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Abstract
Ecuador is recognized for having a high diversity of anuran species, which are distributed mainly south of the Andes moun-
tains. However, due to their geographic location and accessibility, there are few studies related to the culturable microbiota 
of these amphibians in this region. The objective of this study was to explore the bacterial and fungal biodiversity present on 
the skin of wild anuran species in the southern Andes of Ecuador and to observe whether geographical barriers in the region 
could increase the variability of the culturable microbiota through MALDI-TOF mass spectrometry. This analysis revealed the 
presence of 29 bacterial taxa and 9 fungal taxa, consisting mainly of: Pseudomonas chlororaphis (28%), Acinetobacter iwoffii 
(14%), Pseudomonas fluorescens (14%), and Hortaea werneckii (26.4%), Fusarium solani (20.5%), Syncephalastrum spp. 
(20.5%), respectively. Diversity varied across the five sampling locations, with geographic location proving to be a significant 
driver of diversity. Some of the most abundant bacterial and fungal genera have important associations with skin diseases in 
wildlife and humans. This work represents a glimpse into the complex biodiversity of bacteria and fungi that inhabit the skin 
substrate, and further studies will be needed to better understand bacterial and fungal biodiversity with potential implications 
for establishing conservation strategies, along with the development of necessary animal protection measures.
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Introduction

Ecuador is one of the countries with the greatest diversity 
of amphibians, with approximately 653 described spe-
cies [1, 2], of which 13% are critically endangered, 23% 
are endangered, and 20% are vulnerable [3]. Most of these 
species inhabit aquatic and terrestrial environments, which 

determine their physiological processes [4], making them 
susceptible to environmental changes that alter their habitat. 
It is worth noting that 40% of species are in decline in recent 
years [5]. The increase in anthropogenic activities result-
ing in pollution [6, 7] and the expansion of the agricultural 
frontier [8] have had observable effects on amphibian popu-
lations, which are severely threatened and in decline [9–11].
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The microbiota, which represents the set of microorgan-
isms that inhabit both the surface and the interior of organ-
isms, can modulate host health by affecting their develop-
ment, behavior, metabolism, and inflammatory responses 
[11]. In amphibians, bacterial communities present on the 
skin could offer protection against infection by synthesiz-
ing antifungal metabolites, acting as an integral part of 
the animal’s immune system [12]. Some bacteria on the 
skin of amphibians are capable of inhibiting the growth of 
pathogens in vitro [13, 14], and supplementing amphibian 
microbiomes with inhibitory bacteria can increase survival 
in laboratory assays [15, 16]. Furthermore, the composi-
tion of bacterial communities in frogs and the persistence 
of the host population are often correlated [17, 18]. In 
addition to the knowledge about bacterial microbiomes, 
there are few studies on fungal microbiomes [19]. Rela-
tively few studies have examined the fungal microbiomes 
of vertebrate wildlife [20–23]. Furthermore, while these 
studies provide valuable starting points, they have often 
had limitations as they were carried out in captivity [21, 
24], which disrupts the microbiomes [25, 26]. Previous 
studies have described that fungi inhabiting the skin of 
some amphibians are capable of producing antimicro-
bial compounds such as penicillin [27], although little is 
known about their effects on amphibian health and how 
they interact with host immune defenses. It should be men-
tioned that few studies have been conducted on cutaneous 
fungal communities in amphibians and the same time has 
been observed the potential of bacteria for probiotic appli-
cations [28, 29].

Matrix-assisted laser desorption ionization time-of-flight 
mass spectrometry (MALDI-TOF MS) has been applied in 
the field of microbiology for many years. However, with the 
development of new technologies and method optimization, 
new rapid and accurate approaches have been developed to 
improve the accuracy of targeted identification. MALDI-
TOF spectroscopy is not limited to identifying strains grown 
on solid media, or in vitro, but can also directly identify 
them from blood culture samples, cerebrospinal fluid, urine, 
and skin samples [30–34]. Identification by MALDI-TOF 
spectroscopy has been used to identify Gram-negative and 
Gram-positive bacteria, aerobes, anaerobes, mycobacteria, 
nocardia, yeasts, filamentous fungi, and viruses [35–42]. 
MALDI-TOF MS is a reliable, simple, and readily available 
technology [43, 44].

Currently, there is a need to understand the diversity of 
cultivable microbial communities that contribute to host 
disease resistance, as well as those of pathogenic commu-
nities. The objective of this study was to characterize the 
composition of the bacterial and fungal skin microbiota in 
anuran species residing in the south of the Ecuador using 
matrix-assisted laser desorption ionization time-of-flight 
mass spectrometry (MALDI-TOF MS) and to determine 

whether geographic location influenced the species diversity 
observed on anuran skin.

Materials and Methods

Ethics Statement

This study was conducted in strict accordance with the 
guidelines for the use of live amphibians and reptiles in field 
research developed by the American Society of Ichthyolo-
gists and Herpetologists, the League of Herpetologists, and 
the Society for the Study of Amphibians and Reptiles. Spe-
cific collecting permits for this study were obtained under 
authorization from the Ministry of Environment, Water, 
and Ecological Transition of Ecuador (MAATE), number 
MAAE-ARSFC-2021–1564. The samples did not include 
endangered or protected animal or plant species.

Sampling Locations

The study was conducted in eleven locations located from 
south to north in the foothills of the Andes Mountains dur-
ing the months of September and November 2021. These 
locations include: (A) Zamora-Chinchipe Province; (1) the 
“provincial boundary” sector located in the southeastern 
part and classified as montane cloud forest, with species 
from the Areaceae, Poaceae, and Orchidaceae families; (2) 
the “Padmi sector,” characterized as a lowland evergreen 
forest, located in the central-eastern part. It has shrub 
species such as Sapium and Grias peruviana, second-
ary forests with Dictyoloma peruviana, and also includes 
sections of tropical rainforest and premontane forest; (3) 
the “Piuntza sector,” which exhibits premontane forest 
vegetation characterized by high tree and shrub diversity. 
Volcanic soil conditions, high humidity, and moderate alti-
tude favor endemic communities and ecological transitions 
between tropical forests and montane ecosystems. (B) Loja 
Province; (1) “Cerro Pucará Park,” adjacent to the north-
western part of Podocarpus National Park. Its ecosystem 
is described as a montane cloud forest, located between 
1,500 and 2,900 m a.s.l.; (2) “Abra del Zamora sector,” 
located on the northern periphery, between Podocarpus 
National Park and Pucará Park, classified as a montane 
cloud forest ecosystem. (C) Cañar Province; (1) “Laguna 
de Guabizhum sector,” located in the Soldados parish, 
belonging to the Déleg canton, has a montane cloud for-
est, with the presence of Cyperaceae species such as Bar-
nadesia parviflora, Juglans neotropica, and Myrcianthes 
spp. (D) Azuay Province; (1) “Guangarcucho sector,” with 
vegetation formation characterized by the appearance of 
humid montane scrub, includes relatively humid valleys 
between 2,000 and 3,000 m.a.s.l. in the inter-Andean alley, 
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where native vegetation has been devastated and replaced 
by agricultural crops and forests of Eucalyptus globulus, 
Salix humboldtiana and Acacia farnesiana; (2) “Laza-
reto sector,” located in the urban area, which includes the 
banks of the Milchichig River, here the introduced forests 
(non-native plants) contain species of the genera Junglas 
neotropica, Baccharis latifolia and Spartium junceum; 
(3) “Chanlud sector,” classified as a shrubby páramo, 
composed mainly of grasslands and shrubs, in an altitu-
dinal range of 2600 to 3600 m a.s.l., characterized by the 
presence of the genus Calamagrostis and shrub species 
of the genera Baccharis, Gynoxys, and Brachyotum; (4) 
“Quimsacocha sector,” with an altitude of 3100 m a.s.l., 
is characterized by having characteristics of a shrubby 
páramo with a significant presence of Cortaderia nitida. 
(E) Morona Santiago Province; (1) “Wapú sector,” has an 
ecosystem classified as an evergreen piedmont forest with 

an altitude of 800 and 1300 m a.s.l. It has a tree composi-
tion native to the area where the canopy can reach 30 m 
in height (Fig. 1).

