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ABSTRACT

Objective: This study analyzes the mycobiome in wild and captive Sumatran orangutans.
Materials and Methods: Nine orangutan feces samples from the wild and nine from captivity 
were divided into three repeats from 11- to 15-year-olds in good health. The Illumina platform 
for analysis of ITS bioinformatics was used according to the Qiime2 and CCMetagen approaches.
Results: Wild Sumatran orangutans include 53% Ascomycota, 38% uncultured fungi, and 4% 
Basidiomycota. Orangutans in captivity are 57% Ascomycota, 26% uncultured fungi, and 2% 
Basidiomycota. Based on genus level, uncultured Neurospora (31%), Penicillium (10%), Aspergillus 
(3%), Fusarium (3%), Candida (2%), Cutaneotrichosporon (2%), and Limonomyces (2%) are found 
in wild orangutans. The most prevalent genus among captivity orangutans is Aspergillus (32%), 
followed by fungal sp. (11%), Lasiodiplodia (18%), Devriesia (2%), and Sordariomycetes (2%). 
According to the Chao1 diversity index and Shannon and Simpson, there was no significant differ-
ence between wild and captive Sumatran orangutans.
Conclusion: Neurospora is unique to wild Sumatran orangutans, although Aspergillus predom-
inates in captive orangutans. We hypothesize that the gut mycobiome of wild orangutans will 
resemble that of orangutans in captivity. The excellent range of food sources in the forest does 
not result in the prevalence of fungi in the typical gut microbiome.
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Introduction

Orangutans are one of Indonesia’s endemic primates. 
Orangutans are one of Southeast Asia’s few remaining giant 
apes (Pongo spp.). Orangutans are frugivores whose pri-
mary food source is fruit and insects [1,2]. Orangutan sur-
vival is highly dependent on forest conditions. Orangutans 
occupy two major Indonesian islands: Sumatra (Pongo 
abelii  and  Pongo tapanuliensis) and Kalimantan (Pongo 
pygmaeus) [3,4]. The Sumatran orangutan is an arboreal 
species that spends most of its time in trees. However, its 
lifestyle can be categorized as that of an explorer, settler, or 
nomad [5]. This is one of the distinctions between the daily 
habits of Kalimantan and Sumatran orangutans [6].

Sumatran orangutans are predominantly arboreal, 
or tree-dwelling or tree-working, mammals. The every-
day activities of orangutans consist primarily of eating, 
relaxing, and social interaction. They are accustomed to 

spending most of their time eating in the morning and 
afternoon. The Sumatran orangutan’s eating habit involves 
tasting. Orangutans inhale the aroma and taste some of 
their food before ingesting it. If the orangutan does not 
like the food, it will discard it and search for other food. 
Orangutans engage in resting behaviors while sleeping at 
night and taking naps between activities. They typically 
construct their nests in the canopy of trees to avoid pred-
ators. Sumatran orangutans are semi-solitary animals. 
Typical orangutan social activity involves interactions 
between mother and offspring and young orangutans 
playing.

Humans and orangutans share similar genetic and 
physiological traits. Orangutan research is focused on 
protecting forests as orangutan habitats, while orangutan 
health has gotten little attention [7]. According to the study, 
these primates may be susceptible to bacterial, fungal, and 
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parasitic infections that could spread widely among these 
species and to humans. Most orangutan research has cen-
tered on the creatures’ behavior, ecology, and physiology. 
The gut microbiome of primates is a complex collection 
of bacteria, archaea, viruses, protists, and fungi [8]. Even 
though the role of bacteria as causal contributors influenc-
ing host physiological development has been explored, the 
role of the mycobiome as causal contributors has yet to be 
investigated, and no studies on fungi have been published.

Studies have shown that fungi present in the gut micro-
biome of primates can control the immune responses of 
the host by either reducing or increasing local inflamma-
tion. Generally, fungi produce enzymes and antibiotics 
that aid the host’s metabolism. A healthy microbial envi-
ronment in the digestive system stimulates the produc-
tion of intestinal villi, which enhances the efficiency of the 
intestinal barrier and helps protect against harmful bac-
terial infections and nutrient absorption [9,10]. However, 
changes in gut microbial diversity are associated with gas-
trointestinal disorders and inflammation. Alterations in 
the metabolic activity of the gut can also lead to changes 
in the gut microbiota that are linked to poor health [11]. 
Therefore, it is crucial to identify the mycobiome of wild 
orangutans as a resource for research purposes to help 
conserve orangutans.

Materials and Methods

Ethical approval

This study obtained a permit and a written recommendation 
letter from Kementerian Lingkungan Hidup dan Kehutanan 
Direktorat Jenderal Konservasi Sumber Daya Alam dan 
Ekosistem. Nomor: SK 433/KSDAE/SET.3/KSA.2/8/2021. 

Sample collection

The samples were gathered from healthy 11 to 15-year-old 
orangutans (P. abelii) in the wild and in captivity. Randomly 
combining nine samples from orangutans in the wild and 
nine samples from orangutans in captivity yielded three 
replicates, each containing three samples. The orangutans 
to be sampled are in good health, and none of the orang-
utans in custody is undergoing therapy. The feces of newly 
defecated orangutans are collected in the middle to avoid 
environmental contamination, sealed in a plastic bag, and 
stored in a cold box until the laboratory reaches a tempera-
ture between 2°C and 10°C.

The feces of wild adult Sumatran orangutans from 
Gunung Leuser National Park in Southeast Aceh Regency 
were collected. Geographically, Gunung Leuser National 
Park spans latitude 903°02'50.5'' north and longi-
tude 097°25'02.0'' east, encompassing a total area of 
281,574.62 ha. Regarding terrain, conditions range 

from coastal regions (0 meters above sea level/masl) to 
mountainous regions (3,000 masl). Almost 80% of the 
terrain has a gradient greater than 40%. In this jungle, 
orangutans live naturally without human intervention in 
health management, diet, immunization, or worm treat-
ment. Their diet comprises fruits gathered and ingested 
directly from trees, and they live from 15 to 40 m above 
the ground, where feces are identified. Orangutan feces 
were collected when the orangutans defecated early in 
the morning [4].

