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Abstract

This study explores the intestinal microbiota of eight 18-month-old male alpacas from
two distinct high-altitude regions in Peru: the Wet Puna (4200 m above sea level) and
the Dry Puna (4900 m above sea level). Using 16S rRNA and 18S rRNA metabarcoding,
microbial communities of bacteria, archaea, fungi, and protists were analyzed from the first
compartment of the stomach (C1) to investigate the diversity, taxonomic composition, and
correlations with hematological parameters. Significant differences in microbial diversity
and composition were observed between regions, driven by dietary and environmental
factors. The Wet Puna exhibited greater alpha diversity in bacterial and fungal communi-
ties, while beta diversity highlighted distinct microbial compositions. Key taxa, such as
Prevotella ruminicola and Acetitomaculum, were associated with energy metabolism and host
adaptation, whereas methanogenic archaea (Methanobrevibacter, Methanosphaera) dominated
in the Dry Puna, reflecting adaptations to arid conditions. Correlations between micro-
bial taxa and hematological variables, such as Acetitomaculum with red blood cell count
and Eremoplastron with neutrophil percentage, emphasize the complex interplay between
microbiota and host physiology. These findings contribute to understanding microbial
adaptations in high-altitude livestock and provide practical insights for enhancing alpaca
management and conservation strategies through tailored nutritional approaches and
sustainable grazing practices.
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1. Introduction
Alpacas (Vicugna pacos) are native to the Andean region of South America and hold

significant cultural and economic importance due to their historical and ancestral heritage
in Peru. These animals, particularly the Huacaya breed, are highly valued for their high-
quality fiber, which is in demand in the textile industry [1–3]. Their exceptional adaptation
to the Andean highlands, specifically the Puna region, highlights their importance as a
genetic resource in environments characterized by scarce and low-nutritional pastures [4,5].

The intestinal microbiota plays a vital role in ruminants’ digestion and nutrient ab-
sorption, including alpacas, influencing the breakdown of cellulose, hemicellulose, and
other nutritional components [6,7]. Unlike true ruminants with four stomach chambers,
alpacas have a three-chambered stomach, with the first compartment (C1) serving as the
primary site for microbial fermentation. Structurally and functionally analogous to the
rumen, the C1 occupies most of the stomach’s volume and is the main site for the micro-
bial breakdown of fibrous plant material [8]. The microbial ecosystem of the C1 includes
diverse bacteria, archaea, fungi, and protozoa, each with specific roles. Bacteria domi-
nate in number and are essential for degrading plant polysaccharides like cellulose and
hemicellulose [7]. Methanogenic archaea, representing about 90% of the archaeal popula-
tion, contribute to methane production as a byproduct of fermentation [9,10]. Anaerobic
fungi play a crucial role in breaking down lignified plant cell walls through enzymatic
action [11,12]. Protozoa, while not essential, contribute to microbial population balance
and fiber digestion [13,14]. These microbial interactions are critical for alpacas to thrive in
nutrient-poor, high-altitude environments.

Metagenomics, particularly through the analysis of 16S and 18S rRNA genes, is a
pivotal tool for studying these microbial communities. This approach provides detailed
insights into the taxonomy, diversity, and ecological roles of the microorganisms present
in the C1 [15–17]. Such analyses allow researchers to uncover how microbial populations
adapt to environmental and dietary changes, offering a comprehensive understanding of
the microbiota’s contribution to host health and adaptation [18].

Geographic location and diet are key factors influencing the composition of intestinal
microbiota. Variations in altitude, climate, and vegetation affect the diversity and function
of these microbial communities [19,20]. Changes in diet, whether abrupt or gradual, can
directly alter microbial composition and may lead to metabolic disorders if the diet is
inadequate [21,22]. Additionally, understanding the interactions between the microbiota
and systemic physiological parameters, such as blood metabolites, provides crucial insights
into host health and adaptation.

The interaction between the intestinal microbiota and blood parameters is essential for
understanding the health and performance of ruminants, as these microbial communities
influence not only digestion but also systemic processes such as immune modulation [23].
Recent studies have shown that changes in intestinal microbiota, induced by dietary varia-
tions, affect key blood metabolites, including short-chain fatty acids (SCFAs), triglycerides,
and glucose, which play fundamental roles in metabolism and immune regulation [24,25].
SCFAs, in particular, act as energy sources for the host and modulate the immune response
by influencing regulatory T cells and the production of pro-inflammatory cytokines [26,27].
Specific microorganisms, such as bacteria of the genus Prevotella and methanogenic archaea,
may indirectly affect immune responses by altering metabolite production and maintaining
ruminal homeostasis [28]. These relationships underscore how the C1 microbiota, including
bacteria, fungi, and protozoa, interacts with the immune system and influences physiologi-
cal parameters in the host. Evaluating these correlations is indispensable for understanding
microbial adaptations in diverse environments, such as the Puna regions.
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This study hypothesizes that the intestinal microbiota composition in alpacas differs
between the two Puna regions due to their contrasting climates and diets. The objective is
to evaluate these disparities and explore their implications for understanding microbial
adaptations to environmental conditions.

