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CAPITULO |
INTRODUCCION

En los Andes peruanos, las alpacas son camélidos domésticos autoctonos cruciales
para la diversidad genética de la region [1]. Estos animales, predominantemente de las
razas Huacaya y Suri, contribuyen significativamente a las zonas de gran altitud de los
Andes, siendo la Huacaya muy apreciada por la calidad de su fibra [2—4]. Sin embargo,
la diarrea en las alpacas representa una grave amenaza, especialmente para los recien
nacidos (crias), y suele ser la principal causa de mortalidad [5]. Esta condicion resulta en
la pérdida de nutrientes y agua, lo que conduce a déficits de energia, debilidad y aumento
de la mortalidad, especialmente entre las crias debido a su inmadurez fisiologica [6,7].

Los patdgenos infecciosos mas comunes responsables de la diarrea en las alpacas
incluyen Salmonella sp., Escherichia coli, Giardia sp., Coccidia y Cryptosporidium sp.
[8]. La vulnerabilidad a los patdgenos gastrointestinales enfatiza la importancia de
comprender y abordar la diarrea en las alpacas, particularmente entre la poblacion de crias
susceptibles. En este contexto, el diagnostico de coccidiosis se produce a menudo en
neonatos y camélidos juveniles [9]. Los ooquistes causan dafio directo a la mucosa
epitelial del intestino delgado, lo que resulta en el desarrollo de enteritis y diarrea [10].
La etiologia de la coccidiosis, una enfermedad parasitaria entérica, se manifiesta a través
de sintomas como anorexia, aparicion de cdlicos, diarreay, eventualmente, muerte subita,
especialmente en recién nacidos [11]. Ademas, previamente se han identificado cinco
especies de Eimeria como agentes causantes de enfermedades: E. ivitaensis, E. lamae, E.
macusaniensis y E. punoensis [12,13].

La giardiasis es una enfermedad prevalente en rumiantes, que se manifiesta con sintomas
como diarrea, pérdida de peso y malabsorcion. Sin embargo, también se observan con
frecuencia infecciones asintomaticas. La etiologia de la giardiasis implica la transmision
fecal-oral a través del contacto directo con humanos o animales infectados y la ingestion
de agua o alimentos contaminados con quistes, lo que destaca la importancia de practicas
adecuadas de higiene y saneamiento en su propagacion [14]. Giardia fue reportada
inicialmente en Ilamas en 1987 [15]. Sin embargo, ha habido una cantidad limitada de
investigaciones sobre la presencia de Giardia en alpacas [16-19].

Los parasitos intestinales, en particular los protozoos, pueden alterar la estructura de la
microbiota intestinal y provocar enfermedades [20]. Las estrategias de defensa del
hueésped contra las infecciones parasitarias, incluidas las respuestas inmunitarias, se
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desencadenan en respuesta a la invasion del parasito [21]. Sin embargo, el sistema
inmunoldgico desempefia un papel crucial en la regulacion de la microbiota intestinal y
su composicion relativa para mantener una relacion simbidtica mutuamente beneficiosa
entre el huésped y los microorganismos [22]. Las especies pertenecientes al género
Eimeria influyen en las respuestas inmunes del huésped para facilitar su invasion y
colonizacién al reducir la produccion de citoguinas inflamatorias [22], alterando asi el
equilibrio de la microbiota intestinal. Sin embargo, hay estudios que sugieren que Giardia
puede proteger contra el desarrollo de enfermedades diarreicas mediante la modulacion
de la respuesta inmune, aunque se necesitan mas investigaciones al respecto [23].

La metagenémica desempefia un papel fundamental en la exploracion cientifica,
ofreciendo conocimientos complejos sobre las comunidades microbianas en diversos
entornos, incluido el tracto intestinal [24]. El uso del gen 18S rRNA en estudios de
biodiversidad y ecologia destaca por su ubicuidad en organismos eucariotas y su
divergencia en diferentes loci. Esta versatil herramienta molecular permite la adquisicién
de datos esclarecedores sobre la taxonomia y filogenia de las comunidades microbianas,
lo que contribuye significativamente a nuestra comprension de la estructura y funcion de
los ecosistemas [25].