Meanwhile, fecal samples were taken from nine 
Sumatran orangutans in captivity at the Indonesian Safari 
Park in Bogor. This 168-hectare park is between 900 and 
1,800 masl and has average temperatures between 16°C 
and 240°C. Orangutans in captivity were never adminis-
tered antibiotics. The captive orangutans in this experi-
ment had never received antibiotic therapy before.

DNA extraction and analysis of 16S rRNA

The Qiagen DNeasy PowerSoil Kit was used to extract the 
feces of wild and captive Sumatran orangutans (Qiagen, 
Germantown, MD). Following the manual’s instructions, 
250 mg of fecal samples were utilized to extract DNA. 
The internal transcribed spacer region (ITS) region was 
amplified by PCR using the primers ITS1F (5′-CTT GGT 
CAT TTA GAG GAA GTAA-3′) and ITS2 (5′-GCT GCG TTC 
ATC GAT GC-3′ with barcode) for 35 cycles at 95°C for 
30 sec, 52°C for 30 sec, and 72°C for 30 sec [12]. All PCR 
studies utilized Phusion® High-Fidelity PCR Master Mix 
(New England Biolabs).

Preparation and sequencing

In the process from DNA samples to the final data, each 
step, including sample testing, PCR, purification, library 
creation, and sequencing, will affect the quality and amount 
of the data. In contrast, the data quality would immediately 
affect the findings of the information analysis. Quality con-
trol is performed at each stage of the process to ensure the 
precision and dependability of the sequencing data.

ITS bioinformatics

DNA libraries generated with the NEBNext® UltraTM DNA 
Library Prep Kit for Illumina and quantified using Qubit 
and quantitative  Polymerase chain reaction) would be 
analyzed on the Illumina platform. The Illumina NovaSeq 
was utilized to sequence a 150-bp at a depth of 1,100.  
Based on the specific barcodes of each sample, paired-end 
reads were assigned to them, and the barcode and primer 
sequences were deleted. To merge paired-end readings, 
FLASH (V1.2.7) was utilized [13]. According to the Qiime2 
(Version 2021.4) [14] quality-controlled procedure, the 
raw tags were subjected to quality filtering using specific 
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filtering parameters to create high-quality clean tags [15]. 
Using the UCHIME algorithm, the tags were matched to 
the SILVA reference database (http://arb-silva.de/), and 
chimeric sequences were deleted [16]. The Effective Tags 
were finally secured.

Uparse software (Uparse v7.0.1090) evaluated 
sequences using all available tags [17]. The similarity 
between sequences categorized as the same Operational 
Taxonomic Unit (OTUs) was 97%. A representative 
sequence for each OTU was screened for further anno-
tation. For each representative sequence, a query was 
conducted using Qiime2 (Version 2021.4) [14] in the 
Mothur method against the Small Subunit rRNA data-
base of the SILVA Database (http://arb-silva.de/). 
For each taxonomic level, provide species annotation. 
(Threshold:0.81) [18]. The MUSCLE (Version 3.8.31) 
can swiftly compare numerous sequences to identify 
the phylogenetic connection of all OTU representative 
sequences [19]. Utilizing a standard sequence number 
related to the sample containing the minor sequences, 
the abundance information for OTUs was normalized. 
Based on these output normalized data, the follow-
ing alpha diversity analysis was carried out, involving 
Chao1, Shannon, and Simpson, to examine the complex-
ity of biodiversity for a sample utilizing alpha diver-
sity. Each of these indexes was generated and shown 
in our samples using the R programming language 
(Version 2.15.3) [20].

Using clustering analysis and an evaluation of molec-
ular variation to determine the commonalities between 
multiple specimens, a cluster tree was constructed. 
Principal Coordinates Analysis (PCoA) can be utilized 
to depict beta diversity [21]. The Bray-Curtis index 
and permutational  multivariate analysis of variance 
(PERMANOVA) were utilized to determine whether or not 
the difference in microbial community structure between 
wild and captivity Sumatran orangutans is statistically 
significant [22].

We employed the CCMetagen approach to increase the 
accuracy and speed of metagenome classifiers. Pipeline 
greatly outperforms other commonly used tools in recog-
nizing bacteria and fungi and can efficiently use the entire 
National Center for Biotechnology Information nucleotide 
collection as a reference for discovering species with insuf-
ficient genome data [23].

Results

Sequencing results

The composition of the gut microbiota was effectively stud-
ied by collecting feces samples from nine wild and captive 
Sumatran orangutans (P. abelii) aged 11-15 years and 
randomly combining them into three replicates of three 

samples each. When collecting samples of wild orangutans, 
we scoured the forest for trees that provided orangutans 
with food. After seeing the orangutans eating, we followed 
them until they defecated. The read counts data reveal a 
maximum of 328,145 reads (Exsitu3) and a minimum of 
87,574 reads (Exsitu2), both of which are from captivity 
Sumatran orangutans, as shown in Table 1.

Fungi composition among Sumatran orangutans  
in the wild and captivity (P. abelii)

The relative frequency of different microbial taxa in 
wild Sumatran orangutans is 53% Ascomycota, 38% 
uncultured fungi, and 4% Basidiomycota. Sumatran 
orangutans’ captivity phyla are 57% Ascomycota, 26% 
uncultured fungi, and 2% Basidiomycota. Based on the 
results of OTU identification and taxonomic annotation 
According to CCMetagen, the total fungi at the genus 
level from the phylum Ascomycota and Basidiomycota 
in wild Sumatran orangutans are uncultured Neurospora 
(31%), Penicillium (10%), Aspergillus (3%), Fusarium 
(3%), Candida (2%), Cutaneotrichosporon (2%), and 
Limonomyces (2%). Aspergillus is the predominant genus 
among captivity orangutans (32%), followed by fungal 
species (11%), Lasiodiplodia (18%), Devriesia (2%), and 
Sordariomycetes (2%).