2. Materials and Methods
2.1. Study Location and Weather Conditions

This study was conducted at the “La Raya” Experimental Center of the Universidad
Nacional del Altiplano de Puno, located in Santa Rosa District, Melgar Province, Puno
Department, Peru. The research focused on two agroecological regions, the Wet Puna and
the Dry Puna, which differ significantly in climate, altitude, and vegetation.

The Wet Puna is situated at an elevation of 4200 m above sea level and experiences a
semi-dry, cold climate with temperatures ranging from −12 ◦C to 19.75 ◦C and an annual
rainfall of 932 mm [4]. The vegetation primarily consists of grasses such as Stipa ichu,
Festuca, and Calamagrostis, which serve as the main food source for alpacas [29]. In contrast,
the Dry Puna is located at 4900 m above sea level and is characterized by an arid, dry envi-
ronment with temperatures ranging from −18 ◦C to 16 ◦C and an annual precipitation of
450–600 mm [4]. The predominant vegetation includes species like Calamagrostis, Gentiana,
Werneria, and Hypsela, which form the core diet of alpacas in this region [29] (Table S1).

2.2. Sample Collection

The eight 18-month-old adult alpacas (Table 1) were free-range and managed in
accordance with Peruvian National Legislation No. 30407, which pertains to Animal
Protection and Welfare. These specimens were destined to be sacrificed. To collect samples,
we retrieved the contents from the first stomach compartment (C1) of the alpaca’s digestive
tract, obtaining around 500 g of material. Subsequently, this material underwent a sieving
procedure with sterile gauze, resulting in the extraction of 20 mL of liquid. The liquid was
then diluted at a 1:10 ratio using a 0.09% NaCl solution, yielding a total of 8 samples from
compartment 1 of the digestive tract. The workflow of this study’s methodology is shown
in Supplementary Figure S1.

Table 1. Characteristics of alpaca samples from Central Andean Dry and Wet Puna.

Origin Altitude Diet Sample ID Sex Age (Month)

Central Andean
dry Puna

4200 m above
sea level

Stipa ichu-Festuca-
Calamagrostis

D1 Male 18
D2 Male 18
D3 Male 18
D4 Male 18

Central Andean
wet Puna

4900 m above
sea level

Carex-Gentiana-Werneria-
Arenaria-Hypsela

W1 Male 18
W2 Male 18
W3 Male 18
W4 Male 18

2.3. Hematological Parameters

The hematological analysis (Table S1) involved evaluating both red and white blood
cell series. The red blood cell count was performed using the hemocytometer method,
in which blood samples were diluted with an isotonic solution to prevent agglutination
and hemolysis and counted using a Neubauer chamber at 40× magnification. Hematocrit
was determined using centrifugation, separating erythrocytes from plasma to measure the
percentage of blood volume occupied by red blood cells. Hemoglobin concentration was
measured spectrophotometrically using Drabkin’s reagent (Sigma, St. Louis, MO, USA),
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which converts hemoglobin to cyanmethemoglobin, with absorbance read at 540 nm. For
the white blood cell count, samples were diluted in Turk’s solution to lyse erythrocytes, and
counts were performed using a Neubauer chamber. The differential white blood cell count
was conducted by preparing and staining a blood smear with Wright’s stain to identify and
quantify different leukocyte types and observe any abnormalities [30].

2.4. DNA Extraction and Sequencing

Microbial DNA extraction was performed using the DNA Extract Plus DNA–QUANTABIO
kit (Quantabio, Beverly, MA, USA), which was chosen for its efficiency in obtaining high-
quality DNA suitable for metagenomic analyses. DNA quality was assessed using Qubit®

fluorometry (Thermo Fisher Scientific, Waltham, MA, USA) and 1% agarose gel elec-
trophoresis to ensure accurate quantification and integrity. The V3–V4 region of the bacte-
rial and archaeal 16S rRNA gene was amplified using primers 341F and 806R, following
established protocols for optimal amplification of these conserved regions. Similarly, the
V4 region of the 18S rRNA gene for protists and fungi was amplified using primers 528F
and 706R, which were selected for their wide taxonomic coverage. Library preparation
was conducted using the Illumina TruSeq® DNA sample preparation kit (Illumina, San
Diego, CA, USA), a widely used platform that ensures consistent and reliable sequencing
outputs. Library quality was evaluated using the Qubit 2.0 fluorometer (Life Technologies,
Carlsbad, CA, USA) and Agilent Bioanalyzer 2100 System (Agilent Technologies, Palo
Alto, CA, USA), which provide precise quantification and fragment analysis critical for
high-throughput sequencing.