Sample Collection

Sampling was carried out on amphibian species observed 
at the sampling sites, in water bodies, and in the surround-
ing vegetation. Specimens were located using the “visual 
encounter” method and subsequently morphologically 
characterized according to [45, 46]. Specimens were han-
dled using nitrile gloves, and a skin swab was subsequently 
performed in situ by skin rubbing according to [47] (Sup-
plementary Fig. 1). Two skin swabs were taken from each 
specimen. One swab was subsequently stored in a Fal-
con™ tube containing 2 ml of Brain Heart culture medium 
(Merck®) and the second with TGhL medium with Tryptone 

Fig. 1   The left side shows the location of the sampling sites south of the Andes mountain range in the areas corresponding to the provinces of 
(A) Zamora Chinchipe, (B) Loja, (C) Cañar (D) Azuay, and (E) Morona Santiago. At the bottom, a map of the Republic of Ecuador is shown
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(SIGMA®), Hydrolyzed Gelatin (TM MEDIA®), and Lac-
tose (SIGMA®). The samples were kept in a cooler with 
dry ice for 24 to 48 h and transferred to the Microbial Ecol-
ogy and Active Ingredients Laboratory of the Center for 
Research, Innovation and Technology Transfer (CIITT) of 
the Catholic University of Cuenca for processing.

Isolation, Culture Conditions, and Activation

Bacterial Isolation and Culture

Bacterial cultures were prepared using a solid medium 
(95.5% blood agar) dispensed into 9  cm diameter Petri 
dishes. The medium was sterilized via autoclave (121 °C, 
15 psi, 15 min) and allowed to cool under a laminar flow 
cabinet. Samples, previously stored at 4 °C, were aseptically 
inoculated onto the agar surface using a sterile inoculation 
loop, followed by streaking to isolate individual colonies. 
Plates were incubated at 37 °C for 16 h under anaerobic 
conditions. After incubation, colony growth was assessed, 
and a representative colony from each sample was selected 
for downstream analysis.

Fungal Isolation and Culture

Fungal cultures were prepared with 2% potato dextrose agar 
(PDA), sterilized via autoclave (121 °C, 15 psi, 15 min), and 
poured into 9-cm Petri dishes. Mycelial plugs (5 mm diam-
eter) were excised from stock cultures using a sterile punch 
and transferred to the PDA plates. Inoculated plates were 
incubated at 25–28 °C under a 12/12 h light–dark photo-
period for 5 days. Mycelial growth was monitored daily, with 
expansion patterns and morphological features recorded to 
confirm viability and purity.

MALDI‑TOF MS

Bacteria

All samples were analyzed using an Axima™ Confidence 
MALDI-TOF MS spectrometer (Shimadzu-Biotech Corp., 
Kyoto, Japan) in positive linear mode (m/z = 2000–20,000). 
A small number of colonies from each pure culture were 
transferred to a FlexiMass™ destination well using a dis-
posable loop, covered with 0.5 µl of 2,5-dihydroxybenzoic 
acid (DHB; 10 mg/ml in acetonitrile/0.1% trifluoroacetic 
acid 1:1) matrix solution, and air-dehydrated for 1–2 min 
at 24–27 °C. The reference strain Escherichia coli K12 
(genotype GM48) was used as a calibration standard and 
as a reference for quality control. Sample information such 
as medium and culture conditions were imported into Shi-
madzu Biotech Launchpad™ software, v.2.8 (Shimadzu-
Biotech Corp., Kyoto, Japan). Protein mass profiles were 

obtained with linear positive mode detection at a laser fre-
quency of 50 Hz and within a mass range of 2000–20,000 
Da. The acceleration voltage was 20 kV and the extrac-
tion delay time was 200 ns. A minimum of 20 laser shots 
per sample were used to generate each ion spectrum. For 
each bacterial sample, 50 protein mass fingerprints were 
averaged and processed. The spectra were analyzed using 
SARAMIS™ (Spectral Archive and Microbial Identifica-
tion System, AnagnosTec GmbH, Potzdam, Germany) with 
a reliability of 99% [48].

Fungi

Samples were taken from storage at 4 °C, and a portion of 
mycelium was extracted. Each sample was then homoge-
nized using glass beads in 1 mL of 70% ethanol. Protein 
extraction was carried out by suspending the mycelium in 
300 µL of ultrapure water, then mixed with 900 µL of 70% 
ethanol. The mycelium was then centrifuged at 13,000 × g 
for 2 min. The supernatant was discarded and resuspended 
in 50 µL of 70% formic acid and 50 µL of acetonitrile. 
The supernatant was then centrifuged, and the supernatant 
was collected. 1 µL of the protein extract was then spot-
ted onto a MALDI plate by applying it to a stainless steel 
plate. It was mixed with 1 µL of matrix solution (α-cyano-
4-hydroxycinnamic acid [HCCA] in acetonitrile/water/trif-
luoroacetic acid [50:47.5:2.5]) and dried at room tempera-
ture. Data acquisition was carried out using a MALDI-TOF 
MS spectrometer (Shimadzu-Biotech Corp., Kyoto, Japan) 
in reflectron mode, with a mass range of 2,000–20,000 Da, 
and was realized 240 laser shots were performed for each 
sample (40 shots in 6 positions). The obtained spectra were 
compared with the Bruker MBT Filamentous Fungi Library 
2.0 database. The spectra were analyzed using correlation 
algorithms (logarithmic score: ≥ 2.0 indicating reliable iden-
tification) and with a fidelity of 99%. How positive control 
was Candida albicans ATCC 10231 (spectrum of reference 
in databases). And as a negative control, a matrix without 
sample was used to rule out contamination.

Statistical Analysis

All statistical analyses were performed in R Studio (v. 4.4.3). 
Taxonomic relative abundances were preprocessed by calcu-
lating the mean abundance of each taxon across all sampling 
locations. Alpha diversity metrics (observed species, Shan-
non index, and Simpson index) were computed using the 
phyloseq R package (v. 1.50.0). Differences in alpha diver-
sity between groups were evaluated using the non-parametric 
Kruskal–Wallis test, with post hoc Dunn’s test for pairwise 
comparisons (adjusted via the Benjamini–Hochberg method, 
p < 0.05). Beta diversity was assessed using Bray–Curtis 
dissimilarity matrices. Non-metric multidimensional scaling 
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(NMDS) was applied to visualize community dissimilarities, 
and statistical significance of observed differences was tested 
with PERMANOVA (999 permutations) using the vegan R 
package (v. 2.6.10). To further resolve community patterns, 
a heatmap was generated with the pheatmap package (v. 
1.0.12), clustering samples based on Bray–Curtis distances. 
Intersection patterns of taxa across sampling locations were 
visualized using an UpSet plot (UpSetR package, v. 1.4.0), 
chosen over traditional Venn diagrams due to its enhanced 
readability for complex datasets.