At the five species level of wild Sumatran orangutans (P. 
abelii), as determined by CCMetagen analysis, Neurospora, 
Penicillium sp. SYFz-1, cf. Limonomyces roseipellis, uncul-
tured Fusarium, and Candida albicans were identified. In 
captivity, Sumatran orangutans, Penicillium sp. SYFz-1, 
uncultured Fusarium, cf. Limonomyces roseipellis, C. albi-
cans, and uncultured Aspergillus were the most prevalent 
species (Tables 2 and 3).

Alpha and beta variation among Sumatran  
orangutans (P. abelii)

To examine the microbial community makeup in each sam-
ple, sequences classified as the same OTUs shared 97% 
similarity on the Effective Tags of all samples. The rarefac-
tion curve depicts the relationship between the number 
of species and the number of samples. Rarefaction can be 

Table 1.  Read counts from sample collections of wild and captivity 
Sumatran orangutans (P. abelii).

Sample ID Sample type Read counts

Wild1 Wild orangutan 259,398

Wild2 Wild orangutan 261,564

Wild3 Wild orangutan 265,495

Exsitu1 Captivity 275,280

Exsitu2 Captivity 87,574

Exsitu3 Captivity 328,145
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used to verify if a sample has been sufficiently sequenced 
to represent its identity accurately. It can also be used to 
determine if a group of samples originates from the same 
community.

According to the Chao1 diversity index, Shannon and 
Simpson found no significant difference between wild and 
captive Sumatran orangutans regarding microbial diver-
sity. Chao1 has a p-value of 0.635 and a T-test statistic of 
0.585; Shannon has a p-value of 0.798 and a T-test statistic 
of −0.386; and Simpson has a p-value of 0.891 and a T-test 
statistic of 0.032.

Beta diversity is a comprehensive comparison of micro-
biomes’ diversity based on their diversity. Therefore, beta 

diversity measurements are used to evaluate the differ-
ences between microbiomes. A cluster tree was constructed 
using clustering analysis to examine the commonalities 
among multiple specimens. PCoA can be utilized to depict 
beta diversity. Optimizing the linear correlation between 
sample values is the objective of the PCoA. The distance 
technique employs the Bray-Curtis index and PERMANOVA 
to establish statistical significance in this study. According 
to the PERMANOVA results, the R-squared value is 0.14629, 
and the p-value is 0.90. The microbial community compo-
sition of Sumatran orangutans in the wild and in captivity 
does not differ significantly. The cluster analysis aims to 
generate a tree diagram where the most comparable data 

Table 2.  Thirty prominent species from the phyla Ascomycota and Basidiomycota found in wild 
Sumatran orangutans (P. abelii) as determined by CCMetagen analysis.

No. Phylum Genus Species Score

1 Ascomycota unk_g uncultured Neurospora 1956,016

2 Ascomycota Penicillium Penicillium sp. SYFz-1 785,976

3 Basidiomycota unk_g cf. Limonomyces roseipellis 205,896

4 Ascomycota unk_g uncultured Fusarium 196,064

5 Ascomycota Candida Candida albicans 190,480

6 Basidiomycota Cutaneotrichosporon Cutaneotrichosporon cutaneum 111,526

7 Ascomycota unk_g uncultured Golovinomyces 71,486

8 Ascomycota unk_g uncultured Ascomycota 51,088

9 Ascomycota Trichoderma Trichoderma longibrachiatum 44,656

10 Ascomycota unk_g uncultured Aspergillus 30,666

11 Basidiomycota Cutaneotrichosporon Cutaneotrichosporon jirovecii 29,828

12 Ascomycota Neurospora Neurospora calospora 26,646

13 Basidiomycota Naganishia Naganishia diffluens 19,870

14 Ascomycota Pichia Pichia kudriavzevii 14,352

15 Ascomycota Kazachstania Kazachstania pintolopesii 12,704

16 Ascomycota Phoma Phoma herbarum 7,172

17 Ascomycota Cladosporium Cladosporium sp. PS4B-F9 6,098

18 Ascomycota Microsphaeropsis Microsphaeropsis proteae 5,756

19 Ascomycota Candida Candida parapsilosis 4,450

20 Ascomycota Aplosporella Aplosporella javeedii 4,426

21 Ascomycota Aspergillus Aspergillus flavus 4,374

22 Basidiomycota Naganishia Naganishia liquefaciens 3,952

23 Ascomycota Neomicrosphaeropsis Neomicrosphaeropsis minima 3,908

24 Ascomycota Aspergillus Aspergillus oryzae 2,856

25 Basidiomycota Rhodotorula Rhodotorula kratochvilovae 2,388

26 Ascomycota Talaromyces Talaromyces funiculosus 2,044

27 Ascomycota Cladosporium Cladosporium sp. 1,584

28 Ascomycota Briansuttonomyces Briansuttonomyces eucalypti 1,500

29 Mucoromycota Rhizopus Rhizopus oryzae 1,040

30 Ascomycota Saccharomyces Saccharomyces cerevisiae 1,028
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points are placed on nearby branches. The investigation 
findings indicate that the hierarchical clusters of Exsitu1 
are more comparable to Exsitu3 than Exsitu2.

Discussion

This study is the first to investigate the mycobiome of both 
wild and captive Sumatran orangutans, although the fun-
gal aspect of gut microbiota has received less attention 
compared to bacteria. Despite individual variations in gut 
microbiota, such as age, sex, geography, diet, and health, 
fungal commensals in the gut play critical roles in the 
mammalian immune response. This research sheds light 

on the dietary and digestive adaptations of orangutans, as 
the diversity of their gut mycobiome is comparable to that 
of other primates. Interestingly, the diversity of the gut 
mycobiome of wild orangutans is similar to that of captive 
orangutans, despite the wider range of food sources avail-
able in the wild.