Aunque la microbiota intestinal desempefia un papel importante en los rumiantes [26],
la informacion sobre la comunidad microbiana en las alpacas es limitada, especialmente
mas alla del estdmago, y falta una comprension adecuada sobre como responde esta
comunidad a los desequilibrios dietéticos [27]. El principal objetivo de este estudio es
adquirir un mayor conocimiento de la composicion de la comunidad microbiana en
alpacas y como ésta se ve influenciada en respuesta a episodios de diarrea, tomando en
cuenta la presencia de dos patdgenos, Eimeria lamae y Giardia sp. Esta investigacion
ayudara a mejorar nuestra comprension de las complejas interacciones entre la microbiota
intestinal, los factores dietéticos y los resultados de salud en las alpacas.
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Abstract: Alpacas, important genetic resources in the Andean region of Peru, are vulnerable to
diarrhea caused by pathogenic parasites such as Eimeria lamae and Giardia sp., which can be fatal,
especially in neonates, due to their physiological immaturity and limited adaptability. The study
investigated the diversity and abundance of intestinal fungi and prolists in alpacas infected with
Eimeria lamae and Giardia sp. compared to healthy alpacas. A total of 19 alpacas, aged between
one and two months, were included. They were divided into two groups, one with pathological
conditions (nine) and the other healthy (ten). Parasitological analyses for the detection of parasites
and subsequent molecular analysis were performed on the collected fecal samples. The results
revealed a greater diversity and abundance of protists in infected alpacas in comparison with healthy
alpacas, while the fungal composition did not show significant changes. Therefore, parasitic infections
affect the protist component of the alpaca gut microbiota. Also, it was observed that Blastocystis was
identified in all healthy alpacas, serving as a possible marker of the health of the intestinal microbiota;
in addition, Prussia and Pichia are beneficial fungi that help control diseases. This groundbreaking
study in neonatal alpacas is the first to explore potential changes in the intestinal microbiota during
an infectious state, underscoring the importance of further research to comprehend its effects on
alpaca health and immune responses.

Keywords: alpacas; metabarcoding; microbiota diversity; parasites; biomarkers; NGS

1. Introduction

In the Peruvian Andes, alpacas stand as indigenous domestic camelids crucial to the
region’s genetic diversity [1]. These animals, predominantly of the Huacaya and Suri breeds,
contribute significantly to the high-altitude arcas of the Andes, with Huacaya prized for
the quality of its fiber [2-4]. However, diarrhea in alpacas poses a severe threat, particularly
to newborns (crias), and is often the leading cause of mortality [5]. This condition results
in nutrient and water loss, leading to energy deficits, weakness, and increased mortality,
especially among crias due to their physiological immaturity [6,7].

The most common infectious pathogens responsible for diarrhea in alpacas include
Salmonella sp., Escherichia coli, Giardia sp., Coccidia, and Cryptosporidium sp. [8]. The vulner-
ability to gastrointestinal pathogens emphasizes the significance of comprehending and
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addressing diarrhea in alpacas, particularly among the susceptible cria population. In this
context, the diagnosis of coccidiosis often occurs in neonates and juvenile camelids [9].
Qocysts cause direct damage to the epithelial mucosa of the small intestine, resulting in the
development of enteritis and diarrhea [10]. The etiology of coccidiosis, an enteric parasitic
disease, manifests through symptoms such as anorexia, the onset of colic, diarrhea, and,
eventually, sudden death, especially in neonates [11]. Moreover, five species of Fimeria
have previously been identified as causative agents of diseases: E. ivitaensis, E. lamae, E.
macusaniensis, and E. punoensis [12,13].

Giardiasis is a prevalent disease in ruminants, manifesting with symptoms like diar-
rhea, weight loss, and malabsorption. However, asymptomatic infections are also frequently
observed. The etiology of giardiasis involves fecal-oral transmission through direct con-
tact with infected humans or animals and the ingestion of water or food contaminated
with cysts, highlighting the importance of proper hygiene and sanitation practices in its
spread [14]. Giardia was initially reported in llamas in 1987 [15]. However, there has been a
limited amount of research concerning the presence of Giardia in alpacas [16-19].

Intestinal parasites, particularly protozoa, can disrupt the structure of the intestinal
microbiota, leading to diseases [20]. ITost defense strategies against parasitic infections,
including immune responses, are triggered in response to parasite invasion [21]. However,
the immune system plays a crucial role in regulating the intestinal microbiota and its
relative composition to maintain a mutually beneficial symbiotic relationship between
the host and microorganisms [22]. Species belonging to the Eimeria genus influence host
immune responses to facilitate their invasion and colonization by reducing the production
of inflammatory cytokines [22], thus altering the balance of the intestinal microbiota.
Nevertheless, there are studies suggesting that Giardia may protect against the development
of diarrheal diseases by modulating the immune response, although further research is
needed in this regard [23].

Metagenomics plays a pivotal role in scientific exploration, offering intricate insights
into microbial communities within diverse environments, including the intestinal tract [24].
The use of the 185 rRNA gene in biodiversity and ecology studies is notable for its ubiquity
in eukaryotic organisms and its divergence in different loci. This versatile molecular tool
allows for the acquisition of insightful data on the taxonomy and phylogeny of micro-
bial communities, making a significant contribution to our understanding of ecosystem
structure and function [25].

