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Simple Summary

The health of llama crias is strongly affected by intestinal diseases, which are a major cause
of mortality in Andean livestock systems. These diseases are often linked to changes in the
microorganisms that live in the digestive system, known as the gut microbiota. This study
aimed to compare the fecal microbiota of healthy and diseased llama crias to better under-
stand how these microbial communities are affected by disease. We found that diseased
animals showed important changes in their microbial composition, including a higher
presence of bacteria commonly associated with infections, as well as greater variability
in their microbial communities. In contrast, healthy llamas had more stable microbial
profiles, with bacteria that contribute to digestion and gut health. These findings suggest
that intestinal disease in llamas is associated with an imbalance in gut microorganisms.
Understanding these changes can help develop new strategies to improve animal health,
prevent disease, and enhance productivity in llama farming systems, which are essential
for rural livelihoods in high-altitude regions.

Abstract

The gastrointestinal microbiota plays a key role in the health and productivity of llama
crias, yet its dynamics under disease conditions remain poorly understood. This study
aimed to characterize and compare the fecal microbiota of healthy and diseased llama
crias. Fecal samples collected from nine llama crias (six with diarrhea and three clinically
healthy controls) were analyzed using 165 rRNA gene sequencing targeting the V4 region,
followed by bioinformatic processing and statistical analyses, including diversity metrics
and generalized linear mixed models. Results showed that microbial communities were
dominated by Bacillota and Bacteroidota in both groups; however, diseased animals exhibited
increased abundance of Pseudomonadota, particularly Gammaproteobacteria and Enterobac-
teriaceae. Beta diversity analysis revealed significant differences in community structure
between groups, with diseased samples showing higher dispersion. Additionally, a greater
number of unique ASVs was observed in diseased individuals, indicating increased micro-
bial heterogeneity. Differential abundance analysis identified distinct microbial signatures
associated with health status, with opportunistic taxa enriched in diseased animals and
fiber-degrading taxa more prevalent in healthy individuals. Overall, the findings demon-
strate an association between diarrhea and differences in the fecal microbiota of llama
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crias. Because this was a cross-sectional observational study, causal relationships cannot be
inferred. These results provide a foundation for future investigations into host-microbiota
interactions and gastrointestinal health in South American camelids.

Keywords: llama crias; fecal microbiota; gut microbiota; dysbiosis; microbial diversity;
beta diversity; 16S rRNA; GLMM; animal health

1. Introduction

The gastrointestinal microbiota constitutes a highly complex and dynamic ecosystem
that plays a central role in digestion, metabolism, and immune regulation in ruminants and
pseudo-ruminants such as llamas (Lama glama). These microbial communities are essential
for the degradation of plant polysaccharides, synthesis of short-chain fatty acids, and
maintenance of intestinal homeostasis [1-4]. Fecal microbiota has been widely used as a
non-invasive proxy of the distal gut microbial ecosystem, as it reflects the composition and
functional potential of intestinal microbial communities involved in nutrient absorption
and host health [3,5].

In llamas, gut microbiota composition is influenced by multiple factors, including
diet, altitude, age, and environmental conditions, which shape microbial diversity and
structure [5-7]. Previous studies have consistently reported that the fecal microbiota of
llamas is dominated by Bacillota (Firmicutes) and Bacteroidota, which together account
for the majority of microbial abundance and are closely associated with fiber degradation
and host energy metabolism [6]. These dominant phyla have also been widely described
in other ruminants, highlighting a conserved microbial structure linked to herbivorous
digestion [2,4]. However, despite their importance in Andean livestock systems, there
remains limited knowledge regarding microbiota dynamics in llama crias, particularly
under disease conditions.

Gastrointestinal disorders, especially diarrhea, are among the leading causes of mor-
bidity and mortality in llama crias and are increasingly associated with alterations in
microbial diversity and composition, commonly referred to as dysbiosis [1,8]. Dysbiosis is
characterized by instability in microbial communities, reduced diversity, and the prolifera-
tion of opportunistic or pathogenic taxa, which may compromise intestinal homeostasis
and immune function [4,8]. In llamas, disease conditions have been linked to shifts in key
bacterial groups, including an increase in Pseudomonadota (Proteobacteria), particularly
Gammaproteobacteria and Enterobacteriaceae, and a reduction in beneficial taxa such as
Bacteroidota and Clostridia [1,8]. These microbial imbalances are consistent with patterns
observed in other livestock species and may reflect inflammatory processes and altered
gut functionality.