The gut mycobiome plays a vital role in digest-
ing challenging-to-digest substances such as fiber and 
oligosaccharides. Through fermentative metabolism, the 
mycobiome generates various metabolites like short- and 
medium-chain fatty acids and gases. It also plays a significant 
role in safeguarding the epithelial barrier against pathogens 
and boosting immunity by activating T-cell 17 immune 

Table 3.  Thirty prominent Ascomycota and Basidiomycota species isolated from captive Sumatran 
orangutans (P. abelii) using CCMetagen analysis.

No. Phylum Genus Species Score

1 Ascomycota Penicillium Penicillium sp. SYFz-1 978,186

2 Ascomycota unk_g uncultured Fusarium 299,060

3 Basidiomycota unk_g cf. Limonomyces roseipellis 264,696

4 Ascomycota Candida Candida albicans 241,814

5 Basidiomycota Aspergillus uncultured Aspergillus 118,244

6 Ascomycota unk_g uncultured Golovinomyces 71,868

7 Ascomycota Candida Candida albicans 66,458

8 Ascomycota Trichoderma Trichoderma longibrachiatum 64,738

9 Ascomycota Cutaneotrichosporon Cutaneotrichosporon cutaneum 39,958

10 Basidiomycota Cutaneotrichosporon Cutaneotrichosporon jirovecii 34,206

11 Basidiomycota Naganishia Naganishia diffluens 23,908

12 Ascomycota Kazachstania Kazachstania pintolopesii 13,944

13 Ascomycota Cladosporium Cladosporium sp. PS4B-F9 13,524

14 Ascomycota Pichia Pichia kudriavzevii 12,438

15 Ascomycota Phoma Phoma herbarum 10,606

16 Ascomycota Microsphaeropsis Microsphaeropsis proteae 6,728

17 Ascomycota unk_g uncultured Neurospora 5,882

18 Ascomycota Candida Candida parapsilosis 5,428

19 Ascomycota Aspergillus Aspergillus flavus 5,264

20 Ascomycota Neomicrosphaeropsis Neomicrosphaeropsis minima 5,172

21 Ascomycota Fusarium Fusarium oxysporum 4,644

22 Ascomycota Aplosporella Aplosporella javeedii 4,538

23 Ascomycota Aspergillus Aspergillus oryzae 3,584

24 Basidiomycota Rhodotorula Rhodotorula kratochvilovae 2,970

25 Ascomycota Talaromyces Talaromyces funiculosus 2,698

26 Basidiomycota Malassezia Malassezia furfur 2,618

27 Basidiomycota Naganishia Naganishia liquefaciens 2,614

28 Ascomycota Microsphaeropsis Microsphaeropsis olivacea 1,948

29 Ascomycota Fusariella Fusariella sp. MFLUCC 15-0844 1,946

30 Ascomycota Briansuttonomyces Briansuttonomyces eucalypti 1,500
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mechanisms. Thus, maintaining mucosal homeostasis is one 
of the critical functions of the gut mycobiome [24,25].

The ITS region of fungal rRNA varies in length among 
different fungal species, which can introduce bias when 
using next-generation sequencing technology. Moreover, 
ITS variation may not always be sufficient to distinguish 
between species, and few references are available to match 
sequences to organisms [26]. Although ITS1 was previ-
ously considered the best target for fungal profiling, recent 
research has shown that ITS2 is more accurate. However, 
ITS1 and ITS2 produce identical community structure pat-
terns regarding clustering and taxonomic capabilities [27]. 
Based on the OTU findings, there are no species-level dif-
ferences between captive and wild Sumatran orangutans’ 
gut mycobiomes. Identified fungi in both groups include 
Penicillium sp. SYFz-1, cf. Limonomyces roseipellis, uncul-
tured Fusarium, and C. albicans. However, wild orangutans 
had uncultured Neurospora, while captive Sumatran orang-
utans had the highest levels of uncultured Aspergillus.

Sumatran orangutans consume various food items, 
including fruits, young leaves, flowers, honey, shoots, stems, 
seeds, nuts, bamboo, mushrooms, bark, termites, and ant 
eggs. These food items are rich in cellulose and hemicellu-
lose, which primates cannot digest independently due to a 
lack of the cellulase enzyme. Therefore, they rely on their 
gut microbiome to produce this enzyme. Fungi found in the 
guts of wild and captive Sumatran orangutans are believed 
to aid in metabolic processes, particularly the digestion of 
cellulose and hemicellulose. As a result, the mycobiomes 
of wild and captive Sumatran orangutans were not sig-
nificantly different. Similar findings have been reported 
in studies of Tibetan macaques and Lemurs, which also 
had Aspergillus, Penicillium, and Fusarium fungi in their 
guts. These fungus genera produce enzymes that are use-
ful for breaking down cellulose biomass in plant diets 
rich in cellulose and hemicellulose [28,29]. Furthermore, 
Neurospora crassa, a species in the genus Neurospora, is 
known for possessing regulatory genes that express cellu-
lase genes, cellulase activity, and cellulase secretion [30].

Neurospora is a type of filamentous fungus belonging 
to the Ascomycota phylum. The name Neurospora refers 
to the appearance of its spores, which have striations 
resembling axons. This fungus is widely used in cellu-
lar research to study aspects of eukaryotic biology, such 
as development and differentiation [31]. In addition, 
Neurospora is a valuable model organism for studying 
epigenetic phenomena, as it has various genome defense 
and epigenetic mechanisms. Neurospora is the only organ-
ism with repeat-induced point mutations, a unique fea-
ture among fungi [32]. While there is no direct evidence 
that Neurospora has a secondary metabolism, some gene 
sequences have been identified as potential candidates for 
secondary metabolite production [33].

Candida albicans has been found in both wild and cap-
tive Sumatran orangutans. While most research on the 
mycobiome has focused on opportunistic pathogens like 
C. albicans, it is actually a common fungus in the gut of 
healthy humans and animals, making it a typical mem-
ber of the human gut microbiota [34–38]. Since C. albi-
cans lacks a significant reservoir in the environment, it is 
believed to have coevolved extensively with its host and 
other microbes. Although Candida can also colonize other 
body parts, such as the mouth, skin, and vagina, it is a fre-
quent cause of mucosal disease in otherwise healthy indi-
viduals [39,40]. However, it can also enter the bloodstream 
from the gut and cause invasive [41,42] and life-threaten-
ing infections in immunocompromised individuals such as 
organ transplant recipients or cancer patients undergoing 
chemotherapy [36].