Results

Characterization of Anurans

The collection sites yielded a total of 20 different species 
of amphibians, distributed across the five sampling loca-
tions (Zamora Chinchipe, Loja, Cañar, Azuay, and Morona 
Santiago). The genera characterized were Pristimantis (16 
records), Gastrotheca (5 records), Hyloxalus (3 records), 
Ctenophryne (3 records), Lithobates (3 records), Adenomera 

Table 1   Georeferenced 
distribution of anuran samples 
in five southern Ecuadorian 
provinces (Zamora Chinchipe, 
Loja, Cañar, Azuay, and 
Morona Santiago). The columns 
show: province, study area, 
anuran species observed, 
and geographic coordinates 
(latitude and longitude). The 
records cover 11 ecologically 
heterogeneous high Andean 
areas. The table structure 
allows for analysis of the 
spatial association between 
taxa and geographic variables, 
highlighting the presence of 
endemic and exotic species

a Ecuador Province. bSector belonging to each study location. cRecorded anuran species. d Reference geo-
graphic coordinate

Locationa Sectorb Anuran spp.c Coordinatesd

Latitude Longitude

Zamora Chinchipe Límite provincial Pristimantis andinognomus −3,992,947 −79,145,022
Pristimantis vidua −3,992,947 −79,145,022

Criadero Piuntza Lithobates catesbeianus −3,870,451 −78,881,814
Padmi Adenomera hylaedactyla −3,737,577 −78,619,146

Pristimantis diadematus −3,737,577 −78,619,146
Pristimantis conspicillatus −3,737,577 −78,619,146

Loja Parque cerro Pucará Lithobates catesbeianus −4,012724 −79,195,073
Lithobates catesbeianus −4,012724 −79,195,073

Abra del Zamora Pristimantis versicolor −3,985,234 −79,145,307
Pristimantis balionotus −3,985,234 −79,145,307
Pristimantis samaniegoi −3,985,234 −79,145,307
Pristimantis colodactylus −3,985,234 −79,145,307
Pristimantis matildae −3,985,234 −79,145,307

Cañar Laguna de Guabizhun Hyloxalus vertebralis −2,803,048 −78,936,164
Gastrotheca cuencana −2,803,048 −78,936,164

Azuay Guangarcucho Gastrotheca cuencana −2,843,274 −78,885,605
Gastrotheca cuencana −2,843,274 −78,885,605
Ctenophryne aequatorialis −2,843,274 −78,885,605
Ctenophryne aequatorialis −2,843,274 −78,885,605
Ctenophryne aequatorialis −2,843,274 −78,885,605

Lazareto Gastrotheca cuencana −2,882,491 −79,008925
Hyloxalus vertebralis −2,882,491 −79,008925
Hyloxalus vertebralis −2,882,491 −79,008925

Chanlud Pristimantis erythros −2,895,228 −78,957,036
Pristimantis erythros −2,895,228 −78,957,036
Pristimantis lutzae −2,895,228 −78,957,036
Pristimantis lutzae −2,895,228 −78,957,036

Quimsacocha Gastrotheca pseustes −2,682,961 −79,033192
Morona Santiago Wapú Pristimantis conspicillatus −2,682,961 −79,033192

Pristimantis conspicillatus −2,682,961 −79,033192
Chiasmocleis bassleri −2,682,961 −79,033192
Scinax cruentommus −3,034273 −79,222,145
Pristimantis conspicillatus −2,843,274 −78,885,605
Dendropsophus bifurcus −2,843,274 −78,885,605
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(1 record), Chiasmocleis (1 record), Scinax (1 record), and 
Dendropsophus (1 record) (Table 1).

General Composition of the Anuran Species, 
Bacteria, and Fungi Assemblage

An overall species diversity was observed within the five 
study areas (Zamora, Chinchipe, Loja, Cañar, Azuay, and 
Morona Santiago), where Pristimantis conspicillatus 
(11.8%) and Gastrotheca cuencana (11.8%) were the most 
abundant species, followed by Hyloxalus vertebralis (8.8%), 
Ctenophryne aequatorialis (8.8%), and Lithobates catesbe-
ianus (8.8%), which were in higher proportions compared 
to other identified species. Likewise, species of the genus 
Pristimantis, such as P. erythros (5.8%), P. lutzae (5.8%), 
P. matildae (2.9%), and P. colodactylus (2.9%), are well 
represented in the sample, demonstrating the high rich-
ness of this genus in the study locations (Fig. 2A). Micro-
bial associations were identified in Gastrotheca cuencana 
(Azuay) with the presence of Pseudomonas antarctica and 
Pseudomonas fluorescens. In contrast, Hyloxalus vertebralis 
(Azuay) showed the presence of Acinetobacter iwoffii and 
Staphylococcus xylosus. In Lithobates catesbeianus (Loja), 
a dominance of Lactobacillus curvatus and Chryseobacte-
rium joostei was observed. In Pristimantis conspicillatus 
(Morona Santiago) the species was observed Serratia marc-
escens. Furthermore, in Pristimantis diadematus (Zamora), 
co-occurrence of Bacillus pumilus and Pseudomonas bras-
sicacearum was recorded. However, in Pristimantis sam-
aniegio (Loja) and Pristimantis vidua (Zamora Chinchipe) 
no bacterial species were detected (Fig. 3).

The total relative abundance of bacteria in anurans was 
mainly composed of species of the genera Pseudomonas, 
Bacillus, Pantoea, Corynebacterium and Acinetobacter. 
Within these, Pseudomonas chlororaphis was present (28%), 
followed by Acinetobacter iwoffii and Pseudomonas fluores-
cens (14%). The species Pseudomonas Antarctica was pre-
sent (12%), followed by Pseudomonas orientalis, Pantoea 
agglomerans and Pseudarthrobacter oxydans in an equal 
percentage of 10%. While Pseudomonas jensenii and Rah-
nella aquatilis was (8%). The species with the lowest per-
centage were Pseudomonas kilonensis (6%), Pseudomonas 
thivervalensis, Bacillus pumilus and Kluyvera ascorbata 
(6%). We must highlight that the bacterial species with inter-
mediate prevalence were Bacillus infantis, Pseudomonas 
azotoformans, Staphylococcus xylosus, Pseudomonas rho-
desiae, Pseudomonas taetrolens, Lactobacillus curvatus and 
Aeromonas bestiarum in similar values of (4%). The least 
prevalent species were Corynebacterium striatum, Chryseo-
bacterium joostei, Pseudomonas japonica, Serratia marc-
escens, Comamonas testosteroni, Proteus mirabilis, Pseu-
domonas brassicacearum, Pseudomonas extremerientalis, 
and Providencia rettgeri in (2%) (Fig. 2B).

On the other hand, the relative abundance of total fungal 
species in anurans showed a higher prevalence of Hortaea 
werneckii (26.4%), recognized for its ability to colonize the 
skin of amphibians and that could be involved in cutaneous 
infection processes, followed by Fusarium solani (20.5%), 
Syncephalastrum spp. (20.5%), Fusarium concentricum 
(8.8%). Species such as Fusarium oxysporum, Fusarium 
proliferatum and Aspergillus niger (5.8%) showed a notable 
abundance. Finally, the species that showed less abundance 
were represented by Fusarium spp. (2.9%) and Bipolaris 
spp. (2.9%) (Fig. 2C).

Relative Composition of the Bacterial Population

The total number of detections was 92, distributed among 
29 bacterial species on the skin of anurans spp. at the sam-
pling sites was 29, distributed in the provinces of Zamora, 
Chinchipe, Loja, Cañar, Azuay, and Morona Santiago (Sup-
plementary Fig. 2).

Subkingdom Negibacteria

This subkingdom comprised a total of 79.31% of all 
observed species, including Acinetobacter iwoffii (3.45%), 
Chryseobacterium joostei (3.45%), Pseudomonas antarc-
tica (3.45%), Pseudomonas azotoformans (3.45%), Pseu-
domonas chlororaphis (3.45%), Pseudomonas fluorescens 
(3.45%), Pseudomonas japonica (3.45%), among others.

Subkingdom Posibacteria

A total of 6 species were observed (20.69%). They were 
represented by: Bacillus infantis (3.45%), Corynebacterium 
striatum (3.45%), Staphylococcus xylosus (3.45%), Bacillus 
pumilus (3.45%), Pseudarthrobacter oxydans (3.45%), and 
Lactobacillus curvatus (3.45%).

Phylum

Proteobacteria

This phylum was the dominant one in the samples from the 
studied locations, exhibiting 22 species and representing 
75.86% of the bacterial composition. Species such as Acine-
tobacter iwoffii (3.45%), Pseudomonas Antarctica (3.45%), 
Pseudomonas azotoformans (3.45%), Pseudomonas chlo-
roraphis (3.45%), Pseudomonas fluorescens (3.45%), Pseu-
domonas japonica (3.45%), Pseudomonas jensenii (3.45%), 
Pseudomonas kilonensis (3.45%), and Pseudomonas orien-
talis (3.45%) stood out here (Fig. 3).
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Firmicutes

These covered of a total of 4 species that together repre-
sented 13.79% of the samples and consisted of Bacillus 
infantis (3.45%), Staphylococcus xylosus (3.45%), Bacil-
lus pumilus (3.45%), and Lactobacillus curvatus (3.45%) 
(Fig. 4).

