 2 0 7 
7.

9. Turjeman S, Pekarsky S, Corl A, Kamath PL, Getz WM, Bowie RCK, et al. 
Noninvasive sampling for comparisons of wildlife microbiomes may be more 
reliable than sampling trapped animals. 2022.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 0 1  / 2  0 2 2 . 0 
2 . 1 7 . 4 8 0 8 6 5.

10. Pannoni SB, Holben WE. Wildlife fecal microbiota exhibit community stability 
across a longitudinal semi-controlled non-invasive sampling experiment. 
Front Microbiomes. 2024;3:1274277.  h t t p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / f  r m b i . 2 0 2 4 . 1 2 7 4 
2 7 7.

11. Hale VL, Tan CL, Niu K, Yang Y, Cui D, Zhao H, et al. E�ects of �eld conditions 
on fecal microbiota. J Microbiol Methods. 2016;130:180–8.  h t t p  s : /  / d o i  . o  r g /  1 0 .  
1 0 1 6  / j  . m i  m e t  . 2 0 1  6 .  0 9 . 0 1 7.

12. Maly MA, Crosier AE, Keady MM, Roberts RB, Breen M, Muletz-Wolz CR. Stabil-
ity of fecal microbiota during degradation in ex situ cheetahs in the USA. 
Microbiota Host. 2024;2:e230022.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 5 3 0  / M  A H - 2 3 - 0 0 2 2.

13. Turner WC, Périquet S, Goelst CE, Vera KB, Cameron EZ, Alexander KA, et al. 
Africa’s drylands in a changing world: Challenges for wildlife conservation 
under climate and land-use changes in the Greater Etosha Landscape. Glob 
Ecol Conserv. 2022;38:e02221.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . g e  c c o  . 2 0 2  2 .  e 0 2 2 2 1.

14. Zhu L, Wu Q, Deng C, Zhang M, Zhang C, Chen H, et al. Adaptive evolution to 
a high purine and fat diet of carnivorans revealed by gut microbiomes and 
host genomes. Environ Microbiol. 2018;20:1711–22.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / 1  
4 6 2 - 2 9 2 0 . 1 4 0 9 6.

15. Bach BH, Quigley AB, Gaynor KM, McIntur� A, Charles KL, Dorcy J, et al. 
Identifying individual ungulates from fecal DNA: a comparison of �eld 
collection methods to maximize e�ciency, ease, and success. Mamm Biol. 
2022;102:863–74.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / s  4 2 9 9 1 - 0 2 1 - 0 0 1 7 6 - 5.

16. 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 Epide-
miol. 2017;185:115–23.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / a  j e / k w w 1 7 7.

17. Burnham CM, McKenney EA, Heugten KA, Minter LJ, Trivedi S. E�ect of fecal 
preservation method on captive southern white rhinoceros gut microbiome. 
Wildl Soc Bull. 2023;47:e1436.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 2  / w  s b . 1 4 3 6.

https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://zenodo.org/records/15746479?preview=1%26token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6ImY3YmJkMWYyLTEzN2YtNGJlZi1hOGE5LWU2ZTc2ZTRjNmY5YSIsImRhdGEiOnt9LCJyYW5kb20iOiI1MjQ4MGZhNTM0NDUyYjY2MWE4NjQ0MjhkMjZjNWI4OSJ9.oFnTVhU5wMLnJkeQq5HrNgbF8V_lh_pCOhEgxqTyn-pmW7VX6_PVCVatkgSzyzOBj5JHFF3UZWNNoC2H4D2T_g
https://doi.org/10.1016/j.copbio.2023.102923
https://doi.org/10.3389/fmicb.2022.886252
https://doi.org/10.3389/fmicb.2022.886252
https://doi.org/10.1111/1755-0998.13713
https://doi.org/10.1111/1755-0998.13713
https://doi.org/10.1038/s41598-023-33489-1
https://doi.org/10.1111/2041-210X.12394
https://doi.org/10.1111/2041-210X.12394
https://doi.org/10.1038/s43705-021-00014-2
https://doi.org/10.1071/WR02077
https://doi.org/10.1071/WR02077
https://doi.org/10.1101/2022.02.17.480865
https://doi.org/10.1101/2022.02.17.480865
https://doi.org/10.3389/frmbi.2024.1274277
https://doi.org/10.3389/frmbi.2024.1274277
https://doi.org/10.1016/j.mimet.2016.09.017
https://doi.org/10.1016/j.mimet.2016.09.017
https://doi.org/10.1530/MAH-23-0022
https://doi.org/10.1016/j.gecco.2022.e02221
https://doi.org/10.1111/1462-2920.14096
https://doi.org/10.1111/1462-2920.14096
https://doi.org/10.1007/s42991-021-00176-5
https://doi.org/10.1093/aje/kww177
https://doi.org/10.1002/wsb.1436