The mycobiome in the gastrointestinal tract, which 
is estimated to be around 0.1% of the total gut microbi-
ome in humans [43,44], likely has a similar proportion 
in orangutans. The mycobiome is essential for maintain-
ing intestinal health, immune system development, and 
disease pathogenesis [25,44]. An imbalance in the com-
position of the gut microbial community, including the 
mycobiome, known as dysbiosis, has been linked to var-
ious diseases, such as autoimmune disorders, metabolic 
disorders, neurological disorders, and cancer. The colo-
nization and growth of opportunistic fungal pathogens 
in the gut can cause dysregulated immune responses and 
affect disease progression. Candida spp. has been found 
to influence the gut bacterial microbiome’s assembly and 
function through various mechanisms such as cellular 
contact, competition, collaboration for nutrients, and the 
production of secondary metabolites and antimicrobial 
peptides. These interactions between gut fungi, bacteria, 
and host immunity are essential for maintaining human 
immune homeostasis, which can influence overall health 
and disease outcomes [45–47].

The variability of the gut mycobiome is influenced 
by dietary and environmental factors and host factors 
such as genetics, age, sex, use of antibiotics, and anti-
fungals. The gut mycobiome shows higher variability 
between individuals and instability over time than the 
gut bacterial microbiome. Individuals with different 
nutritional patterns have different gut mycobiome com-
positions. A carbohydrate-rich diet is associated with 
an increased abundance of Candida  spp. In contrast, a 
protein-enriched diet is associated with a decreased 
abundance of Candida spp. and Methanobrevibacter bac-
teria in healthy individuals [44,48,49]. Overall, the gut 
mycobiome is a complex and dynamic ecosystem that 
is influenced by a variety of factors, and more research 
is needed to fully understand its role in human and 
animal health.
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However, the study has limited samples of wild orang-
utans that reside in tall trees and has detected a popula-
tion of approximately 30 wild orangutans dispersed across 
hundreds of hectares of forest. It is important to continue 
research on the mycobiome of wild orangutans and expand 
the sample size to gain a more comprehensive understand-
ing of the gut microbiome in these animals. Such studies 
could also provide valuable insights into the role of the gut 
microbiome in the evolution of orangutans and their adap-
tation to changing environments. This information could 
also be used to develop strategies to support the conserva-
tion of orangutan populations, as changes in diet and hab-
itat could affect the composition and function of their gut 
microbiomes, including the mycobiome.

Conclusion

Wild Sumatran orangutans are composed of 53% 
Ascomycota, 38% uncultured fungi, and 4% Basidiomycota. 
In captivity, 57% of the orangutan phyla are Ascomycota, 
26% are uncultured fungi, and 2% are Basidiomycota. 
Neurospora is unique to wild Sumatran orangutans, 
although Aspergillus predominates in captive orangutans. 
We predict that the gut mycobiome of wild orangutans will 
be similar to that of captive orangutans. The greater diver-
sity of food sources in the forest does not result in the pres-
ence of fungi in the normal microbiome of the gut flora. 
The synergistic, symbiotic, or antagonistic interactions 
between fungal and bacterial microbiota members should 
be understood.

List of abbreviations

GI, gastrointestinal; PERMANOVA, permutational multivar-
iate analysis of variance; ITS, internal transcribed spacer 
region; masl, meters above sea level; OTU, Operational 
Taxonomic Unit; PCoA, Principal Coordinates Analysis

Acknowledgment

The authors would like to thank Gunung Leuser National 
Park and Bogor Indonesian Safari Park for providing sam-
ples for this study, as well as the Deputy for Strengthening 
Research and Development, Ministry of Research and 
Technology, and the National Research and Innovation 
Agency of the Republic of Indonesia. The authors also thank 
the laboratory staff of the Medical Microbiology Division, 
Department of Animal Disease and Veterinary Public 
Health, school of veterinary medicine, and Biomedicine 
IPB University.

Conflict of interests

The authors declare no conflict of interest for this. 

Authors’ contributions

SS designed the study, interpreted the data, and drafted 
the manuscript. AI was involved in the collection of data 
and also contributed to manuscript preparation. UA 
took part in preparing and critically checking this man-
uscript. All the authors read and approved the manu-
script for publication.

References
[1]	 Habinger SG, Chavasseau O, Jaeger JJ, Chaimanee Y, Soe AN, 

Sein C, et  al. Evolutionary ecology of Miocene hominoid pri-
mates in Southeast Asia Sci Rep 2022; 12(1):11841; https://doi.
org/10.1038/s41598-022-15574-z

[2]	 Santika T, Sherman J, Voigt M, Ancrenaz M, Wich SA, Wilson KA, 
et al. Effectiveness of 20 years of conservation investments in pro-
tecting orangutans. Curr Biol 2022; 32(8):1754–63e6; https://doi.
org/10.1016/j.cub.2022.02.051

[3]	 Spehar SN, Sheil D, Harrison T, Louys J, Ancrenaz M, Marshall 
AJ, et  al. Orangutans venture out of the rainforest and into 
the Anthropocene. Sci Adv 2018; 4(6):e1701422; https://doi.
org/10.1126/sciadv.1701422

[4]	 Meijaard E, Ni’matulalah S, Dennis R, Sherman J, Wich SA. The 
historical range and drivers of decline of Tapanuli Orang utan. 
PLoS One 2021; 6(1):1–23; https://doi.org/10.1371/journal.
pone.0238087

[5]	 Safika S, Wardinal W, Ismail YS, Nisa K, Sari WN. Weissella, a novel 
lactic acid bacteria isolated from wild Sumatran orangutans (Pongo 
abelii). Vet World 2019; 12(7):1060–5; https://doi.org/10.14202/
vetworld.2019.1060-1065