2.5. Bioinformatics Analysis

The preparation and analysis of sequencing data were conducted using the Quantita-
tive Insights Into Microbial Ecology (QIIME2) v2023.9 analytical platform [31], which was
selected for its robust handling of large metagenomic datasets. Amplicon sequence variants
(ASVs) were generated using the DADA2 protocol v.1.18 [32], which were chosen for their
accuracy in denoising and resolving closely related variants. Taxonomic classification was
performed using the QIIME2 inbuilt naïve Bayes classifier and calibrated with the Silva
Reference database v.138.1, a comprehensive and frequently updated resource for 16S and
18S rRNA sequences. High-quality sequences were aligned with MAFFT v7 [33], which
is known for its precision in multiple sequence alignment, and phylogenetic trees were
constructed with the FastTree algorithm v2.1.11, which was selected for its efficiency in
processing large datasets.

2.6. Statistical Analysis

Rarefaction curves were generated for each sample to ensure adequate sequencing
depth with the minimum sample size. The alpha diversity of intestinal communities was
assessed using Pielou, Shannon, and Simpson indices and calculated with the Microbio-
taProcess library [34], as these metrics provide complementary insights into microbial
richness and evenness. The statistical analysis was conducted using the R package Phy-
loseq [35] in R (v4.1.1) [36], while group comparisons for alpha diversity employed the
Kruskal–Wallis test, which was chosen for its suitability in analyzing non-parametric data.
Beta diversity was determined using the Bray–Curtis dissimilarity index and visualized
through a principal coordinate analysis (PCoA), and differences between groups were
evaluated with PERMANOVA using 9999 permutations, which is a robust method for
multivariate ecological data [37]. Differences in fungal and protist communities were
further explored using LDA scores calculated with the LEfSe algorithm, which identifies
taxa with significant differential abundances between groups. Taxa were displayed if LDA
values > 2.0 and the p value was below 0.05.
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3. Results
An analysis of variance (ANOVA) was performed to compare the hematological pa-

rameters of alpacas from the Central Andean Wet Puna (CAWP) and Central Andean Dry
Puna (CADP) (Table 2). The evaluated variables included red blood cell count (RBC),
hematocrit (HTO), hemoglobin concentration (HB), total white blood cell count (WBC),
and the relative proportions of neutrophils (NEU%), lymphocytes (LINF%), monocytes
(MON%), and eosinophils (EOS%). To explore post hoc differences between groups, Dun-
can’s multiple-range test was applied.

Table 2. Hematological parameters of alpacas from Central Andean Dry and Wet Puna.

Origin RBC HTO HB WBC NEU% LINF% MON% EOS%

CADP 8.55 ± 1.9 a 34 ± 4.69 a 13.6 ± 1.88 a 11.31 ± 2.38 a 48 ± 2.94 a 41.5 ± 1.73 a 6 ± 0.82 a 4.25 ± 0.5 a

CAWP 10.57 ± 2.31 a 31.75 ± 3.5 a 12.7 ± 1.4 a 11.18 ± 3.99 a 49.5 ± 3.32 a 40.5 ± 1.73 a 5.5 ± 1 a 4.25 ± 1.26 a

Group means (±standard deviation) within the same columns followed by the same letter are not significantly
different (p < 0.05) according to Duncan’s test. CADP = Central Andean Dry Puna, CAWP = Central Andean Wet
Puna, RBC = erythrocytes, HTO = hematocrit, HB = hemoglobin, WBC = white blood cell count, NEU% = neu-
trophil percentage, LINF% = percentage of lymphocytes, MON% = monocyte percentage, EOS% = percentage
of eosinophils.

The results are presented as mean ± standard deviation for each group, with su-
perscript letters indicating comparisons from the post hoc test. However, no statistically
significant differences (p > 0.05) were found between the two groups in any of the parame-
ters analyzed.

3.1. Alpha Diversity of Communities of Prokaryotic and Eukaryotes

To investigate variations in gut microbiota communities of bacteria (Figure S2), archaea
(Figure S3), fungi (Figure S4), and protists (Figure S5) in relation to diet types, rarefaction
curves were employed, confirming the dataset’s suitability for additional analysis.