Actinobacteria

This phylum presented intermediate abundance among the 
total species with a (6.90%). Corynebacterium striatum 
(3.45%) and Pseudarthrobacter oxydans (3.45%) (Fig. 4).

Fig. 2   Total abundance of the species observed in the provinces of 
Zamora Chinchipe, Loja, Cañar, Azuay, and Morona Santiago. (A) 
Ring diagram illustrating the relative percentage abundance of sam-
pled anuran species, with color codes and percentages next to each 
taxonomic name. (B) Horizontal bar graph showing the percentage 
proportion of isolated bacterial species, sorted by decreasing abun-

dance, with the x-axis indicating the total percentage of bacterial 
abundance. C) Horizontal bar graph presenting the percentage abun-
dance of culturable fungal species, with the x-axis representing the 
total percentage of fungal abundance. All axes include comparable 
numerical scales
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Bacteroidetes

This phylum showed the lowest abundance of species, with a 
total representation of (3.45%), with Chryseobacterium joostei 
(Fig. 4).

Composition of the Fungal Assemblage

A total of 41 fungal detections were obtained on the skin of 
anuran spp., distributed across 9 species, in the provinces of 
Zamora Chinchipe, Loja, Cañar, Azuay, and Morona Santiago 
(Supplementary Fig. 3).

Subkingdom Dikarya

Ascomycota

Within Ascomycota, Sordariomycetes was the dominant 
class at the sampling locations, with an average abundance 
of 44.12%, followed by Dothideomycetes (29.41%), and 
Eurotiomycetes with an (5.88%).

The predominant genus was Fusarium (44.12%), rep-
resented by Fusarium solani (20.59%), Fusarium concen-
tricum (8.82%), Fusarium oxysporum (5.88%), Fusarium 
proliferatum (5.88%), and Fusarium spp. (2.94%). The 

Fig. 3   General abundance at the species level recorded on the skin of anuran spp. in the locations of (A) Azuay, (B) Morona Santiago, (C) Loja, 
(D) Zamora Chinchipe and (E) Cañar (Ecuador)
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genus Hortaea showed average values of 26.47%. The 
genus Aspergillus was represented with (5.88%). Finally, 
the genus Bipolaris was the least predominant with 
(2.94%) (Fig. 5).

Mucoromycotina

Mucoromycotina was the least predominant class at the sam-
pling locations (20.59%)and was represented by Synceph-
alastrum spp. (Fig. 5, Supplementary Fig. 4).

Alpha Diversity Patterns Across Localities

Bacteria

Bacterial alpha diversity, quantified using the Shannon, 
Simpson, and Chao1 indices (Fig. 6), demonstrated marked 
variability across localities. Azuay exhibited the highest 
overall diversity (Shannon = 2.36 ± 0.08; Simpson = 0.88 
± 0.01) and richness (Chao1 = 17.7 ± 3.3), closely followed 
by Zamora (Shannon = 2.20 ± 0.17; Simpson = 0.87 ± 0.02; 
Chao1 = 15.4 ± 3.1). Loja showed intermediate diversity 

Fig. 4   Relative abundances of 
bacteria at the phylum level, 
recorded on the skin of anuran 
spp. in the locations of Azuay, 
Morona Santiago, Loja, Cañar 
and Zamora Chinchipe (Ecua-
dor)

Fig. 5   Relative abundances at 
the class level, recorded on the 
skin of anuran species in the 
locations of Azuay, Morona 
Santiago, Loja, Cañar and 
Zamora Chinchipe (Ecuador)
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(Shannon = 2.05 ± 0.15; Simpson = 0.86 ± 0.02) but lower 
richness (Chao1 = 9.3 ± 1.6). In contrast, Morona displayed 
reduced diversity (Shannon = 1.66 ± 0.07; Simpson = 0.77 
± 0.02) and the lowest richness (Chao1 = 7.4 ± 1.3). Nota-
bly, Cañar presented stark contrasts: one sample showed 
high richness (Chao1 = 21) with moderate diversity (Shan-
non = 1.79; Simpson = 0.83), while others were species-
poor (Chao1 = 4.3 ± 0.6; Shannon = 1.33 ± 0.002; Simpson 
= 0.72 ± 0.01). Kruskal–Wallis tests confirmed significant 
differences across localities for Shannon and Simpson indi-
ces (p < 0.05), with post-hoc Benjamini–Hochberg adjust-
ments highlighting Cañar’s differences from Azuay.

Fungi

Fungal alpha diversity, revealed pronounced contrasts among 
localities (Fig. 7). Loja exhibited the highest richness (Chao1 
= 7.4 ± 3.0) and diversity (Shannon = 1.62 ± 0.10; Simp-
son = 0.79 ± 0.02), followed by Azuay (Chao1 = 6.9 ± 2.3; 
Shannon = 1.55 ± 0.17; Simpson = 0.76 ± 0.03). Zamora 
displayed moderate diversity (Shannon = 1.34 ± 0.32; Simp-
son = 0.70 ± 0.11) but lower richness (Chao1 = 4.8 ± 1.8). 
In contrast, Morona showed reduced diversity (Shannon 
= 1.02 ± 0.05; Simpson = 0.61 ± 0.03) and minimal richness 
(Chao1 = 3 ± 0). Notably, Cañar was statistically distinct 
(p < 0.05, Kruskal–Wallis with Benjamini–Hochberg adjust-
ment), with no detectable fungal diversity (Shannon = 0; 

Simpson = 0) and extremely low richness (Chao1 = 1 ± 0), 
indicating a near-absence of viable fungal communities. Post 
hoc analyses confirmed Cañar’s divergence from all other 
localities, which exhibited overlapping but variable profiles.

Beta Diversity and Community Structure

Bacteria

Pairwise PERMANOVA analysis, based on Bray–Curtis dis-
similarity, revealed distinct patterns of bacterial community 
differentiation between localities. While adjusted p-values 
(p-adjusted = 1) did not reach statistical significance after 
Benjamini–Hochberg correction, effect size metrics (R2) and 
F-statistics highlighted biologically meaningful trends. The 
NMDS ordination plot, based on Bray–Curtis dissimilar-
ity, corroborated pairwise PERMANOVA results, revealing 
distinct spatial clustering of bacterial communities (Fig. 8).

Zamora, Loja, and Morona formed well-separated clus-
ters, with 95% confidence ellipses showing minimal overlap, 
underscoring their unique taxonomic assemblages. This seg-
regation aligns with their divergent alpha diversity profiles 
and suggests strong environmental filtering or niche speciali-
zation. The hierarchical clustering patterns observed in the 
Bray–Curtis-derived heatmap (Fig. 9) further validated the 
spatial structuring of bacterial communities.

Fig. 6   Alpha diversity metrics (Observed, Shannon, and Simpson) 
assessed in five provinces south of the Andes in Ecuador (Azuay, 
Cañar, Loja, Morona Santiago, and Zamora Chinchipe). Richness 
(Observed), heterogeneity (Shannon), and dominance (Simpson) 
indices are shown, spatially correlated with sampling locations. Data 

arrangement allows for comparisons of microbial biodiversity pat-
terns across high Andean zones. (**) indicates significant differences 
between locations according to the Kroskal-Wallis test for each index. 
Observed variability values (P = < 0.05)
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An UpSet plot analysis showed the distribution of bac-
terial species found on anuran skin at the study locations 
(Morona Santiago, Azuay, Cañar, Loja, and Zamora Chin-
chipe). It revealed the presence of eight bacterial species 
shared by all locations. This finding suggests the existence 
of widely distributed taxa, potentially adapted to a diverse 
range of environmental conditions. Certain locations shared 
certain bacterial species, and in several cases, taxa existed 
that were unique to specific combinations from two loca-
tions. Furthermore, each location harbors potentially unique 

bacteria, demonstrating a possible degree of microbial end-
emism, taking into account the scope of the technique used. 
This differentiation could be associated with variation in the 
composition of the amphibian community (Supplementary 
Fig. 5).