[6]	 Zahro YRD, Mardiastuti A, Rahman DE. Behavior and food of 
reintroduced bornean orangutan (Pongo pygmaeus wurmbii) at 
feeding site and forest area in lamandau wildlife sanctuary. In 
Proceedings of the 7th International Conference on Biological 
Science (ICBS 2021), 2022 Atlantis Press International B.V; 
https://doi.org/10.2991/absr.k.220406.060

[7]	 Ma S, Skarica M, Li Q, Xu C, Risgaard RD, Tebbenkamp ATN, et al. 
Molecular and cellular evolution of the primate dorsolateral pre-
frontal cortex. Science 2022; 377(6614):eabo7257; https://doi.
org/10.1126/science.abo7257

[8]	 Clayton JB, Gomez A, Amato K, Knights D, Travis DA, Blekhman R, 
et al. The gut microbiome of nonhuman primates: Lessons in ecol-
ogy and evolution. Am J Primatol 2018; 80(6):e22867; https://doi.
org/10.1002/ajp.22867. 

[9]	 Kapitan M, Niemiec MJ, Steimle A, Frick JS, Jacobsen ID. Fungi as 
part of the microbiota and interactions with intestinal bacteria. 
Curr Top Microbiol Immunol 2019; 422:265–301; https://doi.
org/10.1007/82_2018_117. 

[10]	 Pérez JC. Fungi of the human gut microbiota: roles and signifi-
cance. Int J Med Microbiol 2021; 311(3):151490; https://doi.
org/10.1016/j.ijmm.2021.151490

[11]	 van Tilburg Bernardes E, Pettersen VK, Gutierrez MW, Laforest-
Lapointe I, Jendzjowsky NG, Cavin JB, et  al. Intestinal fungi are 
causally implicated in microbiome assembly and immune devel-
opment in mice. Nat Commun 2020; 11(1):2577; https://doi.
org/10.1038/s41467-020-16431-1

[12]	 Li S, Deng Y, Wang Z, Zhang Z, Kong X, Zhou W, et al. Exploring the 
accuracy of amplicon-based internal transcribed spacer markers 
for a fungal community. Mol Ecol Resour 2020; 20(1):170–84; 
https://doi.org/10.1111/1755-0998.13097

[13]	 Maran MIJ, Davis GDJ. Benefits of merging paired-end reads 
before pre-processing environmental metagenomics data. 
Mar Genom 2022; 61:100914; https://doi.org/10.1016/j.
margen.2021.100914

https://doi.org/10.1038/s41598-022-15574-z
https://doi.org/10.1038/s41598-022-15574-z
https://doi.org/10.1016/j.cub.2022.02.051
https://doi.org/10.1016/j.cub.2022.02.051
https://doi.org/10.1126/sciadv.1701422
https://doi.org/10.1126/sciadv.1701422
https://doi.org/10.1371/journal.pone.0238087
https://doi.org/10.1371/journal.pone.0238087
https://doi.org/10.14202/vetworld.2019.1060-1065
https://doi.org/10.14202/vetworld.2019.1060-1065
https://doi.org/10.2991/absr.k.220406.060
https://doi.org/10.1126/science.abo7257
https://doi.org/10.1126/science.abo7257
https://doi.org/10.1002/ajp.22867
https://doi.org/10.1002/ajp.22867
https://doi.org/10.1007/82_2018_117
https://doi.org/10.1007/82_2018_117
https://doi.org/10.1016/j.ijmm.2021.151490
https://doi.org/10.1016/j.ijmm.2021.151490
https://doi.org/10.1038/s41467-020-16431-1
https://doi.org/10.1038/s41467-020-16431-1
https://doi.org/10.1111/1755-0998.13097
https://doi.org/10.1016/j.margen.2021.100914
https://doi.org/10.1016/j.margen.2021.100914


http://bdvets.org/javar/	 � 235Safika et al. / J. Adv. Vet. Anim. Res., 10(2): 228–236, June 2023

[14]	 Estaki M, Jiang L, Bokulich NA, McDonald D, González A, Kosciolek 
T, et  al. QIIME 2 enables comprehensive end-to-end analysis of 
diverse microbiome data and comparative studies with publicly 
available data. Curr Prot Bioinformat 2020; 70(1):e100; https://
doi.org/10.1002/cpbi.100

[15]	 Al-Ghalith GA, Hillmann B, Ang K, Shields-Cutler R, Knights D. 
SHI7 Is a self-learning pipeline for multipurpose short-read DNA 
quality control. mSystems 2018; 3(3):e00202–17; https://doi.
org/10.1128/mSystems.00202-17

[16]	 Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME 
improves sensitivity and speed of chimera detection. 
Bioinformatics 2011; 27(16):2194–00; https://doi.org/10.1093/
bioinformatics/btr381. 

[17]	 Edgar RC. UPARSE: highly accurate OTU sequences from microbial 
amplicon reads. Nat Method 2013; 10(10):996–8; https://doi.
org/10.1038/nmeth.2604 

[18]	 Mikheenko A, Prjibelski A, Saveliev V, Antipov D, Gurevich A. Versatile 
genome assembly evaluation with QUAST-LG. Bioinformatics 2018; 
34(13):i142–50; https://doi.org/10.1093/bioinformatics/bty266

[19]	 Jeske JT, Gallert C. Microbiome analysis via OTU and ASV-based 
pipelines-a comparative interpretation of ecological data in 
WWTP systems. Bioengineering (Basel) 2022; 9(4):146; https://
doi.org/10.3390/bioengineering9040146

[20]	 Edgar RC. MUSCLE: multiple sequence alignment with high accu-
racy and high throughput. Nucl Acids Res 2004; 32(5):1792–7; 
https://doi.org/10.1093/nar/gkh340

[21]	 Prehn-Kristensen A, Zimmermann A, Tittmann L, Lieb W, Schreiber 
S, Baving L, et  al. Reduced microbiome alpha diversity in young 
patients with ADHD. PLoS One 2018; 13(7):e0200728; https://
doi.org/10.1371/journal.pone.0200728