Although the gut microbiota plays a significant role in ruminants [26], information
about the microbial community in alpacas is limited, especially beyond the stomach,
and a proper understanding is lacking about how this community responds to dietary
imbalances [27]. The main objective of this study is to acquire a greater understanding of the
composition of the microbial community in alpacas and how it is influenced in response to
episodes of diarrhea, taking into account the presence of two pathogens, Eimeria lamae and
Giardia sp. Such research will help further our understanding of the complex interactions
between gut microbiota, dietary factors, and health outcomes in alpacas.

2. Materials and Methods
2.1. Animal and Sample Collection

A total of nineteen alpacas, aged between one and two months, were obtained from
the La Raya Experimental Center, an entity belonging to the National University of the
Altiplano Puno. The selection of these specimens was carried out in compliance with the
Peruvian National Law No. 30407, relating to ‘Animal Protection and Welfare’.

The sample consisted of 9 alpacas with pathological conditions and 10 healthy alpacas,
with an equal distribution of males and females in the group with diarrhea (4 males
and 5 females). The pathological conditions in the affected alpacas were diagnosed by
veterinarians affiliated with the Animal Health Laboratory of the Professional School
of Veterinary Medicine at the National University of San Antonio Abad del Cusco. All
individuals received a diet designed to meet their particular nutritional needs as alpacas.

2
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Hemoglobin levels, leukocyte counts, heart rate, and respiratory rate were assessed in
alpacas overall.

To maintain sample integrity, we separated the alpacas with diarrhea from the healthy
ones a day before sampling, using sterile tools under aseptic conditions. The collected
samples were transferred to sterile 50 mL plastic containers and quickly transported to the
laboratory, where they were initially stored at 5 °C for subsequent parasitological analysis
and subsequently at —80 °C for subsequent analysis.

2.2. Parasitological Study of Feces

A direct microscopic examination was performed, using parasitological lugol as a
stain [28], for the identification of protozoan cysts (Giardia sp.) and oocysts (Eimeria lamac)
in fecal samples from affected alpacas. Then, qualitative flotation concentration methods
were applied with saturated sucrose solution [29], followed by the implementation of the
modified McMaster quantitative method [30], specifically in fecal samples from alpacas
with pathological conditions.

2.3. DNA Extraction and Sequencing

Genomic DNA was extracted from fecal samples using the PureLink microbiome DNA
purification kit (Invitrogen, Waltham, MA, USA). To assess DNA quality, Qubit® was used
for quantification, and DNA integrity was visualized by running an electrophoretic gel
on 1% agarose. This DNA was prepared for V4 sequencing using primer 528 forward,
5'-GCGGTAATTCCAGCTCCAA-3' and 706 reverse, 5'-AATCCRAGAATTTCACCTCT-3/
targeting the 185 rRNA gene [31]. The PCR protocol commenced with an initial denatura-
tion step at 94 °C for 2 min, followed by an initial set of 5 cycles involving denaturation
at 94 °C for 45 s, annealing at 52/54 °C for 45 s each, and elongation at 72 °C for 1 min.
This was succeeded by 35 additional cycles with a reduced annealing temperature set at
50/52 °C. The process concluded with a final elongation step at 72 “C for 10 min. Subse-
quently, this region was individually amplified from each sample using the TruSeq® DNA
sample preparation kit without PCR from Illumina, along with the appropriate primers.
Library quality was evaluated using the Qubit 2.0 fluorometer from Invitrogen and the
fragment analyzer from the Agilent Bioanalyzer 2100 system. Amplicon libraries were then
sequenced using the 2 x 250 paired-end protocol on the IMlumina Novaseq 6000 platform
(San Diego, CA, USA).

2.4. Bioinformatics Analysis

During the preparation and analysis of the sequencing data, we utilized the Quantita-
tive Insights Into Microbial Ecology (QIIME) analytical platform [32]. Processed through
the DADA2 v.1.18 protocol [33], paired-end fastq files underwent handling, and ampli-
con sequence variants (ASVs) were generated. In the initial stages of the process, quality
assessment, trimming, and noise reduction were carried out on the forward and reverse
sequences, before their integration into the Amplicon Sequence Variants (ASV), with the
purpose of mitigating the potential for inaccurate ASVs. Exclusion was performed for
unique sequences whose total abundance did not exceed 10 reads in the global set of
samples. The taxonomic categorization of the sequences was carried out by using the naive
Bayes classifier integrated into QITME2, previously calibrated with the Silva Reference
v.138.1 database, for the identification of protists and fungi. The alignment of high-quality
sequences was carried out using the MAFFT tool [34].