Microbial diversity analyses provide essential tools to evaluate these ecological
changes. Alpha diversity metrics allow the assessment of microbial richness and evenness,
whereas beta diversity approaches—such as Bray—Curtis dissimilarity and ordination tech-
niques like Principal Coordinates Analysis (PCoA)—enable the comparison of microbial
community structure between groups [3,9]. Previous studies have demonstrated that diet,
environmental conditions, and disease status significantly influence microbial community
composition, often resulting in distinct clustering patterns and increased dispersion in
diseased animals, reflecting microbiome instability [5,7,9]. Furthermore, the evaluation
of shared and unique operational taxonomic units (OTUs) provides insights into the core
microbiota and condition-specific taxa, revealing ecological shifts associated with health
status and microbial resilience.
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In addition, differential abundance analyses have identified specific microbial taxa
associated with health or disease conditions across multiple taxonomic levels, supporting
the use of microbiota as differentially abundant taxa for disease detection and manage-
ment [6,8,10]. The enrichment of opportunistic taxa in diseased animals, together with
the reduction in fiber-degrading and metabolically beneficial microorganisms, suggests a
functional disruption of the gut ecosystem that may directly impact host physiology and
productivity. Similar microbial shifts have been described across ruminant gastrointestinal
systems, where alterations in dominant fermentative taxa are associated with impaired
metabolic stability and intestinal dysbiosis [11,12].

In this context, the characterization of fecal microbiota in llama crias provides a
valuable framework for understanding host-microbiota interactions under contrasting
health conditions. Based on current evidence, diseased microbiota are expected to exhibit
higher variability, increased abundance of opportunistic taxa, and a greater proportion of
unique microbial communities, whereas healthy individuals tend to show more stable and
functionally coherent microbial profiles, consistent with the concept of a conserved core
microbiota described in ruminants [13]. Therefore, the aim of this study was to compare the
fecal microbiota of healthy and diseased llamas, focusing on microbial diversity, community
structure, and taxonomic composition. Additionally, we evaluated shared and unique ASVs,
as well as differentially abundant taxa associated with health status, in order to identify
microbial signatures linked to disease and contribute to a better understanding of intestinal
ecosystem dynamics in llamas.

2. Materials and Methods
2.1. Animal and Sample Collection

Samples were collected from a total of nine llama crias (three healthy and six presenting
with diarrhea), aged between 3 and 4 months, all sourced from the La Raya Experimental
Center of the Universidad Nacional del Altiplano (UNAP) (Table S1). The crias were main-
tained under a single extensive rearing system alongside their dams at an altitude of 4200 m
above sea level (m a.s.l.). The study was conducted during March and April, corresponding
to the late rainy season, under the same climatic conditions for all animals. At the study site,
the climate is characterized by cold high-altitude conditions, with temperatures typically
ranging from approximately —12 °C to 19.75 °C, annual mean temperatures of about 7.5 °C,
and relative humidity generally ranging from 65% to 85%. The animals were predominantly
nourished with maternal milk and grazed on native pastures, mainly Festuca dolichophila,
from 07:00 to 17:00 h, with free access to the same water source. Healthy and diarrheic crias
were maintained under identical environmental and management conditions throughout
the study. Both groups were kept in the same housing system, grazed in the same grazing
area under the same daily grazing schedule, and received the same feeding regimen, veteri-
nary management, sanitary management, and handling by the same personnel. Therefore,
environmental and management conditions were consistent between groups, minimizing
potential environmental confounding factors [14]. The diseased llama crias were identified
by a veterinarian based exclusively on a clinical examination performed at the time of sam-
pling. The evaluation included anamnesis obtained from the animal caretakers, assessment
of rectal temperature, respiratory rate, hydration status, general behavior, and fecal consis-
tency. Animals were classified as diarrheic according to conventional veterinary clinical
criteria, including profuse watery feces with loss of normal pellet formation, increased
frequency and forceful evacuation of feces, fecal contamination of the perineal region, mild
dehydration, mild lethargy, and a fecal consistency score of 7, corresponding to watery
diarrhea without visible blood. Rectal temperature and respiratory rate remained within
the normal physiological range. Healthy control animals presented normally formed fecal
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pellets, normal defecation frequency, and no clinical evidence of gastrointestinal disease
at the time of sampling. Following the clinical diagnosis of diarrhea, coproparasitological
examinations were performed as a complementary diagnostic procedure to exclude enteric
protozoan infections as potential causes of diarrhea and thereby minimize confounding
factors in the microbiota analysis. Diagnostic procedures followed previously established
methodologies [8]. Fecal samples from affected animals were initially examined by direct
microscopic observation using Lugol’s iodine staining (Sigma-Aldrich, St. Louis, MO, USA)
to detect protozoan cysts and oocysts [15]. Subsequently, qualitative flotation techniques
using saturated sucrose solution (Sigma-Aldrich, St. Louis, MO, USA) were applied to
improve parasite detection [16]. Quantitative analysis was performed using the modified
McMaster method, adapted for fecal samples from llamas with clinical conditions [17].
These parasitological methods were used exclusively to detect and quantify gastrointestinal
protozoa and were not employed as diagnostic criteria for diarrhea. No parasitic structures
were detected in the control group.