Page 17 of 17Peirson et al. Animal Microbiome            (2026) 8:59 

18. Mendelsohn J, Jarvis A, Robertson T. A Pro�le and Atlas of the Cuvelai–Etosha 
Basin. Windhoek, Namibia: RAiSON and Gondwana Collection; 2013.

19. Patterson JR, Périquet-Pearce S, Melton MH, PetersonWood B, Naha D, 
Cloete C, et al. E�ects of tourism on seasonal movements and �ne-scale 
habitat selection of African lions and spotted hyenas in Etosha National Park, 
Namibia. Glob Ecol Conserv. 2025;61:e03681.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . g e  c c o  . 
2 0 2  5 .  e 0 3 6 8 1.

20. Qiagen. QIAGEN DNeasy PowerSoil Pro Kit v1. 2022.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 7 5 0  4 /  
p r o  t o c  o l s .  i o  . k x y g x 9 7 m z g 8 j / v 1.

21. Hart ML, Meyer A, Johnson PJ, Ericsson AC. Comparative Evaluation of DNA 
Extraction Methods from Feces of Multiple Host Species for Downstream 
Next-Generation Sequencing. PLoS ONE. 2015;10:e0143334.  h t t p  s : /  / d o i  . o  r g /  1 
0 .  1 3 7 1  / j  o u r  n a l  . p o n  e .  0 1 4 3 3 3 4.

22. La�erty DJR, McKenney EA, Gillman SJ, Kailing CD, Walimaa MC, Kailing MJ, et 
al. The gut microbiome of wild American marten in the Upper Peninsula of 
Michigan. PLoS ONE. 2022;17:e0275850.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 3 7 1  / j  o u r  n a l  . p o n  e 
.  0 2 7 5 8 5 0.

23. Zhou X, Nanayakkara S, Gao J-L, Nguyen K-A, Adler CJ. Storage media and not 
extraction method has the biggest impact on recovery of bacteria from the 
oral microbiome. Sci Rep. 2019;9:14968.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / s  4 1 5 9 8 - 0 1 
9 - 5 1 4 4 8 - 7.

24. The Galaxy Community, Abueg LAL, Afgan E, Allart O, Awan AH, Bacon WA, 
et al. The Galaxy platform for accessible, reproducible, and collaborative data 
analyses: 2024 update. Nucleic Acids Res. 2024;52:W83–94.  h t t p  s : /  / d o i  . o  r g /  1 0 .  
1 0 9 3  / n  a r / g k a e 4 1 0.

25. Andrews S, Babraham B. FastQC: a quality control tool for high throughput 
sequencing data. Babraham Bioinforma. 2010.

26. Bolger AM, Lohse M, Usadel B. Trimmomatic: a �exible trimmer for Illumina 
sequence data. Bioinformatics. 2014;30:2114–20.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 9 3  / b  i o i  
n f o  r m a t  i c  s / b t u 1 7 0.

27. Wood DE, Lu J, Langmead B. Improved metagenomic analysis with Kraken 2. 
Genome Biol. 2019;20:257.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / s  1 3 0 5 9 - 0 1 9 - 1 8 9 1 - 0.

28. Liu Y, Gha�ari MH, Ma T, Tu Y. Impact of database choice and con�dence 
score on the performance of taxonomic classi�cation using Kraken2. aBIO-
TECH. 2024;5:465–75.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / s  4 2 9 9 4 - 0 2 4 - 0 0 1 7 8 - 0.

29. Vosloo S, Huo L, Anderson CL, Dai Z, Sevillano M, Pinto A. Evaluating de 
novo assembly and binning strategies for time series drinking water 
metagenomes.

30. Quince C, Walker AW, Simpson JT, Loman NJ, Segata N. Shotgun metage-
nomics, from sampling to analysis. Nat Biotechnol. 2017;35:833–44.  h t t p  s : /  / d 
o i  . o  r g /  1 0 .  1 0 3 8  / n  b t . 3 9 3 5.