2.5. Statistical Analysis

Rarefaction curves were generated for each sample to assess the sequencing depth.
Alpha diversity of intestinal fungal and protozoan communities was determined based
on the relative abundance distribution of Operational Taxonomic Units (OTUs) in each
sample. Statistical analysis of the data was performed using the R package Phyloseq [35]
in R (v4.1.1) [36], calculating alpha diversity metrics, such as Observe, Pielou, Shannon,
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and Simpson, with the MicrobiotaProcess library [37]. Kruskal-Wallis tests were used to
evaluate the distribution of these metrics among the analyzed groups. Beta diversity was
determined using the Bray—Curtis method and visualized through Principal Coordinate
Analysis (PCoA). Differences in fungal and protist communities between groups were
evaluated by PERMANOVA analysis with 9999 permutations [38], using the R Vegan
package [39], considering values of p < 0.05 statistically significant. Additionally, LDA
scores were obtained using the LEfSe algorithm.

3. Results

In this study, the presence of Limeria lamae oocysts was observed in fecal samples
from two-month-old alpacas, while the presence of Giardin sp. cysts was detected in
samples from one-month-old alpacas. In contrast, no parasites were detected in the control
group of alpacas at 1 month and 2 months of age. Regarding two-month-old Eimeria lamae
samples, an average of 85,750 oocysts per gram of feces (OPG) was observed in samples
with diarrhea, whereas no oocysts were found in samples without diarrhea. Similarly, no
oocysts were detected in one-month-old alpacas (Table S1). In addition, biochemical data
from alpacas in relation to their health status were obtained (Table 52).

For protists, a total of 3,901,824 high-quality reads were obtained, with an average of
52,577 high-quality reads, a maximum of 1,112,183 high-quality reads, and a minimum of
9032 high-quality reads. Similarly, for fungi, a total of 6,733,314 high-quality reads were
generated, with an average of 283,817 high-quality reads, a maximum of 1,219,543 high-
quality reads, and a minimum of 34,082 high-quality reads.

3.1. Alpha Diversity of the Gut Microbiota in the Alpaca Population

To further explore the variations in the intestinal microbiota communities of fungi
(Figure S1) and protists (Figure S2) concerning infection by parasite type, the use of the
rarefaction curve was sought. An expected diversity was obtained in the sampling of fungal
communities (Figure S1) and protists (Figure 52), this curve demonstrated a preference for
optimization. Consequently, the dataset was considered suitable for further analysis.

The results of the alpha diversity index are shown in Figure 1. For protists (Figure 1A),
significant differences were identified between the group of patients diagnosed with Giardia
sp. at one month and the Eimeria lamae negative group, Pielou index (p = 0.0087), Shannon
index (p = 0.0043), and Simpson index (p = 0.0043). Significant differences were also
observed in the two-month patient group diagnosed with Eimeria lamae and the Eimeria
lamae negative group, Pielou index (p = 0.0043), Shannon index (p = 0.0043), and Simpson
index (p = 0.0043). The Shannon and Simpson indices provide a tool to evaluate the
diversity present in the intestinal microbiota. The Pielou index reflects the uniformity
in the distribution of species abundance in the microbial community, which is crucial to
understanding the evenness in the presence of different species in the ecosystem. Greater
richness is observed in the groups of patients infected by Giardia sp. and Eimeira lamae
However, in the context of fungal composition (Figure 1B), no statistically significant
disparitics in alpha diversity were discerned.

3.2. Beta Diversity of the Gut Microbiota in the Alpaca Population

Principal Coordinate Analysis (PCoA) was conducted (Figure 2). When comparing the
similarity of protist composition (Figure 2A), a notable convergence was observed in both
healthy and diseased groups concerning the influence of parasites such as Einieria lamae and
Giardia sp., resulting in wider distance dispersion. The Adonis test further validated this
observation, a statistical analysis highlighting the influence of health status. Health status
demonstrated statistical significance with a p-value of 0.0003 (Table 1), further emphasizing
the influential role of health status in the composition of intestinal protist microbiota.
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Figure 1. Alpha diversity (Observe, Piclou, Shannon, and Simpson) gut microbiota indices between
health conditions with Illness Giardia sp., Ilness Eimeria lamae, Giardia sp. negative and Eimeria lamae
negative. (A) Protist alpha diversity gut microbiota index. (B) Gut microbiota index of fungal alpha
diversity.
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Figure 2. Principal Coordinate Analysis (PCoA) plot of beta diversity based on Bray-Curlis distance
derived from sequencing data. The samples are represented by colors and divided into two: healthy
(blue) and illness (red) groups. There is also a shape representation for infection by Giardia sp. (circle)
and Eimeria lamae (triangle). (A) Beta diversity of protists. (B) Beta diversity of fungi.

Table 1. Two-way PERMANOVA of the Bray—Curtis distance between the age and health status of
the alpacas.