2.2. DNA Extraction and Sequencing

Microbial genomic DNA was extracted from 500 mg of each fecal sample using
the PureLink™ Microbiome DNA Purification Kit (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), following the manufacturer’s instructions. DNA concentration and
quality were assessed using a Qubit® fluorometer and electrophoresis on 1% agarose gels
(Sigma-Aldrich, St. Louis, MO, USA). The V4 region of the bacterial 165 rRNA gene was
amplified using the universal primers 515F (5-GTGYCAGCMGCCGCGGTAA-3') and
806R (5'-GGACTACNVGGGTWTCTAAT-3') [18]. Primers were adapted to include Ion
Torrent-specific sequencing adapters. Amplicon libraries were prepared according to the
Ion 165™ Metagenomics Kit (Ion Torrent, Thermo Fisher Scientific, Waltham, MA, USA) Ion
Torrent protocol, including adapter ligation and emulsion PCR amplification. Sequencing
was performed on the Ion S5 (Ion Torrent, Thermo Fisher Scientific, Waltham, MA, USA)
platform following the manufacturer’s guidelines [19]. Library sequencing was performed
on the Ion Torrent S5 platform using an Ion 530™ Chip, generating single-end reads with a
read length of approximately 400 bp.

2.3. Bioinformatic Analysis

Raw sequencing reads in FASTQ format were processed in R v4.1.1. using the DADA2
pipeline (v1.38.0) [20]. The microbiome analysis workflow followed current recommenda-
tions for standardized microbiome data processing and downstream statistical analyses [21].
Initially, all sequence files were imported and organized, and sample names were assigned
based on file identifiers. Quality filtering and trimming were performed using the fil-
terAndTrim function, applying the following parameters: no truncation of read length
(truncLen = 0), maximum expected errors of 3 (maxEE = 3), and a truncation quality thresh-
old of 2 (truncQ = 2). Filtered reads were stored for downstream analyses. Error rates were
learned from the filtered reads using the learnErrors function, allowing accurate modeling
of sequencing errors. Dereplication of sequences was conducted using the derepFastq func-
tion, followed by inference of amplicon sequence variants (ASVs) using the dada algorithm.
A sequence table was then constructed using makeSequenceTable, and chimeric sequences
were removed using the consensus method implemented in removeBimeraDenovo. The
resulting non-chimeric ASV table was exported for downstream analyses. Taxonomic
assignment was conducted using the SILVA reference database (version 138.2) [22]. A naive
Bayesian classifier was applied using the training dataset for genus-level classification,
followed by species-level assignment using the corresponding reference file. Phylogenetic
relationships among ASVs were inferred using multiple sequence alignment and maximum
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likelihood approaches. Sequences were aligned using the DECIPHER package (v3.8.0) [23],
and a phylogenetic tree was constructed using the phangorn package (v2.12.1). Genetic
distances were calculated, and a neighbor-joining tree was initially generated and subse-
quently optimized under the Jukes—Cantor model using nearest-neighbor interchange (INNI)
rearrangements. All bioinformatic analyses were performed in R, ensuring reproducibility
and integration with downstream ecological and statistical analyses.