The results of the alpha diversity indices are presented in Figure 1. In the bacteria
group (Figure 1A), a significant difference in the Pielou index (p = 0.029) was identified
between the Wet Puna and Dry Puna groups, indicating greater evenness in the bacterial
community of the Wet Puna. In the archaea group (Figure 1B), although no statistically
significant differences were observed, an increase in alpha diversity was noted in the Wet
Puna region, suggesting a potential trend linked to environmental conditions.

For fungi (Figure 2A), significant differences were identified across multiple indices:
Pielou (p = 0.029), Shannon (p = 0.029), and Simpson (p = 0.029). These findings highlight
greater richness and diversity in fungal communities in the Wet Puna, potentially reflecting
variations in diet and environmental conditions. In contrast, while the protists group
(Figure 2B) did not present statistically significant differences in composition, a notable
increase in alpha diversity was recorded in the Wet Puna, indicating a higher richness in
this region.
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Figure 1. Alpha diversity Pielou, Shannon, and Simpson and principal coordinate analysis (PCoA)
plot of beta diversity based on weighted UniFrac distance derived from sequencing data on microbiota
between Central Andean Dry Puna and Central Andean Wet Puna groups. (A) Bacterial alpha
diversity microbiota index. (B) Microbiota index of archaea alpha diversity. (C) Beta diversity of
bacterial (D) Beta diversity of archaea. CADP = Central Andean Dry Puna, CAWP = Central Andean
Wet Puna.
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microbiota index. (B) Microbiota index of protist alpha diversity. (C) Beta diversity of fungi (D) Beta
diversity of protists. CADP = Central Andean Dry Puna, CAWP = Central Andean Wet Puna.

3.2. Composition of Bacteria and Eukaryote Communities

A beta diversity analysis was performed using the weighted UniFrac distance to
evaluate differences in microbiota composition between the Dry Puna and Wet Puna
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groups. The results, which were visualized using a principal coordinate analysis (PCoA)
(Figure 2), highlight notable trends in microbial community divergence.

A PERMANOVA analysis (Table 3) validated these findings. In the bacteria group
(Figure 1C), a significant divergence (p = 0.0284) was detected, with distinct clustering be-
tween the diet groups. For archaea (Figure 1D), dispersion between groups was significant
(p = 0.0287), suggesting diet-associated differences in archaeal communities. Conversely,
no significant dispersion or clustering was identified in the fungi (Figure 2C; p = 0.2021)
or protists (Figure 2D; p = 0.9138) groups, indicating the minimal impact of diet on these
communities at the compositional level.

Table 3. Two-way PERMANOVA of the weighted UniFrac distance regarding the Procedence of
the alpacas.

Items Df SumOfSqs R2 F Pr(>F)

Procedence

Bacteria 1 0.16134 0.51019 6.2496 0.0284 *
Archae 1 0.14832 0.5128 6.3154 0.0287 *
Fungi 1 0.030352 0.18975 1.4051 0.2021
Protist 1 0.006719 7439 0.4822 0.9138

Signif. codes: * p < 0.05.

In the bacteria group (Figure 3A), notable differences in taxonomic composition were
identified between the Wet and Dry Puna groups. Clostridia was the predominant class in
the Wet Puna, accounting for 79% of the community, compared to 43% in the Dry Puna.
Conversely, Bacteroidia was more abundant in the Dry Puna (49%) than in the Wet Puna
(12%). Both Bacilli and Verrucomicrobiae were consistently represented at 5% in each group.
Additionally, Gammaproteobacteria accounted for 4% in the Wet Puna and 1% in the Dry
Puna. Minor classes, including Coriobacteriia, Alphaproteobacteria, Gracillibacteria, and
Spirochaetia, each represented 1% in both regions.

In the archaea group (Figure 3B), the unclassified class was the largest group, represent-
ing 41% in the Wet Puna and 38% in the Dry Puna. Similarly, the unclassified Euryarchaeota
accounted for 29% in the Wet Puna and 34.39% in the Dry Puna. Methanobacteria was more
prevalent in the Wet Puna (20%) than in the Dry Puna (12%), while Halobacteria showed
the opposite trend, with 15% in the Dry Puna and 8% in the Wet Puna. Thermoprotei and
Thermococci each contributed 1% to the composition in both groups.

In the fungi group (Figure 4A), a higher variability in composition was observed.
Dothideomycetes dominated in both regions, accounting for 42% in the Wet Puna and 43%
in the Dry Puna. Neocallimastigomycetes were more abundant in the Dry Puna (20.8%)
than in the Wet Puna (6%). Conversely, Agaricomycetes were more prominent in the Wet
Puna (24%) compared to the Dry Puna (3.37%). Sordariomycetes represented 4% in the Wet
Puna and 6% in the Dry Puna, while the remaining classes collectively accounted for 5%.