Fungi

Pai r wise  PERMANOVA analys is ,  based  “n” 
Bray–Curtis dissimilarity, revealed biologically meaningful 

Fig. 7     Estimated alpha diversity in fungi for the sampling locations 
(Azuay, Cañar, Loja, Morona Santiago and Zamora Chinchipe). Rich-
ness (Observed), heterogeneity (Shannon), and dominance (Simpson) 
indices are shown, spatially correlated with sampling locations. Data 

arrangement allows for comparisons of microbial biodiversity pat-
terns across high Andean zones. (**) show significant differences 
between the three groups according to the Kruskal–Wallis test for 
each index. Observed variability values (P = < 0.05)

Fig. 8   Principal coordinate 
analysis (PCoA) based on Bray–
Curtis distances of bacterial 
communities on the skin of 
anuran spp. divided according 
to the sampling location (Azuay, 
Cañar, Loja, Morona Santiago 
and Zamora Chinchipe)
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differentiation in fungal community composition across 
localities, despite the lack of statistical significance after 
Benjamini–Hochberg correction (all adjusted p-values = 1). 
Several comparisons showed high R2 values, and large F-sta-
tistics, indicating strong effect sizes and potential ecological 
relevance. The NMDS ordination plot (based on Bray Curtis 
dissimilarity; Fig. 10) supported these trends, revealing par-
tial spatial separation of fungal communities.

Although some confidence ellipses overlapped, notable 
clustering was observed, particularly among the Zamora, 
Loja, and Morona samples, suggesting underlying ecological 
or host-driven factors shaping fungal assemblages. Com-
plementarily, the UpSet plot (Supplementary Fig. 6). high-
lighted the distribution of fungal taxa across localities. Three 
fungal taxa were shared among Morona, Zamora, Azuay and 
Loja, suggesting the presence of a core mycobiome possibly 

Fig. 9   Comparative heatmap of the bacterial community in the locali-
ties of Azuay, Cañar, Loja, Morona Santiago, and Zamora Chinchipe. 
Color intensities (light, low dissimilarity—dark, high dissimilarity) 

reflect variations in the relative abundance of taxa, highlighting clus-
ters through dendrograms

Fig. 10   Principal coordinate 
analysis (PCoA) based on Bray–
Curtis distances of the fungal 
communities on the skin of 
anuran spp. divided according 
to sampling location (Azuay, 
Cañar, Loja, Morona Santiago 
and Zamora Chinchipe)



MALDI‑TOF Mass Spectrometry Characterization of Culturable Microbiota Associated with the… Page 13 of 20     47 

adapted to a broad range of environmental or host-related 
conditions. However, numerous taxa were exclusive to 
specific site combinations, and each locality also harbored 
unique taxa, indicating a high degree of microbial endemism 
and potential ecological specialization. The heatmap based 
on Jaccard dissimilarity (Fig. 11) further reinforced the 
observed spatial structure. Hierarchical clustering grouped 
localities according to similarities in fungal composition, 
reflecting consistent biogeographic patterns. Together, these 
findings underscore a non-random distribution of skin-asso-
ciated fungi in anurans across the Andean and Amazonian 
transition zone.

Discussion

This study provides an overview of the diversity of bacterial 
and fungal communities on the skin of anuran spp., where 
each habitat and geographic location can serve as a selec-
tive filter determining local microbial diversity, a phenom-
enon known as the Baas-Becking principle [49]. Previous 
studies have shown that the skin microbiota profile is influ-
enced by the phylogenetic identity of the host amphibian 
[16]. Our understanding of the composition and role of the 
microbiota associated with plants and animals, including 
humans, is increasing due to the application of technolo-
gies such as targeted metagenomics and MALDI-TOF MS. 
Microbial communities living on animal skin are of great 
interest, as they are continuously exposed to the influence 
of the external environment. However, most of these studies 
have largely focused on the human skin microbiome. [50]. 
Among wild animals, amphibians, due to their absence of 

fur or feathers, provide an excellent model system to study 
skin-associated microbial communities, which are thought 
to mediate disease susceptibility by providing the first line 
of defense against pathogens [51–53]. Knowledge about 
host-associated microbial communities can assist with con-
servation actions for endangered species, as well as play a 
role as a bioindicator of a pathogen-free population [54–56]. 
Therefore, the aim of this study was to analyze the diver-
sity of bacteria and fungi on the skin of anuran spp. in wild 
habitats using MALDI-TOF MS mass spectrometry in five 
locations: Azuay, Cañar, Loja, Morona Santiago and Zamora 
Chinchipe in the Republic of Ecuador.

The diversity of anurans in Ecuador is recognized as one 
of the highest in the world due to its complex topography 
and habitat heterogeneity [57], presenting unique biogeo-
graphic patterns that vary significantly between provinces. 
Analysis of amphibian species composition at Zamora Chin-
chipe, Loja, Cañar, Azuay, and Morona Santiago highlighted 
endemism and anthropogenic pressures. The observed data 
showed a marked heterogeneity in anuran species richness, 
with increased abundance of genera such as Pristimantis, 
Gastrotheca, and Hyloxalus, and the presence of invasive 
species such as Lithobates catesbeianus. In Zamora Chin-
chipe, the presence of species such as Pristimantis andi-
nognomus and Pristimantis vidua, which are endemic to the 
montane forests of southern Ecuador [57], suggests a high 
specialization to humid microhabitats between 1,800–2,500 
m. The coexistence of P. diadematus and P. conspicillatus, 
both species associated with lower vegetation strata, and 
Adenomera hylaedactyla, which is typical of floodable soils 
[58], reflected the ecological heterogeneity of the region. 
However, the detection of Lithobates catesbeianus, an 

Fig. 11   The comparative 
Bray–Curtis dissimilarity 
matrix (Heatmap) illustrates the 
variation in fungal composi-
tion among localities (Azuay, 
Cañar, Loja, Morona Santiago, 
and Zamora Chinchipe). The 
color gradient, from light (low 
dissimilarity) to dark (high dis-
similarity), reflects differences 
in the abundance and presence 
of taxa
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invasive species [59], in riparian areas indicates possible 
anthropogenic alterations, since this anuran competes with 
native species for resources. In the province of Loja, the 
dominance of the genus Pristimantis with the species ver-
sicolor, balionotus, and samaniegoi highlights the role of 
páramos and montane forests as centers of speciation [60]. 
Pristimantis matildae, recently described in the Tapichalaca 
Reserve [57], evidences the presence of microendemisms 
critical for conservation. However, the recurrence of Litho-
bates catesbeianus in multiple records suggests a worry-
ing expansion of this species, associated with aquaculture 
activities [61]. In Cañar and Azuay, the presence of Gas-
trotheca cuencana, an ovoviviparous species endemic to 
the central Andes [62] and Hyloxalus vertebralis associated 
with ravines in cloud forests [63, 64] reflects adaptations to 
cold and humid environments (> 3,000 m). The abundance 
of Ctenophryne aequatorialis in Azuay, a cryptically red 
microhylid, suggests evolutionary strategies to avoid preda-
tors in fragmented habitats [64]. The absence of Lithobates 
catesbeianus in these sites could be related to thermal limita-
tions, although physiological studies are required to confirm 
this. Meanwhile, in Morona Santiago, the coexistence of 
Pristimantis conspicillatus shared with Zamora Chinchipe 
with Scinax cruentomma (typical of the Amazonian low-
lands) [64], indicates a transition zone between the Andes 
and the Amazon. Chiasmocleis bassleri, a fossorial micro-
hylid, highlights the importance of non-flooded soils in pri-
mary forests [65]. However, the absence of records of high 
Andean species suggests a biogeographic boundary defined 
by an altitude < 1,500 masl in this region. When comparing 
sampling locations, significant differences were observed 
where Zamora Chinchipe and Loja shared a higher richness 
of Pristimantis (6 and 5 species, respectively), while Azuay 
stands out for the diversity of Gastrotheca and Ctenophryne. 
This reflects altitudinal gradients where Zamora Chinchipe 
(800–2,500 masl) and Loja (1,500–3,000 masl) host mid-
mountain species, while Azuay (> 3,000 masl) showed high 
Andean taxa. The presence of Lithobates catesbeianus in 
Zamora Chichipe and Loja, but not in Azuay, suggests that 
its invasion is limited by climatic or anthropogenic factors. 
Microendemic species, such as Pristimantis matildae (Loja) 
and Gastrotheca cuencana (Azuay-Cañar), face critical risks 
from deforestation and the effects of climate change. For 
example, 30% of the cloud forests in Azuay have been con-
verted to grasslands, reducing habitats for Hyloxalus verte-
bralis [66].