Items Df SumOfSqs R2 F Pr (>F)
Protists
Influenced by parasites 1 0.3052 0.04171  0.8475 0.7089
Health status 1 1.1938 016313 33146  0.0003 ***
Influenced by parasites: 5 -
Healtlatanus 1 0.4165 0.05691  1.1564 0.2005
Fungi
Influenced by parasites 1 0.17297 0.07116 1.537 0.11
Health status 1 0.27745 0.11414  2.4654 0.0092 **

Influenced by parasites:
Health status
(**) and (***) implicit significance (p < 0.01 and p < 0.001, respectively).

1 0.17985 0.07399 1.5982 0.0906

6

repositorio.unap.edu.pe
No olvide citar adecuadan Sta te

a 1




, UNIVERSIDAD
NACIONAL DEL ALTIPLANO TESIS EPG UNA - PUNO

Repositorio Institucional

Life 2024, 14, 187 7 of 16

Similarly, the analysis was conducted for the fungal group (Figure 2B), revealing a
slight separation in the dispersion of groups based on health status. This finding was
corroborated by the Adonis test, yielding a significant p-value of 0.0092 (Table 1), thus
emphasizing the influence of health status on the composition of the intestinal fungal
microbiota.

3.3. Correlation between Biochemical Parameters and the Alpha Diversity of Protozoan
Composition in the Microbiota

Correlations between biochemical parameters and protist alpha diversity indices were
evaluated in this study, as presented in Figure 3. A significant negative correlation was
observed between hemoglobin levels and alpha diversity profiles, specifically Shannon,
Simpson, and Pielou indices, with statistical significance of p = 0.0126, p = 0.0116, and
p = 0.00983, respectively.

&
@ v & & FF S

1
oz 0z ot o ot -
0.8

L -042 001 04 -0.03 -0.19 -0.28 -0.29
06
HR -012 004 011 -002 025 031 028
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BF 027 -0.12 005 0.3
0.2
Observe -0.16 001 0.04
0
Chaol 016 01 011
-0.2
ACE 019 -003 -002
-0.4
Shannon -0.19 0.25
-0.6
Simpson -028 031
-0.8
Pielou -029 028
-1

Figure 3. Correlation matrix between biochemical parameters and alpha diversity indices of protists.
Positive correlations are depicted in red, while negative correlations are shown in blue. The color
intensity and dot size are proportional to the correlation values within each correlation group. H:
Hemoglobin; L: Leukocyte; HR: Heart Rate; BF: Respiratory Rate. Alpha diversity indices: Observed,
Chaol, ACE, Shannon, Simpson, and Pielou.

3.4. Composition Taxonomic of the Gut Microbiota

Figure 4 presents the composition at the phylum level in fungi and at the class level in
protists. The results indicate that concerning fungi (Figure 4A), in the intestinal microbiota
of the lllness Giardia sp., lness Eimeria lamae, Giardia sp. negative and Eimeria laimae negative
groups, the phyla Ascomycota (25%, 21.88%, 20%, and 31.94%) and Basidiomycota (41.44%,
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19.25%, 20.17%, and 18.90%) were the predominant phyla, representing approximately 97%
of the total fungal composition.
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Figure 4. Relative abundances were observed in 1-month disease groups infected with Giardia sp.
and 2-month illness groups infected with Eimeria lamae, in comparison with Giardia sp. negative and
Eimeria lamae negative groups. Only the most represented taxa are presented. (A) Relative abundance
of the most predominant phyla in fungi. (B) Relative abundance of the most abundant classes in

protists.

Regarding class abundance in protists (Figure 4B), it was observed that in the intesti-
nal microbiota of the Nliness Giardia sp., liness Eimeria lamae, Giardia sp. Negative, and
Eimeria lamae negative groups, the classes Stramenopiles (12.16%, 15.98%, 28%, and 43.61%),
Alveolata (45.3%, 13.6%, 12.65%, and 28%), and Rhizaria (26.6%, 51.9%, 17.3%, and 3.5%)
accounted for 90% of the protist composition in the alpaca microbiota.
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3.5. Detection of Modifications in the Taxonomic Composition Linked to the Influence of Parasites

Linear Discriminant Analysis (LDA) was utilized to assess effect size and delineate
differences in the bacterial composition between sick alpacas infected with Giardia sp. and
Eimeria lamae, and Giardia sp. negative and Eimeria lamae negative groups.

In Figure 5, protists were identified. In the Giardia sp.-infected group, the presence of
Mischococcales was observed (Figure 5A). Furthermore, genera such as Cercomonas, Het-
eromita, Gymnodiniphyicidae, Bacillariophytina, Cercozoa, Spirotrichea, and Glissomona-
dida were identified in sick alpacas (Figure 5B). Finally, the Eineria lamae-infected group
exhibited the presence of Heteromita, Cercomonas, Bacillariophytina, Cercozoa, Gymnodini-
phyicidae, Coccidia, RT5iin19, and Eocercomonas sp. HFCC 909 (Figure 5C).