2.4. Data Processing and Normalization

Raw taxonomic data were filtered to retain only ASVs classified within the domain Bac-
teria for downstream analyses, whereas archaeal and non-target sequences were excluded.
Additional filtering steps were applied to eliminate potential contaminants, including
mitochondrial and chloroplast sequences, ensuring that downstream analyses reflected true
microbial communities. Following taxonomic filtering, the dataset was standardized using
the microeco framework. To control for sequencing depth variability, samples with low
sequencing coverage were excluded. The total number of reads per sample was calculated,
and samples with fewer than 7000 reads were removed from the dataset. All nine samples
exceeded this threshold; therefore, no samples were removed during quality filtering. After
filtering, the dataset was restructured to ensure consistency between ASV tables and sample
metadata. Normalization of sequencing data was performed using the total sum scaling
(TSS) method implemented in the microeco package v.2.3.0. This approach converts raw
counts into relative abundances by dividing each taxon count by the total number of reads
per sample, allowing for direct comparison of microbial communities across samples with
different sequencing depths.

2.5. Statistical Analysis

Statistical analyses were performed using the R software environment (v4.1.1). Beta
diversity was assessed using Bray—Curtis dissimilarity and visualized through Principal
Coordinates Analysis (PCoA). Statistical significance of community structure differences
between groups was tested using permutational multivariate analysis of variance (PER-
MANOVA) with 9999 permutations, as implemented in the vegan package v.2.7.5. For
differential abundance analysis, a generalized linear mixed model (GLMM) based on
beta distribution was applied using the microeco package v.2.3.0. and the glmmTMB
backend v.1.1.14. Beta-distributed GLMMs provide an appropriate statistical framework
for modeling proportional microbiome data and identifying differentially abundant taxa
across taxonomic levels. Prior to analysis, low-abundance taxa were filtered using a
threshold of 0.05 to reduce noise and improve model stability. The model was specified
with health status as the main explanatory variable (Group), allowing the identification
of taxa significantly associated with healthy and diseased llama crias. Model outputs
included estimated coefficients and statistical significance for each taxon. Differentially
abundant taxa were visualized using bar plots and heatmaps representing model coef-
ficients and significance levels. Graphical outputs were further customized using the
ggplot2 package v.4.0.3. to improve visualization clarity. Statistical significance was set at
p < 0.05 for all analyses.

3. Results
3.1. Relative Abundance of Microbial Communities at Phylum and Class Levels

At the phylum level, the microbial communities in both groups were predominantly
composed of Bacillota, accounting for 64% in diseased animals and 68.7% in healthy
individuals, indicating a slightly higher prevalence in the latter. Pseudomonadota was
more abundant in diseased animals (15.5%) compared to healthy ones (9.8%), whereas
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Bacteroidota showed the opposite pattern, being more represented in healthy animals
(16.2%) than in diseased counterparts (11.1%). Minor phyla, including Campylobacterota
and Fusobacteriota, remained below 5% in both groups. At the class level, Clostridia
dominated the microbiota, with higher relative abundance in healthy animals (58.6%)
compared to diseased ones (54.2%). In contrast, Gammaproteobacteria was enriched
in diseased animals (14.4% vs. 9.8%), while Bacteroidia was more prevalent in healthy
individuals (16.2% vs. 11.1%). Less abundant classes such as Bacilli and Negativicutes
showed relatively minor contributions across both conditions (Figure 1). Overall, these
patterns suggest a shift in microbial composition associated with health status, characterized
by an increase in Pseudomonadota/Gammaproteobacteria in diseased animals and a
relative enrichment of Bacteroidota/Bacteroidia in healthy individuals.
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Figure 1. Relative abundance of microbial communities at phylum and class levels in healthy and
diseased llamas.

3.2. Differences in Core and Condition-Specific Microbiota Based on ASV Distribution

A Venn diagram analysis identified a total of 1930 ASVs in the fecal microbiota of
healthy and diseased llama crias (Figure 2). Of these, 1618 ASVs (83.8%) were shared be-
tween both groups, representing the core microbiota. Diseased animals harbored 220 unique
ASVs (11.4%), whereas healthy animals contained 92 unique ASVs (4.8%).