The environmental microbiota is a critical component of 
ecosystem health, particularly in amphibians, where skin 
infections contribute significantly to global population 
decline. In Azuay, the bacterial community identified on 
the skin of anuran spp. was characterized by the presence 
of 15 species distributed in different percentages. The most 
abundant taxon was Acinetobacter iwoffii (n = 7), followed 

by Pseudomonas fluorescens (n = 6), Pseudomonas chlo-
roraphis (n = 4), and Serratia marcescens (n = 1). The high 
frequency of A. iwoffii is relevant, since species of the genus 
Acinetobacter have been associated with skin infections in 
anuran spp., particularly under conditions of altered natu-
ral microbiome [67–69]. In anurans, an imbalance in the 
cutaneous microbiota could facilitate colonization by this 
pathogen, leading to dermatitis or systemic infections. P. 
fluorescens has been reported to cause necrotic skin lesions 
in Lithobates catesbeianus, especially in eutrophic environ-
ments [70]. Its high prevalence suggests a risk for anurans in 
altered habitats. However, studies by [71] on Gastroteca spp. 
showed that P. fluorescens had inhibitory functions on the 
chytrid fungus Batrachochytrium dendrobatidis (Bd), which 
is linked to many declines in anuran populations. Serratia 
marcescens has been reported to induce deep and extensive 
ulcers in the tree frog (Litoria caerulea) and is considered 
an important pathogen.

Likewise, the various representatives of the genus Pseu-
domonas, which include P. azotoformans, P. japonica, P. 
jensenii, P. kilonensis, P. orientalis, and P. thivervalensis, 
constituted an important part of the microbial community 
in Azuay. This genus is known for its metabolic versatil-
ity and its ability to produce bioactive metabolites. How-
ever, in scenarios where there is an imbalance in the micro-
bial community, some species of Pseudomonas can act as 
opportunistic pathogens, generating skin infections, which, 
in combination with environmental stress, can trigger com-
plex clinical pictures in anurans [72]. In Zamora Chinchipe, 
anuran populations showed bacterial communities composed 
of 13 taxa, where Pseudomonas was predominant along with 
other environmental taxa. This location showed the presence 
of Pseudomonas chlororaphis (n = 3) and Pseudomonas 
antarctica (n = 2), as well as Pantoea agglomerans (n = 2) 
and Rahnella aquatilis (n = 2). The presence of Pantoea 
agglomerans is of particular interest because despite being 
a common inhabitant of the environment, its bacteria have 
been implicated in opportunistic infections in animals and 
humans, and can cause skin irritations [73]. Pseudomonas 
chlororaphis has been reported to secrete phenazines, anti-
fungal compounds that inhibit Bd [74]. However, in Zamora 
Chinchipe, its high abundance could displace commensal 
microbiota, increasing susceptibility to secondary infec-
tions. Furthermore, the diversity of Pseudomonas in Zamora 
Chinchipe suggests a dynamic bacterial ecosystem where 
competition between commensal and pathogenic species can 
determine the health status of anuran skin. The presence of 
Pseudomonas orientalis, Pseudomonas rhodesiae and Pseu-
domonas taetrolens in anuran spp. in smaller proportions 
reinforces the idea that microbial dysbiosis could be related 
to infectious outbreaks under conditions of environmental 
alteration, such as changes in temperature or pollution [75, 
76]. On the other hand, Loja showed a community composed 
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of 9 taxa, with a predominance of bacteria belonging to the 
genera Pseudomonas and Pseudarthrobacter, as well as 
lactobacilli. An equitable distribution of bacterial species 
was also observed, where Pseudomonas antarctica, Pseu-
domonas chlororaphis and Pseudarthrobacter oxydans. 
Additionally, Lactobacillus curvatus (n = 2) and Lactoba-
cillus jensenii (n = 1) were detected. The presence of lacto-
bacilli on the skin of anurans could have a protective effect, 
since these microorganisms are known to produce lactic 
acid and bacteriocins, which inhibit the growth of pathogens 
and modulate the host immune response [77]. However, the 
coexistence with potential pathogens such as P. chlororaphis 
(a pathogen that causes dermatitis in amphibians) suggests 
that an imbalance in the bacterial community could trigger 
skin infections [12]. Likewise, Pseudarthrobacter oxydans, 
another species observed in anurans from this location, has 
been related to the degradation of contaminants and has 
shown to have a notable biotechnological potential, which 
opens the possibility of using it in environmental and reme-
diation applications [78]. In Cañar, the bacterial commu-
nity observed on the skin of anurans spp. was characterized 
by a very homogeneous distribution, with 6 taxa present. 
The taxa identified at this location were Bacillus pumilus, 
Pseudarthrobacter oxydans, Pseudomonas azotoformans, 
Pseudomonas brassicacearum, Pseudomonas extremorien-
talis, and Pseudomonas rhodesiae. The uniformity in the 
abundance of each observed species could indicate a stable 
microbial ecosystem that is less exposed to environmental 
disturbances. However, it should be noted that some spe-
cies of the genus Pseudomonas have been implicated in skin 
infections in amphibians, especially under stress conditions 
or in the presence of skin lesions [79]. On the other hand, 
Bacillus pumilus is known for its ability to produce enzymes 
and antimicrobial compounds, which could contribute to 
skin defense in anurans [80]. Finally, in Morona Santiago the 
bacterial community consisted of 8 taxa. The predominant 
species was Pseudomonas chlororaphis (n = 5), followed 
by Aeromonas bestiarum, Kluyvera ascorbata and Pantoea 
agglomerans (n  = 2), while Providencia rettgeri, Pseudar-
throbacter oxydans, Rahnella aquatilis and Staphylococcus 
xylosus showed lower percentages. Similarly, Aeromonas 
bestiarum is a recognized pathogen in fish and amphibians, 
responsible for causing septicemia and dermatitis, which 
could pose a high risk to anuran populations in this region, 
under adverse environmental conditions. The coexistence 
of these pathogenic taxa with others that act as commensals 
raises the need to evaluate the microbial balance in anuran 
skin, since dysbiosis can facilitate the transition from sym-
biotic relationships to pathological states.

The presence of bacteria with biotechnological potential, 
such as Pseudomonas fluorescens in Azuay and Pseudar-
throbacter oxydans in Loja and Cañar, represents an oppor-
tunity for the development of bioremediation and biological 

control strategies. Pseudomonas fluorescens has been the 
subject of numerous studies due to its ability to produce 
natural antibiotics and toxic compound-degrading enzymes, 
which could be exploited for the decontamination of envi-
ronments affected by agrochemicals and other pollutants 
[81]. Similarly, Pseudarthrobacter oxydans has demon-
strated potential in the degradation of hydrocarbons and 
in promoting plant growth in contaminated soils, making 
it an attractive candidate for biotechnological applications 
in environmental contexts [82]. On the other hand, some 
studies have shown that alterations in bacterial composi-
tion can facilitate the invasion of external pathogens, such 
as Batrachochytrium dendrobatidis, the etiological agent of 
chytridiomycosis, which has significantly contributed to the 
global decline of amphibians [83]. It has also been suggested 
that variability in bacterial composition can influence the 
immune response of anurans, affecting their ability to resist 
secondary infections caused by opportunistic bacteria [84].