31. Breitwieser FP, Salzberg SL. Bioinformatics. 2020;36:1303–4.  h t t p  s : /  / d o i  . o  r g /  1 
0 .  1 0 9 3  / b  i o i  n f o  r m a t  i c  s / b t z 7 1 5. Pavian: interactive analysis of metagenomics 
data for microbiome studies and pathogen identi�cation.

32. Lu J, Rincon N, Wood DE, Breitwieser FP, Pockrandt C, Langmead B, et 
al. Metagenome analysis using the Kraken software suite. Nat Protoc. 
2022;17:2815–39.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 3 8  / s  4 1 5 9 6 - 0 2 2 - 0 0 7 3 8 - y.

33. McDonald D, Clemente JC, Kuczynski J, Rideout JR, Stombaugh J, Wendel D, 
et al. The Biological Observation Matrix (BIOM) format or: how I learned to 
stop worrying and love the ome-ome. GigaScience. 2012;1:7.  h t t p  s : /  / d o i  . o  r g /  
1 0 .  1 1 8 6  / 2  0 4 7 - 2 1 7 X - 1 - 7.

34. McMurdie PJ, Holmes S. phyloseq: An R Package for Reproducible Interactive 
Analysis and Graphics of Microbiome Census Data. PLoS ONE. 2013;8:e61217.  
h t t p  s : /  / d o i  . o  r g /  1 0 .  1 3 7 1  / j  o u r  n a l  . p o n  e .  0 0 6 1 2 1 7.

35. Beule L, Karlovsky P. Improved normalization of species count data in ecology 
by scaling with ranked subsampling (SRS): application to microbial commu-
nities. PeerJ. 2020;8:e9593.  h t t p  s : /  / d o i  . o  r g /  1 0 .  7 7 1 7  / p  e e r j . 9 5 9 3.

36. Gloor GB, Macklaim JM, Pawlowsky-Glahn V, Egozcue JJ. Microbiome Datasets 
Are Compositional: And This Is Not Optional. Front Microbiol. 2017;8:2224.  h t t 
p  s : /  / d o i  . o  r g /  1 0 .  3 3 8 9  / f  m i c b . 2 0 1 7 . 0 2 2 2 4.

37. Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.  h t t p  s : /  / 
d o i  . o  r g /  1 0 .  1 1 8 6  / s  1 3 0 5 9 - 0 1 4 - 0 5 5 0 - 8.

38. Lin H, Peddada SD. Analysis of compositions of microbiomes with bias cor-
rection. Nat Commun. 2020;11:3514.  h t t p s :   /  / d o  i .  o r  g  /  1 0  . 1 0   3 8  / s 4 1  4 6 7 -  0 2 0 - 1  7 0 
4 1 - 7.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional a�liations.

https://doi.org/10.1016/j.gecco.2025.e03681
https://doi.org/10.1016/j.gecco.2025.e03681
https://doi.org/10.17504/protocols.io.kxygx97mzg8j/v1
https://doi.org/10.17504/protocols.io.kxygx97mzg8j/v1
https://doi.org/10.1371/journal.pone.0143334
https://doi.org/10.1371/journal.pone.0143334
https://doi.org/10.1371/journal.pone.0275850
https://doi.org/10.1371/journal.pone.0275850
https://doi.org/10.1038/s41598-019-51448-7
https://doi.org/10.1038/s41598-019-51448-7
https://doi.org/10.1093/nar/gkae410
https://doi.org/10.1093/nar/gkae410
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1007/s42994-024-00178-0
https://doi.org/10.1038/nbt.3935
https://doi.org/10.1038/nbt.3935
https://doi.org/10.1093/bioinformatics/btz715
https://doi.org/10.1093/bioinformatics/btz715
https://doi.org/10.1038/s41596-022-00738-y
https://doi.org/10.1186/2047-217X-1-7
https://doi.org/10.1186/2047-217X-1-7
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.7717/peerj.9593
https://doi.org/10.3389/fmicb.2017.02224
https://doi.org/10.3389/fmicb.2017.02224
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1038/s41467-020-17041-7

	﻿African carnivore gut bacterial diversity and composition are associated with sample condition but not storage technique
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿Storage technique
	﻿Sample condition

	﻿Discussion