3.3. Beta Diversity and Community Structure Differences Between Healthy and Diseased Llamas

Principal Coordinates Analysis (PCoA) based on Bray—Curtis dissimilarity revealed a
clear separation between the fecal microbial communities of healthy and diseased llama
crias (Figure 3). Samples from healthy animals formed a relatively compact cluster, indicat-
ing greater similarity in microbial community composition, whereas samples from diseased
animals were more widely dispersed, reflecting increased inter-individual variability and
microbial instability. Although partial overlap between groups was observed, the overall
ordination pattern demonstrated a distinct shift in microbial community structure associ-
ated with disease status. These differences were statistically supported by PERMANOVA
(R? =0.208, F = 1.839, p = 0.018) (Table 1), indicating that health status significantly ex-
plained 20.8% of the variation in microbial community composition.
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Figure 2. Shared and unique ASVs in fecal microbiota of healthy and diseased llama crias.
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Figure 3. PCoA of Bray—Curtis dissimilarity showing beta diversity differences between healthy and
diseased llama crias.

Table 1. Beta diversity analysis of fecal microbiota in healthy and diseased llama crias based on
Bray—Curtis dissimilarity.

Source Df Sum of Squares R? F p-Value
Group 1 0.6966 0.2081 1.8391 0.018 *
Residual 7 2.6514 0.7919
Total 8 3.348

Note: PERMANOVA, permutational multivariate analysis of variance; Df, degrees of freedom; R?,
proportion of variance explained by the grouping factor; F, pseudo-F statistic; p-value, significance
level based on 999 permutations. A p-value < 0.05 (*) was considered statistically significant.
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3.4. Differentially Abundant Taxa Associated with Health Status Identified by GLMM

Differential abundance analysis using a GLMM identified significant candidate mi-
crobial signatures with health status across multiple taxonomic ranks, including phylum,
class, order, family, and genus. At the phylum level, Pseudomonadota was significantly
enriched in diseased llama crias, whereas Bacteroidota and Bacillota were relatively more
abundant in healthy animals. Similar patterns were observed at the class level, where
Gammaproteobacteria predominated in diseased animals, while Bacteroidia and Clostridia
were enriched in healthy individuals. At finer taxonomic resolution, Enterobacterales
and Enterobacteriaceae were significantly associated with diseased animals, whereas Bac-
teroidales, Bacteroidaceae, and Lachnospiraceae were enriched in healthy animals. At the
genus level, Escherichia—Shigella showed significantly greater relative abundance in diseased
llama crias, while Bacteroides and Blautia were significantly associated with healthy animals,
suggesting that these genera may serve as potential microbial indicators of gastrointestinal
health status (Figure 4).

* kK - o___Enterobacterales

*ok ok - ¢___Gammaproteobacteria

*kok - Bacteroidota e

* Kk - E_Bacteroidia Coefficient

* Kk - o__Bacteroidales

* %k - p__Pseudomonadota .

*kk - g__Bacteroides 10

*kok - f___Bacteroidaceae

* Kk - o__ Oscillospirales

*kk f__ Oscillospiraceae 5

*kk - c__Bacilli

* % - g__Blautia
* ok k - f__Enterobacteriaceae 0
e A ot - g___Escherichia—Shigella
. - p__Bacillota 5
- c__ Clostridia
- o__Lachnospirales .
T - f___Lachnospiraceae ‘ -10
- k__Bacteria
(Intercept) Healthy group

The heatmap shows the coefficients estimated by a beta-distribution GLMM.
Positive (red) values indicate higher relative abundance in the diseased group,
and negative (blue) values indicate higher relative abundance in the healthy group.
Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 4. Differentially abundant microbial taxa associated with health status identified using
a generalized linear mixed model (GLMM). Colors indicate the direction and magnitude of the
standardized effect size, with positive values (red) representing taxa enriched in diseased llama
crias and negative values (blue) representing taxa enriched in healthy llama crias. Taxa are shown
at the phylum, class, order, family, and genus levels. Statistical significance is indicated as follows:
p <0.05 (*), p <0.01 (**), and p < 0.001 (***).