In the protists group (Figure 4B), Intramacronucleata was overwhelmingly dominant
in both regions, constituting 96% of the community in the Wet Puna and 99.7% in the Dry
Puna. In the Dry Puna, additional classes were identified, although each accounted for
less than 5% of the community: uncultured Cercozoa (4%), Glissomonadida (3.9%), and
Cercomonadidae (3.7%). Other classes collectively represented 1%.

https://doi.org/10.3390/microorganisms14010138
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3.3. Identification of Biomarkers Associated with Procedence

A linear discriminant analysis (LDA) was applied to evaluate the effect size and
characterize distinctions in the microbiota composition of compartment 1 between alpacas
inhabiting the Wet and Dry Puna regions.

In Figure 5A, the Wet Puna group is enriched with bacterial taxa, such as Bacteroidales,
Bacteroidota, Bacteroidia, Prevotellaceae, Prevotella, Prevotella ruminicola, and unidentified
Prevotella species. The Dry Puna group is characterized by taxa including Clostridia, Firmi-
cutes, Lachnospirales, Lachnospiraceae, Oscillospirales, Oscillospiraceae, Ruminococcaceae
UCG-005, unidentified species UCG-005, Bacteroidaceae, Bacteroides, Eubacterium coprostano-
ligenes, Marvinbryantia, and unidentified Marvinbryantia species, Lactobacillus harbinensis,
Peptostreptococcales-Tissierellales, and Ruminococcus gauvreauii.
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Figure 5. Differences in the intestinal bacterial and archaea microbiota between CAWP and CADP
alpaca groups. Bar chart of linear discriminant analysis (LDA) for differentially abundant genera:
(A) Bacteria in CAWP versus CADP; (B) Archaea only in CAWP. CADP = Central Andean Dry Puna,
CAWP = Central Andean Wet Puna.
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In Figure 5B, archaea are observed exclusively in the Wet Puna group, repre-
sented by taxa such as Euryarchaeota, Methanobacteria, Methanobacteriaceae, Methanobac-
teriales, Methanobrevibacter, unidentified Methanobrevibacter species, Methanosphaera, and
Methanosphaera stadtmanae (DSM 3091).

In Figure 6A, fungal taxa in the Wet Puna group include Cyllamyces, Cryptomycota,
Capnodiales, unidentified Capnodiales species, and LKM11, while the Dry Puna group is
represented by Basidiomycota.
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Finally, in Figure 6B, protists are exclusively identified in the Dry Puna group, includ-
ing Imbricatea, Thecofilosea, and Thaumatomonadida.

3.4. Microbial Community Structure Dynamics

A Spearman correlation analysis (Figure 7) revealed associations between the relative
abundance of microorganisms and hematological parameters in alpacas. In bacteria, WBC
exhibited a significant positive correlation with Prevotellaceae_UCG-001 and Clostridia_UCG-
014. EOS% was significantly correlated with Lachnospiraceae_XPB1014_group and
Prevotellaceae_UCG-001, while LINF% had a significant positive correlation with Lach-
nospiraceae_XPB1014_group. MON% displayed a significant positive correlation with
Rikenellaceae_RC9_gut_group. RBC was positively correlated with Acetitomaculum, Eubac-
terium_cellulosolvens_group, Dorea, and Lachnospira, and negatively correlated with Rikenel-
laceae_RC9_gut_group, Lachnospiraceae_XPB1014_group, and Prevotellaceae_UCG-001.

In fungi, WBC had a significant negative correlation with Malassezia and a positive
correlation with Cystobasidium. EOS% was positively correlated with Yunzhangia. Similarly,
MON% had a significant positive correlation with Naohidea and Candida-Lodderomyces_clade.
HTO and HB were positively correlated with LKM11 and Paramicrosporidium and negatively
correlated with Arthrinium. RBC exhibited a significant negative correlation with Yunzhangia
and Cystobasidium, whereas NEU% had a significant negative correlation with Naohidea and
Candida-Lodderomyces_clade.

In protists, MON% had a significant negative correlation with Cercomonas, while
WBC was positively correlated with Tintinnidium. EOS% displayed a significant negative
correlation with Eremoplastron. HTO and HB were negatively correlated with Nitzschia,
Haptoria, and Paracercomonas. RBC had a significant negative correlation with Entodinium,
and NEU% was positively correlated with Eremoplastron.