[22]	 Wang Y, Sun F, Lin W, Zhang S. AC-PCoA: Adjustment for confound-
ing factors using principal coordinate analysis. PLOS Computat 
Biol 2022; 18(7):e1010184; https://doi.org/10.1371/journal.
pcbi.1010184

[23]	 Marcelino VR, Clausen PTLC, Buchmann JP, Wille M, Iredell 
JR, Meyer W, et  al. CCMetagen: comprehensive and accurate 
identification of eukaryotes and prokaryotes in metagenomic 
data. Genome Biol 2020; 21(1):103; https://doi.org/10.1186/
s13059-020-02014-2

[24]	 Leonardi I, Gao IH, Lin WY, Allen M, Li XV, Fiers WD, et al. Mucosal 
fungi promote gut barrier function and social behavior via 
Type 17 immunity. Cell 2022; 185(5):831–46.e14; https://doi.
org/10.1016/j.cell.2022.01.017

[25]	 Belvoncikova P, Splichalova P, Videnska P, Gardlik R. The human 
mycobiome: colonization, composition and the role in health 
and disease. J Fungi (Basel) 2022; 8(10):1046; https://doi.
org/10.3390/jof8101046

[26]	 Nilsson RH, Anslan S, Bahram M, Wurzbacher C, Baldrian P, 
Tedersoo L. Mycobiome diversity: high-throughput sequencing 
and identification of fungi. Nat Rev Microbiol 2019; 17(2):95–109; 
https://doi.org/10.1038/s41579-018-0116-y

[27]	 Yang RH, Su JH, Shang JJ, Wu YY, Li Y, Bao DP, et al. Evaluation of the 
ribosomal DNA internal transcribed spacer (ITS), specifically ITS1 
and ITS2, for the analysis of fungal diversity by deep sequencing. 
PLoS One 2018; 13(10):e0206428; https://doi.org/10.1371/jour-
nal.pone.0206428

[28]	 Sun B, Gu Z, Wang X, Huffman MA, Garber PA, Sheeran LK, et al. 
Season, age, and sex affect the fecal mycobiota of free-ranging 
Tibetan macaques (Macaca thibetana). Am J Primatol 2018; 
80(7):e22880; https://doi.org/10.1002/ajp.22880

[29]	 Borruso L, Checcucci A, Torti V, Correa F, Sandri C, Luise D, et al. I 
like the way you eat it: lemur (Indri indri) gut mycobiome and geo-
phagy. Microb Ecol 2021; 82(1):215–23; https://doi.org/10.1007/
s00248-020-01677-5

[30]	 Yu NN, Ketya W, Park G. Intracellular nitric oxide and cAMP 
are involved in cellulolytic enzyme production in  Neurospora 
crassa. Int J Mol Sci 2023; 24(5):4503; https://doi.org/10.3390/
ijms24054503

[31]	 Kronholm I, Ormsby T, McNaught KJ, Selker EU, Ketola T. 
Marked Neurospora crassa strains for competition experiments 
and bayesian methods for fitness estimates. G3 (Bethesda, Md) 
2020; 10(4):1261–70; https://doi.org/10.1534/g3.119.400632

[32]	 Hosseini S, Meunier C, Nguyen D, Reimegård J, Johannesson 
H. Comparative analysis of genome-wide DNA methylation 
in Neurospora. Epigenetics 2020; 15(9):972–87; https://doi.org/
10.1080/15592294.2020.1741758

[33]	 Wang Z, Lopez-Giraldez F, Slot J, Yarden O, Trail F, Townsend 
JP. Secondary metabolism gene clusters exhibit increasingly 
dynamic and differential expression during asexual growth, 
conidiation, and sexual development in Neurospora crassa. 
mSystems 2022; 7(3):e0023222; https://doi.org/10.1128/
msystems.00232-22

[34]	 Musumeci S, Coen M, Leidi A, Schrenzel J. The human gut mycobi-
ome and the specific role of Candida albicans: where do we stand, 
as clinicians? Clin Microbiol Infect 2022; 28(1):58–63; https://doi.
org/10.1016/j.cmi.2021.07.034

[35]	 Cavalieri D, Di Paola M, Rizzetto L, Tocci N, De Filippo C, Lionetti 
P, et al. Genomic and phenotypic variation in morphogenetic net-
works of two  Candida albicans  isolates subtends their different 
pathogenic potential. Front Immunol 2018; 8:1997; https://doi.
org/10.3389/fimmu.2017.01997

[36]	 Raimondi S, Amaretti A, Gozzoli C, Simone M, Righini L, Candeliere 
F, et al. Longitudinal survey of fungi in the human gut: ITS profiling, 
phenotyping, and colonization. Front Microbiol 2019; 10:1575; 
https://doi.org/10.3389/fmicb.2019.01575

[37]	 Fiers WD, Gao IH, Iliev ID. Gut mycobiota under scrutiny: Fungal 
symbionts or environmental transients? Curr Opin Microbiol 
2019; 50:79–86; https://doi.org/10.1016/j.mib.2019.09.010

[38]	 Pérez JC. Fungi of the human gut microbiota: roles and signifi-
cance. Int J Med Microbiol. 2021; 311(3):151490; https://doi.
org/10.1016/j.ijmm.2021.151490

[39]	 Harpf V, Rambach G, Würzner R, Lass-Flörl C, Speth C. Candida and 
complement: new aspects in an old Battle. Front Immunol 2020; 
11:1471; https://doi.org/10.3389/fimmu.2020.01471

[40]	 Zhai B, Ola M, Rolling T, Tosini NL, Joshowitz S, Littmann ER, 
et  al. High-resolution mycobiota analysis reveals dynamic intes-
tinal translocation preceding invasive candidiasis. Nat Med 2020; 
26(1):59–64; https://doi.org/10.1038/s41591-019-0709-7