A)

(Species) Blastocystis sp. subtype 10 CAG:

(Specios) Blastocystis sp. subtype 14 Cow;

Enriched group
. Giardia sp. positive
Bl Giardia sp. negative

(Gonus) Entsmoaba

(Species) Blastocystis sp. subtype 14 Moutlon,

(Order) Mischococcales

3 3
B) LDA score (log10)

(Species) Blastocystis sp. subtype 10 CA6
(Gonus) Blastocystis:

(Specios) Blastocystis sp. sublypo 14 Cow!!
(Gonus) Entamooba

(Genus) Cercomonas
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M tiinnes
B control

(Genus) Heteromita

(Subclass) Gymnodiniphycidaes
(Class) Bacillariophytina
(Phylum) Cercozoa:

(Class) Spirotrichea

(Ordor) Glissomonadidsa:

) B k]
110)
c) score (log10)

(Genus) Blastocystis.
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(Genus) Heteromita
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Bl Eimeria lamae positive
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(Phylum) Corcozoa;
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2 3
LDA score (log10)

Figure 5. Differences in the intestinal protist microbiota among various health states in alpacas. Bar
chart of Linear Discriminant Analysis (I.DA) for differentially abundant genera. (A) Alpacas positives
with Giardia sp. versus Giardia sp. negative group. (B) All unhealthy alpacas versus negative (control).
(C) Alpacas positives with Fimeria lamae versus Eimeria lamae negative group.
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In comparison to the Giardia sp. negative group, various taxa were identified, including
Blastocystis sp. Subtype 10 CA6, Blastocystis sp. Subtype 14 Cowl, Entamoeba and Blastocystis
sp. Subtype 14 Mouflon (Figure 5A). Additionally, the control group showed the presence
of Blastocystis sp. subtype 10 CA6, Blastocystis, Blastocystis sp. subtype 14 Cow1, and
Entamoeba (Figure 5B). The Eimeria lamae negative group displayed Blastocystis, Blastocystis
sp. subtype 14 Cow1, and Ochromonadales (Figure 5C).

In Figure 6, fungi were identified. In the group infected with Giardia sp., the pres-
ence of Leotiomycetes was observed (Figure 6A). Additionally, in sick alpacas, genera
such as Candida-Lodderomyces, Leotiomycetes, and Cystofilobasidium were identified
(Figure 6B). Finally, the Eimeria lamae-infected group exhibited the presence of Symmetro-
spora (Figure 6C).

A)

(Genus) Thelebolus

Enriched group
B Giardia sp. positive
M Giardia sp. negative

(Genus) Hanseniaspora

(Class) Leotiomycetes

i LDA : [{l 1(1))
score (lo
B) 4

(Clade) LKM11

(Genus) Thelebolus

(Class) Dothideomycetes

(Genus) Hanseniaspora Enriched group
(Genus) Preussia W 1innes
B control

(Order) Sordariales

(Clade) Candida-Lodderomyces

(Class) Leotiomycetes

(Genus) Cystofilobasidium:

2 3
LDA score (log10)
C)

(Clade) LKM11

(Class) Dothideomycetes

(Order) Sordariales

(Genus) Paramicrosporidium Enriched group
B Eimeria lamae positive
(Genus) Thelebolus . Eimeria lamae negative

(Family) Ustilaginaceae
(Genus) Pichia

(Genus) Symmetrospora

0 2 3
LDA score (log10)
Figure 6. Differences in the intestinal fungal microbiota among different health states in alpacas.
Linear Discriminant Analysis (LDA) bar chart displaying differentially abundant genera. (A) Alpacas
positives with Gigrdia sp. versus Giardia sp. negative group. (B) All unhealthy alpacas versus negative
(control). (C) Alpacas positives with Eimeria lamae versus Eimeria lamae negative group.
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In comparison to the Giardia sp. group, Thelebolus and Hanseniaspora were identified
(Figure 6A). Additionally, the control group displayed the presence of LKM11, Thelebolus,
Dothideomycetes, Hanseniaspora, Preussia, and Sordariales (Figure 6B). Eineria lamae nega-
tive group showed LKM11, Dothideomycetes, Sordariales, Paramicrosporidium, Thelebolus,
Ustilaginaceae, and Pichia (Figure 6C).

4. Discussion

This study conducts the first analysis of fungi and protists in the intestinal micro-
biota of alpacas, comparing those affected by Eimeria lamae and Giardia sp. with healthy
counterparts, filling a gap in existing research. Fungi and protists coexist and interact
with other microorganisms in the intestinal tract of mammals [40]. Additionally, certain
protozoa belonging to the protist group are recognized as pathogens, and their presence
can influence the modulation of the intestinal microbiota composition in ruminants [41]
and other mammals [42].