A canonical correspondence analysis (CCA) (Figure S6) was performed to explore the
associations between microbial composition and hematological parameters, differentiated
by origin. For bacteria (Figure S6A), CADP was primarily associated with the hematological
parameters MON% and LINF%, while CAWP exhibited relationships with Flavonifractor,
UCG-008, and Pediococcus. In the case of archaea (Figure S6B), a clear separation be-
tween CAWP and CADP was observed, in which CAWP was linked to Methanosphaera
and variables such as EOS%, LINF%, and MON%, whereas CADP was correlated with
Methanobrevibacter, Methanobacterium, and the parameters NEU%, RBC, and HTO. For fungi
(Figure S6C), no clear separation between the groups was detected, but trends indicated
that CAWP was associated with MON%, EOS%, WBC, and LINF%, along with the genera
Wallemia, Papiliotrema, Mucor, Konldoa, and Suillus, while CADP was correlated with NEU%,
RBC, HTO, and HB. Finally, for protists (Figure S6D), a central overlap was observed
between the groups, suggesting little differentiation; however, CAWP was associated with
EOS%, WBC, LINF%, and MON%, along with Chaetoceros, Conidiobolus, Cyclotella, and
Katablepharis, while CADP was correlated with the hematological parameters NEU%, RBC,
HB, and HTO.
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4. Discussion
This study aimed to explore disparities in the community composition of anaerobic

fungi, bacteria, archaea, and protists in compartment 1 of alpacas with regard to diet. The
findings reveal significant differences in the intestinal microbiota between the contrasting
environments of the Wet and Dry Puna regions. These results provide a deeper understand-
ing of the taxonomic composition, richness, and structure of the microbiota, shedding light
on the relationship between diet and microbial diversity.
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The Wet Puna region exhibited greater alpha diversity, particularly in bacteria and
fungi, while no significant differences were identified in archaea and protists, although a
trend of higher richness was observed in protists in the Wet Puna. This aligns with previous
research on ruminants, in which diet and environmental conditions have been shown to
influence microbial richness, particularly bacterial communities, which are more responsive
to dietary and host-related factors [11]. For fungi, the observed increased richness in the
Wet Puna region is consistent with findings in cows [38], suggesting that fungal diversity
may vary with seasonality, diet, and environmental conditions. No significant differences
were observed in fungal composition between the regions; however, studies in cows have
reported structural changes in anaerobic fungal communities influenced by diet [38]. It is
essential to consider that these observations might be influenced by limitations inherent to
the study, such as the limited number of animals per group.

Significant variations in bacterial composition between the Wet and Dry Puna regions
were identified, which is a trend that has also been documented in other ruminants [11].
Previous studies have indicated that microbial communities in ruminants differ depending
on diet and host factors, with beta diversity being strongly influenced by these variables [11].
The taxonomic composition of bacterial communities in this study aligns with the existing
literature, highlighting the prevalence of Clostridia, Bacteroidia, and Bacilli in ruminants
such as cattle [39,40], camels [41], and goats [42,43]. In archaea, the predominant taxa
included unidentified classes of Euryarchaeota, Methanobacteria, and Halobacteria, which
is consistent with findings in alpacas [44], cows [45,46], and camels [47]. Regarding fungi,
the most prevalent classes identified were Dothideomycetes, Neocallimastigomycetes,
Agaricomycetes, and Sordariomycetes, aligning with studies in primates [48], goats [49],
and cows [50]. In protists, Intramacronucleata was predominant, as previously documented
in cows [51]. However, the limited research on protist microbiota in ruminants restricts
further classification and understanding of these groups.

The identification of specific microbial taxa associated with dietary environments
provides valuable insights. In the Wet Puna, Prevotella ruminicola was prominent, high-
lighting the genus’s saccharolytic activity [52] and its role in generating short-chain fatty
acids (SCFAs) [53], which is essential for hepatic gluconeogenesis under glucose-limited
conditions [54]. Prevotella also modulates hydrogen flux, potentially mitigating methane
production [55,56], which is a critical adaptation for energy efficiency in resource-scarce
environments. These findings underscore the metabolic versatility of alpacas, enabling
them to maximize energy extraction from available resources in harsh conditions like the
Dry Puna.

In the Wet Puna group, the presence of Lactobacillus harbinensis suggests a potential
correlation between this beneficial bacterial genus and the adaptability of alpacas to humid
conditions. Lactobacillus is associated with host health and is generally considered benefi-
cial [57]. Further research is needed to clarify its specific role in alpacas and its contribution
to adaptation in the Wet Puna. Additionally, Eubacterium coprostanoligenes was identified in
the Wet Puna group, likely influenced by the fermentation of dietary fibers characteristic of
the region’s vegetation [58,59]. This genus’s ability to adapt to fiber-rich diets highlights its
importance in modulating alpaca gut microbiota under varying dietary conditions.