[41]	 d’Enfert C, Kaune AK, Alaban LR, Chakraborty S, Cole N, Delavy 
M, et al. The impact of the fungus-host-microbiota interplay upon 
Candida albicans infections: current knowledge and new per-
spectives. FEMS Microbiol Rev 2021; 45(3):fuaa060; https://doi.
org/10.1093/femsre/fuaa060

[42]	 Alonso-Monge R, Gresnigt MS, Román E, Hube B, Pla J. Candida 
albicans colonization of the gastrointestinal tract: a double-edged 
sword. PLoS Pathog 2021; 17(7):e1009710; https://doi.
org/10.1371/journal.ppat.1009710

[43]	 Nash AK, Auchtung TA, Wong MC, Smith DP, Gesell JR, Ross MC, 
et al. The gut mycobiome of the human microbiome project healthy 
cohort. Microbiome 2017; 5(1):153; https://doi.org/10.1186/
s40168-017-0373-4

[44]	 Zhang F, Aschenbrenner D, Yoo JY, Zuo T. The gut mycobiome in 
health, disease, and clinical applications in association with the gut 
bacterial microbiome assembly. Lancet Microbe 2022; 3(12):e969–
83; https://doi.org/10.1016/S2666-5247(22)00203-8

[45]	 Sokol H, Leducq V, Aschard H, Pham HP, Jegou S, Landman C, et al. 
Fungal microbiota dysbiosis in IBD. Gut 2017; 66(6):1039–48; 
https://doi.org/10.1136/gutjnl-2015-310746

https://doi.org/10.1002/cpbi.100
https://doi.org/10.1002/cpbi.100
https://doi.org/10.1128/mSystems.00202-17
https://doi.org/10.1128/mSystems.00202-17
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1093/bioinformatics/bty266
https://doi.org/10.3390/bioengineering9040146
https://doi.org/10.3390/bioengineering9040146
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1371/journal.pone.0200728
https://doi.org/10.1371/journal.pone.0200728
https://doi.org/10.1371/journal.pcbi.1010184
https://doi.org/10.1371/journal.pcbi.1010184
https://doi.org/10.1186/s13059-020-02014-2
https://doi.org/10.1186/s13059-020-02014-2
https://doi.org/10.1016/j.cell.2022.01.017
https://doi.org/10.1016/j.cell.2022.01.017
https://doi.org/10.3390/jof8101046
https://doi.org/10.3390/jof8101046
https://doi.org/10.1038/s41579-018-0116-y
https://doi.org/10.1371/journal.pone.0206428
https://doi.org/10.1371/journal.pone.0206428
https://doi.org/10.1002/ajp.22880
https://doi.org/10.1007/s00248-020-01677-5
https://doi.org/10.1007/s00248-020-01677-5
https://doi.org/10.3390/ijms24054503
https://doi.org/10.3390/ijms24054503
https://doi.org/10.1534/g3.119.400632
https://doi.org/10.1080/15592294.2020.1741758
https://doi.org/10.1080/15592294.2020.1741758
https://doi.org/10.1128/msystems.00232-22
https://doi.org/10.1128/msystems.00232-22
https://doi.org/10.1016/j.cmi.2021.07.034
https://doi.org/10.1016/j.cmi.2021.07.034
https://doi.org/10.3389/fimmu.2017.01997
https://doi.org/10.3389/fimmu.2017.01997
https://doi.org/10.3389/fmicb.2019.01575
https://doi.org/10.1016/j.mib.2019.09.010
https://doi.org/10.1016/j.ijmm.2021.151490
https://doi.org/10.1016/j.ijmm.2021.151490
https://doi.org/10.3389/fimmu.2020.01471
https://doi.org/10.1038/s41591-019-0709-7
https://doi.org/10.1093/femsre/fuaa060
https://doi.org/10.1093/femsre/fuaa060
https://doi.org/10.1371/journal.ppat.1009710
https://doi.org/10.1371/journal.ppat.1009710
https://doi.org/10.1186/s40168-017-0373-4
https://doi.org/10.1186/s40168-017-0373-4
https://doi.org/10.1016/S2666-5247(22)00203-8
https://doi.org/10.1136/gutjnl-2015-310746


http://bdvets.org/javar/	 � 236Safika et al. / J. Adv. Vet. Anim. Res., 10(2): 228–236, June 2023

[46]	 Coker OO, Nakatsu G, Dai RZ, Wu WKK, Wong SH, Ng SC, et  al. 
Enteric fungal microbiota dysbiosis and ecological alterations 
in colorectal cancer. Gut 2019; 68(4):654–62; https://doi.
org/10.1136/gutjnl-2018-317178

[47]	 Nelson A, Stewart CJ, Kennedy NA, Lodge JK, Tremelling M, UK IBD 
Genetics Consortium, et al. The impact of NOD2 genetic variants on 
the gut mycobiota in crohn’s disease patients in remission and in 
individuals without gastrointestinal inflammation. J Crohns Colitis 
2021; 15(5):800–12; https://doi.org/10.1093/ecco-jcc/jjaa220

[48]	 Hoffmann C, Dollive S, Grunberg S, Chen J, Li H, Wu GD, et  al. 
Archaea and fungi of the human gut microbiome: correlations with 
diet and bacterial residents. PLoS One 2013; 8(6):e66019; https://
doi.org/10.1371/journal.pone.0066019

[49]	 Huseyin CE, O’Toole PW, Cotter PD, Scanlan PD. Forgotten fun-
gi-the gut mycobiome in human health and disease. FEMS 
Microbiol Rev 2017; 41(4):479–511; https://doi.org/10.1093/
femsre/fuw047

https://doi.org/10.1136/gutjnl-2018-317178
https://doi.org/10.1136/gutjnl-2018-317178
https://doi.org/10.1093/ecco-jcc/jjaa220
https://doi.org/10.1371/journal.pone.0066019
https://doi.org/10.1371/journal.pone.0066019
https://doi.org/10.1093/femsre/fuw047
https://doi.org/10.1093/femsre/fuw047