In the analysis of alpha diversity of ASVs corresponding to protist communities, signif-
icant differences were identified, with higher richness observed in sick alpacas with Giardia
sp. and Eimeria lamae (Figures 1A and 2A). On the other hand, in fungal communities
(Figures 1B and 2B), richness remained constant. In the context of a clinical presentation of
diarrhea, a significant imbalance in the composition of the intestinal microbiota becomes
evident, leading to an increase in opportunistic microorganisms [43]. These opportunis-
tic microorganisms are predominantly parasitic in nature [44]. A comprehensive study
has revealed a pronounced richness of protozoan parasites in the intestinal microbiota
of mammals affected by this pathological condition [42,45]. Our finding unequivocally
demonstrates that in the context of a condition such as diarrhea, there is a significant in-
crease in the population of protists, particularly protozoans, in individuals afflicted by this
physiological disturbance. This increase in protists is noteworthy due to their role in modu-
lating bacterial and fungal communities through predatory activity [46]. They play a pivotal
role in regulating changes in the structure and dynamics of these microorganisms [47], thus
exerting a substantial influence on the intestinal microbiota of alpacas.

The influence of parasites on the composition of the microbiota is significantly related
to the health status, with no discernible differentiated effect attributable to the type of
parasite. Research conducted with pandas has emphasized the pivotal role of protists in
shaping the intestinal microbiota, highlighting their predatory activities [48]. Furthermore,
a significant presence of protists has been documented in non-human primates [49]. In con-
trast, prior investigations have not assigned significant importance to eukaryotes in human
individuals experiencing diarrhea as a result of Clostridioides difficile infection [43,50]. Tt is
worth noting that variability in the composition of protists is associated with factors that can
influence resource availability and interactions among protists and other microorganisms
in the intestinal microbiome, thereby affecting the structure of the protist community [48].
In light of this, the need for further similar studies to assess the impact of parasites on the
beta diversity of ruminants and other mammals is underscored.

A significant inverse correlation was observed between alpha diversity indices
(Figure 3), specifically Shannon, Simpson, and Pielou indices, and the biochemical pa-
rameter hemoglobin. Giardia sp. does not directly impact hemoglobin levels [51], in
the same way that Eimeria lamae does not affect hemoglobin levels [52]. However, both
pathogens induce diarrheal conditions, diarrhea can lead to a series of perturbations in
the immune system. These immune disruptions can lead to a cascade of effects, such as
increased susceptibility to infections and reduced immune surveillance. Ultimately, this
immune dysregulation translates into a complex biological response that directly affects
hemoglobin levels [53].

Furthermore, considering the specific pathological manifestations associated with
Giardia sp. and Eimeria lamae in alpacas expands upon the impact of these parasites on the
health of the host. Lesions observed in the epithelium of the jejunum and ileum villi, such
as eosinophil infiltration, hyperemia, and epithelial denudation, underline the pathological
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impact of these infections [54,55]. These specific manifestations signify a direct effect on the
intestinal health of alpacas, potentially influencing the immune response and overall health,
which might correlate with alterations in the microbiota, warranting further investigation.

The results obtained regarding the taxonomy of fungi in alpacas (Figure 4A) show a
high degree of concordance with previous studies on ruminants [56-61]. Various studies
have identified Ascomycota and Basidiomycota as the most predominant fungal phyla
in mammals and ruminants, as seen in cows [56-58], buffaloes [59], and goats [60,61].
Similarly, the classes identified in alpaca protists in our study (Figure 4B) have been reported
in previous research on mammals, including humans [43,50], pandas [48], primates [49],
and cows [57]. However, there is limited research on the gut microbiota of fungi and
protists in alpacas.

The presence of Coccidia has been observed In individuals affected by Eineria lamae
(Figure 5C) [16]. This parasite is commonly found in newborn alpacas, leading to severe
gastrointestinal manifestations, including diarrhea in approximately 80% of cases, and, in
more critical situations, the death of crias aged between 1 to 2 months [62]. The severity of
the infection can be particularly pronounced in captive camelids. This is because, in wild
environments, camelids less frequently exhibit noticeable clinical signs, possibly due to a
greater capacity to excrete a more substantial number of oocysts in various environments,
thereby reducing the likelihood of subsequent infection or a higher parasitic burden in the
organism [63].