In the Dry Puna, Methanobrevibacter and Methanosphaera were identified, which is
consistent with their known roles in methane production via hydrogen and carbon dioxide
utilization [60]. These methanogens enhance fiber degradation [61], which is a critical
adaptation for efficient nutrient utilization in arid environments. Previous studies have also
indicated that diet variation influences the prevalence of archaeal genera, as observed in
goats [62]. The fungal genus Cyllamyces, identified as a biomarker in the Wet Puna, has been
previously reported in dromedary camels [63], cows, and buffaloes [64,65]. Its abundance
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is correlated with the nutritional quality of forage and seasonal variations, highlighting the
significant influence of diet on anaerobic fungal communities [66].

The significant positive correlation between Acetitomaculum and red blood cells (RBC)
in alpacas suggests a relationship between the metabolic activity of this bacterium and the
host’s energy metabolism. Acetitomaculum, a member of the Lachnospiraceae family, is
known for its ability to ferment complex carbohydrates and dietary polysaccharides, pro-
ducing short-chain fatty acids (SCFAs) such as acetate, butyrate, and propionate, which are
key energy sources for the ruminal epithelium [25,67]. These SCFAs not only contribute to
maintaining gastrointestinal epithelial integrity but also facilitate the absorption of essential
nutrients such as iron, folic acid, and vitamin B12, which are critical for hemoglobin synthe-
sis and red blood cell formation [68]. Furthermore, previous studies have demonstrated
that Acetitomaculum abundance increases in diets rich in fermentable carbohydrates, sug-
gesting enhanced ruminal metabolic efficiency and improved nutrient availability [67].
In this context, the greater abundance of Acetitomaculum observed in the present study
could be linked to better energy and nutrient availability, which is reflected in the observed
increase in RBC. These findings highlight the potential functional role of Acetitomaculum in
alpacas’ hematological health and suggest the need for further studies to better understand
its specific contribution to ruminal metabolism and its impact on the overall well-being of
the host.

The significant negative correlation between Malassezia and total white blood cell
count (WBC) in alpacas suggests a potential interaction between this fungus and the host’s
systemic immune response. While Malassezia is primarily known as a component of the skin
microbiota, recent studies have demonstrated its ability to colonize the gastrointestinal tract,
even under low oxygen and high-temperature conditions [69]. In humans, its presence in
the gut microbiota has been associated with both healthy and pathological states, showing
potential immunomodulatory effects, particularly in inflammatory processes [70]. The
observed negative correlation in alpacas may indicate that higher Malassezia abundance is
associated with a downregulation of systemic immune responses, possibly reducing the
stimulus for leukocyte proliferation. Alternatively, this relationship could reflect a host
adaptation to the presence of Malassezia, minimizing excessive immune activation. Further
research is needed to determine whether Malassezia functions as an immune modulator in
alpacas or if its abundance reflects changes in the intestinal environment that influence the
host’s immune status.

The significant positive correlation between Eremoplastron and NEU% in alpacas may
suggest an interaction between the presence of this ciliate protozoan and the host’s innate
immune response. Eremoplastron has been reported to be more abundant in immature rumi-
nal microbiomes or in young animals, where its predominance might be linked to increased
production of soluble metabolites, such as volatile fatty acids or proteolytic byproducts, that
could act as signals for neutrophil activation [71,72]. Additionally, previous studies have as-
sociated Eremoplastron with animals exhibiting lower feed efficiency and less metabolically
efficient rumens [73], potentially creating a metabolically demanding environment prone to
neutrophil-mediated inflammatory responses. In this context, increased neutrophil counts
(NEU%) may reflect an adaptive mechanism of the host’s immune system in response to
microbial activity or specific metabolites derived from Eremoplastron. However, this associ-
ation might also indicate shifts in ruminal microbiome homeostasis during developmental
stages or periods of metabolic stress, emphasizing the need for further studies to elucidate
the functional role of Eremoplastron in modulating local immune responses in the rumen
of alpacas.