Regarding the observed fungal communities, these analy-
ses revealed seven fungal taxa in Azuay: Aspergillus niger 
(n = 1), Bipolaris sp. (n = 1), Fusarium concentricum (n = 
2), Fusarium solani (n = 1), Hortaea werneckii (n = 3), Syn-
cephalastrum sp. (n = 1), and Fusarium proliferatum (n = 
1). The high prevalence of Hortaea werneckii is significant, 
since this fungus, in addition to being involved in the patho-
genesis of tinea nigra in humans, can cause skin disorders in 
amphibians, promoting the appearance of hyperpigmented 
spots and keratosis [85, 86]. The presence of Fusarium con-
centricum, Fusarium solani and Fusarium concentricum 
in Azuay, highlights the possibility of fusariosis, a disease 
characterized by the formation of erythematous and ulcer-
ated lesions that can affect both the skin and underlying 
structures in amphibians [87]. The detection of Bipolaris 
spp., a fungus that in humans is associated with photore-
action and subcutaneous mycosis, reinforces the need to 
consider its role as a potential pathogen in the skin of anu-
rans [88]. Furthermore, the presence of Aspergillus niger 
in Azuay not only indicates its biotechnological potential 
(given its ability to produce pectins and industrial enzymes), 
but also alerts to the risk of cutaneous aspergillosis in immu-
nocompromised patients [89]. In Loja, six fungal taxa were 
reported: Fusarium oxysporum (n = 1), Fusarium solani (n = 
1), Fusarium spp. (n = 1), Hortaea werneckii (n = 1), Syn-
cephalastrum spp. (n = 2), and Aspergillus niger (n = 1). In 
this locality, the highest abundance corresponds to Synceph-
alastrum spp. indicating that this taxon could be playing a 
predominant role in the cutaneous fungal community. Syn-
cephalastrum spp. it is generally considered a saprophytic 
fungus, its involvement in invasive mycoses in contexts of 
immunosuppression is cause for alarm, because skin infec-
tions can be complicated in environments with high humid-
ity and stress in the host. On the other hand, the presence of 
Fusarium oxysporum and Fusarium solani, reinforces the 
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concern about the possible incidence of fusariosis [87]. The 
detection of Aspergillus niger is relevant, since, in contexts 
of microenvironmental imbalance, it can act as an opportun-
istic pathogen, causing cutaneous and systemic aspergillosis 
in compromised individuals [89]. In the locality of Cañar, 
the fungal community was summarized in two taxon: Fusar-
ium concentricum and Fusarium proliferatum with a repre-
sentation of 50% each. The exclusive presence of F. concen-
tricum and F. proliferatum is potentially important, since 
this fungus has been associated with skin infections and can 
produce mycotoxins that affect skin integrity. Furthermore, 
studies have shown that certain members of the Fusarium 
complex have a high invasive capacity, which could lead to 
dermatomycosis in anurans, especially under conditions of 
environmental stress or previous lesions in the epidermis 
[90]. In the locality of Zamora Chinchipe, the data indicated 
the presence of six fungal taxa: Syncephalastrum spp. (n = 
1), Hortaea werneckii (n = 1), Fusarium oxysporum (n = 1), 
Fusarium solani (n = 3), Fusarium concentricum (n = 1), 
and Fusarium proliferatum (n = 1). The high prevalence of 
Fusarium solani is particularly relevant since this fungus is 
known to be an etiological agent in cutaneous fungal infec-
tions including amphibians, producing keratomycosis and 
cutaneous fusariosis, conditions that worsen in the presence 
of environmental stress or skin lesions [87]. Furthermore, 
Fusarium proliferatum, was present in Zamora chinchipe, 
this is an opportunistic pathogen that produces mycotoxins 
and can contribute to dermatomycosis, affecting the cuta-
neous integrity of anurans [88]. The presence of Hortaea 
werneckii, a halophytic fungus, suggests that under specific 
conditions it could contribute to alterations in the cutane-
ous barrier of amphibians, generating hyperpigmentation or 
irritation [85]. Likewise, Syncephalastrum spp., although 
less reported in skin infections, has been documented as a 
causative agent of mycosis in immunocompromised patients, 
which opens the possibility that a similar picture may mani-
fest in debilitated anurans [91]. Finally, in Morona Santiago, 
the fungal community was composed of six taxa: Fusarium 
solani (n = 2), Hortaea werneckii (n = 4), Syncephalastrum 
spp. (n = 3), Aspergillus niger (n = 1), Bipolaris spp. (n = 2), 
and Fusarium proliferatum. The predominance of the spe-
cie Hortaea werneckii in Morona Santiago is of particular 
interest, since its high abundance will could predispose to 
the appearance of skin infections in anures [85]. The joint 
presence of Fusarium solani in and Syncephalastrum spp. in 
Morona Santiago suggests a complex fungal ecosystem, in 
which the interaction between pathogenic and saprotrophic 
fungi could influence the susceptibility of anurans to dis-
eases such as fusariosis and syncephalasrosis, conditions 
that have been documented in clinical and experimental 
studies [87].

The detection of fungal taxa with biotechnological poten-
tial, such as Aspergillus niger in Azuay and Loja, and the 

presence of Fusarium species in various locations, offer 
interesting opportunities for the development of industrial 
and environmental applications. Aspergillus niger, for exam-
ple, is widely recognized for its ability to produce enzymes, 
organic acids and secondary compounds of industrial rel-
evance, which has allowed its application in the production 
of pectins, citrates and other biotechnological products [92, 
93]. Similarly, some Fusarium isolates have shown the abil-
ity to degrade toxic compounds and participate in bioreme-
diation processes, which could be used for the treatment of 
contaminated environments, always considering the duality 
of these fungi as pathogens and potential agents in biotech-
nological processes [94, 95].

In summary, the geographic variability of the cutaneous 
microbiota showed that the composition of bacteria and 
fungi on the skin of anurans varied significantly among the 
five analyzed locations, with Azuay and Zamora Chinchipe 
exhibiting the highest bacterial diversity (Shannon = 2.36 
and 2.20, respectively). This suggests that environmental 
factors, such as altitude and ecosystem type, act as ecological 
filters, modulating the microbial structure through selection 
mechanisms and limited dispersal. The functional duality of 
the dominant taxa: The genera Pseudomonas (28% relative 
abundance) and Fusarium (44.12% in Ascomycota) stood 
out for their prevalence, showing contrasting roles. While 
Pseudomonas fluorescens and P. chlororaphis have probi-
otic potential against pathogens such as Batrachochytrium 
dendrobatidis, their dominance could indicate dysbiosis 
under environmental stress. Similarly, Hortaea werneckii 
and Fusarium solani pose pathogenic risks, highlighting the 
complexity of microbiota-host interactions. MALDI-TOF 
MS identification allowed the characterization of culturable 
microbes but underestimated overall diversity by missing 
non-culturable symbionts. The findings underscore the need 
to integrate metagenomics to explore cryptic communities 
and assess causal relationships between dysbiosis, emerging 
pathogens, and population declines.

Therefore, it is essential to continue research to establish 
the causal relationship between bacterial and fungal compo-
sition, the presence of pathogens, and their possible relation-
ship with the development of skin diseases in amphibians. 
This research, in turn, can guide intervention and risk miti-
gation strategies in ecosystems affected by human activity 
and climate change. This work represents a first look at bac-
terial and fungal diversity in the skin of wild anurans South 
of the Ecuadorian Andes. Additional studies are needed to 
better assess this diversity, along with the development of 
necessary measures for its protection and conservation.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00248-​025-​02555-8.

Acknowledgements  We would like to thank the Research Depart-
ment of the Catholic University of Cuenca, associated with the 

https://doi.org/10.1007/s00248-025-02555-8


MALDI‑TOF Mass Spectrometry Characterization of Culturable Microbiota Associated with the… Page 17 of 20     47 

project"Characterization and potential use of the active principles of 
amphibian secretion through the rescue of ancestral knowledge dis-
closed No. PICCIITT19-11. We thank Dr. Sergio Covarrubias of the 
Autonomous University of Zacatecas for his support.