In control groups (Figure 5), irrespective of parasite, the presence of various Blastocystis
subtypes was detected. While Blastocystis is known to potentially induce gastrointesti-
nal symptoms, such as diarrhea, constipation, abdominal pain, and flatulence [64], it
has also been reported in several studies to be present in alpacas without any clinical
signs of disease [58,65]. Additionally, this parasite has been documented in captive wild
animals [66,67]. Therefore, it is suggested that the colonization of Blastocystis may serve as a
reasonable marker for the assessment of gastrointestinal health [60]. Similarly, the presence
of the pathogen Entamoeba was observed in alpacas from the control group (Figure 5A,B).
Notably, the presence of this pathogen has been reported in healthy alpacas [68] and in ani-
mals from zoological collections [69,70]. This parallels the situation with Blastocystis, where
no clinical symptoms are evident in these healthy alpacas, despite the pathogen’s presence.

Genus Preussia was identified in the total control group of alpacas (Figure 6B), and
the presence of Genus Pichin was also noted in the two-month-old control group of alpacas
(Figure 6C). This occurrence has similarly been documented in yaks [71]. The presence of
these fungal genera in healthy alpacas can be attributed to the strong antibacterial capacity
of Preussia [72] and its antioxidative properties [73], which are heightened as they age.
These characteristics contribute to their resilience against diseases, bolstering their immune
system and enhancing their environmental adaptability. In the case of Pichia, it effectively
inhibits Candida infection [74].

Therefore, this is the first study of alpacas infected with parasites Eineria lamae and
Giardia sp., assessing the changes in the fungal and protist intestinal microbiota. Hence, fur-
ther in-depth research is required to fully comprehend the implications of these infections
on alpaca health and microbiota balance, as well as their potential impact on the immune
response and adaptation to various environments.

5. Conclusions

In this study, an investigation was conducted into the diversity and composition of
intestinal fungi and protists in alpacas affected by Eimeria lamae and Giardia sp., with a
comparison made with healthy alpacas. The results showed increased protist diversity
and abundance in infected alpacas, while fungal richness remained largely consistent.
Regarding the composition of the intestinal microbiota, it was observed that both fungi and
protists exhibited variations influenced by their health status. This study provides valuable
insights into the impact of these parasites on alpaca intestinal microbiota, emphasizing the
need for further research to understand their effects on health and immune responses in
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alpacas. However, it is crucial to acknowledge certain limitations inherent in the study.
Illumina sequencing may introduce bias in capturing microbial diversity, suggesting that
future studies incorporating PacBio-HiFi sequencing could offer a more comprehensive
assessment. Additionally, the inclusion of further biochemical variables in subsequent
research would enrich our understanding of the intricate dynamics within the alpaca
intestinal microbiota.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1ife14020187/s1, Figure S1: species richness rarefaction curves
show the sequencing depth of 18S data obtained from fungi from gut samples. Figure 52: species
richness rarefaction curves show the sequencing depth of 185 data obtained from protists from gut
samples. Table S1: coquistes per gram of feces (OPG) in 2-month-old alpacas with and without
diarrhea infected with Eimeria lamae. Table S2: biochemical parameters of alpacas about their health
status. H: hemoglobin; L: leukocyte; HR: heart rate; BF: respiratory rate.
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restriccién o medida tecnolégica de proteccion, con la finalidad de permitir que se puedan leer, descargar,
reproducir, distribuir, imprimir, buscar y enlazar los textos completos, sin limitacion alguna.

Autorizo a la Universidad Nacional del Altiplano de Puno a publicar los Contenidos en el Repositorio
Institucional y, en consecuencia, en el Repositorio Nacional Digital de Ciencia, Tecnologia e Innovacion de
Acceso Abierto, sobre la base de lo establecido en la Ley N° 30035, sus normas reglamentarias,
modificatorias, sustitutorias y conexas, y de acuerdo con las politicas de acceso abierto que la Universidad
aplique en relacién con sus Repositorios Institucionales. Autorizo expresamente toda consulta y uso de los
Contenidos, por parte de cualquier persona, por el tiempo de duracién de los derechos patrimoniales de autor
y derechos conexos, a titulo gratuito y a nivel mundial.

En consecuencia, la Universidad tendré la posibilidad de divulgar y difundir los Contenidos, de manera total
o parcial, sin limitacion alguna y sin derecho a pago de contraprestacion, remuneracion ni regalia alguna a
favor mio; en los medios, canales y plataformas que la Universidad y/o el Estado de la Republica del Pert
determinen, a nivel mundial, sin restriccion geogréafica alguna y de manera indefinida, pudiendo crear y/o
extraer los metadatos sobre los Contenidos, e incluir los Contenidos en los indices y buscadores que estimen
necesarios para promover su difusion.

Autorizo que los Contenidos sean puestos a disposicion del publico a través de la siguiente licencia:

Creative Commons Reconocimiento-NoComercial-Compartirlgual 4.0 Internacional. Para ver una copia de
esta licencia, visita: https: creativecommons.org/licenses/by-nc-sa/4.0/

En sefial de conformidad, suscribo el presente documento.
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