The association of the CADP group with elevated levels of MON%, LINF%, and
EOS%, which was identified through the canonical correspondence analysis (CCA), sug-
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gests specific immunological adaptations of alpacas to the extreme conditions of the Dry
Puna, characterized by chronic hypoxia and low temperatures. Increased MON% may
indicate enhanced tissue surveillance and repair mechanisms driven by growth factors
induced under hypoxic stress, while elevated LINF% reflects efficient adaptive immune
responses mediated by cytokines targeting local pathogens [74,75]. Similarly, higher EOS%
levels may reflect immune responses to parasites or allergens specific to the habitat [74].
Additionally, the intestinal microbiota, which is shaped by environmental and dietary
factors, interacts with the host immune system through metabolites such as short-chain
fatty acids, promoting immune cell differentiation and function [76]. These findings under-
score the role of host–microbiota interactions in the immunological resilience of alpacas in
high-altitude ecosystems.

Likewise, the association of the CAWP group with microbial genera such as Flavonifrac-
tor, UCG-008, Methanobrevibacter, and Methanobacterium, which was revealed by the CCA,
highlights microbial adaptations that are critical for optimizing metabolic efficiency and
resilience in high-altitude environments. Genera like Flavonifractor and UCG-008, which
are involved in polysaccharide degradation and short-chain fatty acid production, likely
enhance energy extraction from a fiber-rich diet [77,78]. Concurrently, methanogenic ar-
chaea, such as Methanobrevibacter and Methanobacterium, contribute to ruminal fermentation
balance and pH stability, which are essential for nutrient utilization [79,80]. These results
emphasize the symbiotic relationship between the host and microbiota, in which microbial
ecosystems not only support the dietary and physiological needs of alpacas but also play a
crucial role in their adaptation and productivity in challenging high-altitude habitats.

The findings of this study have important implications for the husbandry, management,
and conservation of alpacas in high-altitude environments. Identifying beneficial microbes,
such as Flavonifractor and UCG-008, highlights the potential for targeted nutritional strate-
gies to enhance metabolic efficiency, while monitoring hematological variables (MON%,
LINF%, EOS%) can provide insights into alpaca health under environmental or dietary
stress. Preserving the ecological niches of the Wet and Dry Puna regions is crucial, as these
habitats shape the microbial and physiological adaptations that support alpaca resilience,
emphasizing the importance of sustainable grazing practices and habitat conservation.

5. Conclusions
This study reveals significant differences in the intestinal microbiota of alpacas be-

tween the Wet and Dry Puna regions, highlighting the influence of environmental and di-
etary factors on microbial diversity and composition. Key microbial taxa, such as Prevotella,
Eubacterium coprostanoligenes, and Methanobrevibacter, were identified, demonstrating their
potential roles in fiber degradation, energy metabolism, and adaptation to high-altitude
conditions. Correlations between specific microbial genera and hematological variables,
such as Acetitomaculum with RBC and Eremoplastron with NEU%, provide insights into
host–microbiota interactions that support alpaca resilience in challenging environments.
These findings have practical implications for alpaca husbandry and management, sug-
gesting the potential for targeted dietary strategies to enhance metabolic efficiency and
health. Additionally, preserving the natural habitats of the Wet and Dry Puna is essential
to maintain the unique microbial adaptations that underpin alpaca productivity. Future
research should explore the functional roles of these microbial communities and their
applications in sustainable livestock management.
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data obtained from archaea from compartment 1 samples. Figure S4. Species richness rarefaction
curves show sequencing depth of 18S data obtained from fungi from compartment 1 samples.
Figure S5. Species richness rarefaction curves show sequencing depth of 18S data obtained from
protists from compartment 1 samples. Figure S6: Canonical correlation analysis for origin. Table S1.
Detailed environmental and climatic conditions of study locations.
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1452–1463. [CrossRef]
10. Kassow, A.; Blank, B.; Paulsen, H.M.; Aulrich, K.; Rahmann, G. Studies on Greenhouse Gas Emissions in Organic and

Conventional Dairy Farms. In Ressortforschung für den Ökologischen Landbau 2009; Johann Heinrich von Thünen-Institut-
Bundesforschungsinstitut für Ländliche Räume, Wald und Fischerei (vTI): Braunschweig, Germany, 2010.

11. Henderson, G.; Cox, F.; Ganesh, S.; Jonker, A.; Young, W.; Janssen, P.H. Rumen Microbial Community Composition Varies with
Diet and Host, but a Core Microbiome Is Found across a Wide Geographical Range. Sci. Rep. 2015, 5, 14567. [CrossRef]

12. De Nardi, R.; Marchesini, G.; Li, S.; Khafipour, E.; Plaizier, K.J.C.; Gianesella, M.; Ricci, R.; Andrighetto, I.; Segato, S. Metagenomic
Analysis of Rumen Microbial Population in Dairy Heifers Fed a High Grain Diet Supplemented with Dicarboxylic Acids or
Polyphenols. BMC Vet. Res. 2016, 12, 29. [CrossRef] [PubMed]
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