Additionally, taxa within the phylum Bacillota, including Clostridia, Lachnospirales,
and Lachnospiraceae, were more abundant in healthy llama crias, as indicated by positive
coefficients in the GroupHealthy comparison. Other groups such as Oscillospirales and
Oscillospiraceae showed moderate but consistent associations, while Bacilli and Blautia dis-
played less pronounced differences. Overall, the GLMM results revealed a clear differential
distribution of microbial taxa between groups, with a higher number of significantly en-
riched taxa in diseased animals and a distinct set of taxa associated with healthy individuals
(Figure 4).

4. Discussion

The present study revealed clear differences in the fecal microbiota of healthy and
diseased llama crias, highlighting the role of microbial community structure in health status.
At the phylum level, both groups were dominated by Bacillota and Bacteroidota, which is
consistent with previous reports in ruminants and camelids, where these taxa are associated
with fiber degradation and energy metabolism [12,24,25]. However, diseased animals

https://doi.org/10.3390 /ruminants6030067


https://doi.org/10.3390/ruminants6030067

Ruminants 2026, 6, 67

90f13

exhibited a relative increase in Pseudomonadota, particularly Gammaproteobacteria, which
has been widely recognized as a hallmark of microbial dysbiosis and intestinal inflammation
across multiple host species [26-29]. This shift suggests a disruption of gut homeostasis,
potentially linked to altered metabolic functions and host-microbe interactions.

The enrichment of Pseudomonadota and Enterobacteriaceae in diseased llamas, as
observed in the GLMM analysis, is consistent with findings in other livestock and mam-
malian systems, where these taxa are associated with opportunistic pathogenic behavior
and inflammatory responses [28,30,31]. Members of the genus Escherichia—Shigella have
been particularly implicated in gastrointestinal disorders due to their ability to exploit
disturbed gut environments and outcompete commensal bacteria [29,32]. Their increased
abundance in diseased individuals supports the hypothesis that microbial imbalance con-
tributes to disease progression in llama crias. In contrast, healthy llamas showed higher
relative abundance of Bacteroidota and Bacillota-associated taxa, including Bacteroidia
and Clostridia. These groups are known to play key roles in polysaccharide degradation
and short-chain fatty acid production, contributing to gut stability and immune modula-
tion [25,33,34]. The enrichment of Lachnospiraceae and other Clostridia-related taxa in
healthy animals further supports their role in maintaining intestinal homeostasis, as these
bacteria are often associated with anti-inflammatory effects and epithelial integrity [34-36].

The Venn diagram analysis revealed a markedly higher number of unique ASVs in
diseased llamas compared to healthy individuals. This pattern suggests increased microbial
heterogeneity under disease conditions, which has been described as a characteristic of
dysbiotic ecosystems [37,38]. In unstable microbial environments, opportunistic taxa may
colonize and expand, leading to a higher proportion of unique or transient taxa. Conversely,
healthy microbiota tends to be more stable and functionally redundant, resulting in a
smaller number of exclusive ASVs and a more consistent core microbiota [37,39]. The
presence of shared ASVs between groups likely represents core microbial taxa essential
for basic gut functions. Beta diversity analysis further supported these findings, showing
clear separation between healthy and diseased groups and greater dispersion among
diseased samples. Increased dispersion has been associated with microbiome instability and
reduced ecological resilience [38,40]. The PERMANOVA results indicated that health status
explained a significant portion of the variation in microbial community structure, although
a substantial proportion remained unexplained. This suggests that additional factors, such
as diet, environmental exposure, host genetics, and early-life microbial colonization, may
also contribute to microbiota variability in llamas [12,26,41,42].

Differential abundance analysis using GLMM provided further evidence of distinct
microbial signatures associated with health status. Diseased animals exhibited a higher
number of significantly enriched taxa, particularly within Pseudomonadota, whereas
healthy animals showed enrichment of taxa involved in fiber degradation and metabolic
stability. Similar patterns have been reported in other ruminants, where disease states are
associated with an expansion of facultative anaerobes and a reduction in obligate anaerobic
fermenters [29,33]. This shift may lead to altered metabolic outputs, including reduced
production of beneficial metabolites such as butyrate, which is essential for intestinal
health [35,43]. Interestingly, taxa such as Oscillospirales and Oscillospiraceae showed
moderate but consistent associations with health status. These groups have been linked to
fiber fermentation and host metabolic regulation, although their ecological roles remain
incompletely understood [44,45]. Their presence in both groups suggests that they may
contribute to core microbiota functions, with subtle variations depending on host condition.
One limitation of the present study is the relatively small sample size and the unequal dis-
tribution of animals between the healthy (n = 3) and diseased (1 = 6) groups. Although the
statistical analyses identified significant differences in microbial community composition,
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these findings should be interpreted with caution. Future studies including larger and more
balanced cohorts will be necessary to validate the observed microbial patterns and improve
the robustness and generalizability of the results. Additionally, the cross-sectional design
of this study precludes causal inference between fecal microbiota composition and diarrhea.
Although all animals originated from the same herd and were maintained under the same
environmental, dietary, and management conditions, residual host-related factors may have
influenced the microbiota. Furthermore, pathogen-specific molecular confirmation and
functional validation were not performed; therefore, the observed taxonomic differences
should be interpreted as associations rather than direct evidence of microbial function or
disease causation. Another limitation of the present study is that the etiological agents
responsible for diarrhea were not specifically identified. Although coproparasitological
examinations were performed to characterize the parasitological status of the animals,
molecular or microbiological screening for viral and bacterial enteropathogens, such as
Rotavirus, Coronavirus, enterotoxigenic Escherichia coli, and Salmonella spp., was not con-
ducted. Consequently, the observed microbiota alterations should be interpreted as being
associated with the diarrheic condition rather than attributed to a specific infectious agent.
Future studies integrating pathogen-specific diagnostics with microbiome analyses will be
necessary to clarify the etiology of diarrhea in llama crias.

Overall, the results of this study support the concept that gastrointestinal disease in
llama crias is associated with microbial dysbiosis characterized by increased abundance
of opportunistic taxa, higher microbial variability, and disruption of beneficial microbial
communities. These findings are consistent with broader ecological theories of microbiome
disturbance, where disease is associated with loss of stability, increased heterogeneity, and
shifts toward opportunistic dominance [38,45]. Despite these insights, several limitations
should be considered. A limitation of the present study is that microbial community
characterization was based exclusively on 165 rRNA gene amplicon sequencing, which
provides taxonomic profiles but does not directly measure microbial functional activity.
Consequently, functional interpretations regarding fiber degradation, short-chain fatty
acid production, epithelial barrier integrity, and metabolic homeostasis should be con-
sidered as hypotheses supported by previous studies rather than direct evidence from
the present dataset. The relatively small sample size may limit the generalizability of the
results, and the use of 165 rRNA gene sequencing restricts functional interpretation of
microbial communities. Future studies should incorporate metagenomic or metabolomic
approaches to better understand functional changes associated with disease. Additionally,
longitudinal studies are needed to determine whether observed microbial shifts are a cause
or consequence of disease.

5. Conclusions

This study demonstrated that the fecal microbiota of llama crias differed significantly
between healthy and diseased animals, revealing an association between disease status
and changes in microbial community composition. Diseased animals exhibited a higher
relative abundance of Pseudomonadota, particularly Gammaproteobacteria and Enter-
obacteriaceae, together with greater microbial dispersion and a higher number of unique
ASVs. Conversely, healthy llama crias exhibited a higher relative abundance of taxa that
have previously been associated with fiber degradation and intestinal homeostasis in rumi-
nants, including members of the phyla Bacteroidota and Bacillota. However, the functional
roles of these taxa were not directly evaluated in the present study. Because this was an
observational study based on 165 rRNA gene sequencing, causal relationships cannot be
established, and the potential influence of other factors, including diet, environmental
conditions, host genetics, and management practices, cannot be excluded. Differential
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abundance analysis using GLMM identified distinct microbial taxa associated with health
status, providing additional insight into microbial community differences between healthy
and diseased llama crias. Overall, these findings contribute to a better understanding
of the relationship between gastrointestinal disease and the fecal microbiota of South
American camelids. Because this study was based on a cross-sectional observational de-
sign and 16S rRNA gene sequencing, the observed differences should be interpreted as
associations rather than causal relationships. Future longitudinal and functional studies
will be necessary to determine whether these microbial alterations represent causes, con-
sequences, or correlates of diarrhea in llama crias. Future studies incorporating larger
sample sizes, longitudinal sampling, and functional approaches, such as metagenomics
and metabolomics, will be necessary to validate these microbial signatures and further
elucidate microbiota—host interactions.
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