Author Contribution  J.S. and J.G. designed the study. F.S., J.S., J.G., 
R.F., collected the samples. R.F., A.M., M.C., performed the laboratory 
cultures and isolation. J.S., J.G., and A.V-T. performed MALDI—TOF 
MS. A.V-T. performed the bioinformatics analyses of the data. G.V-G. 
and A.V-T. performed the statistical analysis of the data. AV-T. ana-
lyzed and discussed the results and wrote the article. All authors have 
read and agreed to the published version of the manuscript.

Funding  Catholic University of Cuenca PICCITT19 call.

Data Availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material 
derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http://creativeco 
mmons.org/licenses/by-nc-nd/4.0/.

References

	 1.	 Scheele BC, Pasmans F, Skerratt LF, Berger L, Martel AN, Beu-
kema W, Canessa S (2019) Amphibian fungal panzootic causes 
catastrophic and ongoing loss of biodiversity. Science 363:1459–
1463. https://​doi.​org/​10.​1126/​scien​ce.​aav03​79

	 2.	 Huang G, Qu Q, Wang M, Huang M, Zhou W, Wei F (2022) 
Global landscape of gut microbiome diversity and antibiotic 
resistomes across vertebrates. Sci Total Environ 838:156178. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2022.​156178

	 3.	 Ortega-Andrade HM, Rodes Blanco M, Cisneros-Heredia DF, 
Guerra Arévalo N, López de Vargas-Machuca KG, Sánchez-
Nivicela JC, Yánez Muñoz MH (2021) Red list assessment of 
amphibian species of ecuador: a multidimensional approach for 
their conservation. PLoS One 16:e0251027. https://​doi.​org/​10.​
1371/​journ​al.​pone.​02510​27

	 4.	 Ron SR, Guayasamin JM, Menéndez-Guerrero P (2011) Biodiver-
sity and conservation status of Ecuadorian amphibians. Amphib-
ian Biol 9:129–170. https://​doi.​org/​10.​1093/​benz/​97801​99773​
787.​artic​le.​b0008​0215

	 5.	 Luedtke JA, Chanson J, Neam K, Hobin L (2023) Ongo-
ing declines for the world’s amphibians in the face of emerg-
ing threats. Nature 622:308–314. https://​doi.​org/​10.​1038/​
s41586-​023-​06578-4

	 6.	 Stevenson LA, Alford RA, Bell SC, Roznik EA, Berger L, Pike 
DA (2013) Variation in thermal performance of a widespread 
pathogen the amphibian chytrid fungus Batrachochytrium den-
drobatidis. PLoS One 8:e73830. https://​doi.​org/​10.​1371/​journ​
al.​pone.​00738​30

	 7.	 Bartelt PE, Thornton PE, Klaver RW (2022) Modelling physi-
ological costs to assess impacts of climate change on amphib-
ians in Yellowstone National Park USA. Ecol Ind 135:108575. 
https://​doi.​org/​10.​1016/j.​ecoli​nd.​2022.​108575

	 8.	 Bax V, Francesconi W (2019) Conservation gaps and priorities 
in the Tropical Andes biodiversity hotspot: implications for the 
expansion of protected areas. J Environ Manage 232:387–396. 
https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​11.​086

	 9.	 Bosch J (2003) Nuevas amenazas para los anfibios: enferme-
dades emergentes. Munibe 16:56–73

	10.	 Chen Y, Zhang J, Jiang J, Nielsen SE, He F (2017) Assessing the 
effectiveness of China’s protected areas to conserve current and 
future amphibian diversity. Divers Distrib 23:146–157. https://​
doi.​org/​10.​1111/​ddi.​12508

	11.	 Cho I, Blaser MJ (2012) The human microbiome: at the inter-
face of health and disease. Nat Rev Genet 13:260–270. https://​
doi.​org/​10.​1038/​nrg31​82

	12.	 Bletz MC, Loudon AH, Becker MH, Bell SC, Woodhams DC, 
Minbiole KP, Harris RN (2013) Mitigating amphibian chytridi-
omycosis with bioaugmentation: characteristics of effective 
probiotics and strategies for their selection and use. Ecol Lett 
16:807–820. https://​doi.​org/​10.​1111/​ele.​12099

	13.	 Becker MH, Harris RN (2010) Cutaneous bacteria of the red-
back salamander prevent morbidity associated with a lethal 
disease. PLoS One 5:e10957. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00109​57

	14.	 Bell SC, Alford RA, Garland S, Padilla G, Thomas AD (2013) 
Screening bacterial metabolites for inhibitory effects against 
Batrachochytrium dendrobatidis using a spectrophotometric. 
Assay Diseas Aquatic Organisms 103:77–85. https://​doi.​org/​
10.​3354/​dao02​560

	15.	 Becker MH, Brucker RM, Schwantes CR, Harris RN, Minbi-
ole KP (2009) The bacterially produced metabolite violacein is 
associated with survival of amphibians infected with a lethal 
fungus. Appl Environ Microbiol 75:6635–6638. https://​doi.​org/​
10.​1128/​aem.​01294-​09

	16.	 Muletz CR, Myers JM, Domangue RJ, Herrick JB, Harris RN 
(2012) Soil bioaugmentation with amphibian cutaneous bacteria 
protects amphibian hosts from infection by Batrachochytrium 
dendrobatidis. Biol Cons 152:119–126. https://​doi.​org/​10.​
1016/j.​biocon.​2012.​03.​022

	17.	 Bates KA, Clare FC, O’Hanlon S, Bosch J, Brookes L, Hop-
kins K, Harrison X (2018) Amphibian chytridiomycosis out-
break dynamics are linked with host skin bacterial commu-
nity structure. Nat Commun 9:693. https://​doi.​org/​10.​1038/​
s41467-​018-​02967-w

	18.	 Bell SC, Garland S, Alford A (2018) Increased numbers of cultur-
able inhibitory bacterial taxa may mitigate the effects of Batra-
chochytrium dendrobatidis in Australian Wet Tropics Frogs. Front 
Microbiol 9:1–14. https://​doi.​org/​10.​3389/​fmicb/​2018/​01604

	19.	 Rebollar EA, Martínez-Ugalde E, Orta AH (2020) The amphibian 
skin microbiome and its protective role against chytridiomycosis. 
Herpetologica 76:167–177. https://​doi.​org/​10.​1655/​0018-​0831-​
76.2.​167

	20.	 Allender MC, Baker S, Britton M, Kent AD (2018) Snake fun-
gal disease alters skin bacterial and fungal diversity in an endan-
gered rattlesnake. Sci Rep 8:12147. https://​doi.​org/​10.​1038/​
s41598-​018-​30709-x

	21.	 Chen D, Li C, Feng L, Zhang Z, Zhang H, Cheng G, Yang X 
(2018) Analysis of the influence of living environment and 
age on vaginal fungal microbiome in giant pandas (Ailuropoda 

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1126/science.aav0379
https://doi.org/10.1016/j.scitotenv.2022.156178
https://doi.org/10.1371/journal.pone.0251027
https://doi.org/10.1371/journal.pone.0251027
https://doi.org/10.1093/benz/9780199773787.article.b00080215
https://doi.org/10.1093/benz/9780199773787.article.b00080215
https://doi.org/10.1038/s41586-023-06578-4
https://doi.org/10.1038/s41586-023-06578-4
https://doi.org/10.1371/journal.pone.0073830
https://doi.org/10.1371/journal.pone.0073830
https://doi.org/10.1016/j.ecolind.2022.108575
https://doi.org/10.1016/j.jenvman.2018.11.086
https://doi.org/10.1111/ddi.12508
https://doi.org/10.1111/ddi.12508
https://doi.org/10.1038/nrg3182
https://doi.org/10.1038/nrg3182
https://doi.org/10.1111/ele.12099
https://doi.org/10.1371/journal.pone.0010957
https://doi.org/10.1371/journal.pone.0010957
https://doi.org/10.3354/dao02560
https://doi.org/10.3354/dao02560
https://doi.org/10.1128/aem.01294-09
https://doi.org/10.1128/aem.01294-09
https://doi.org/10.1016/j.biocon.2012.03.022
https://doi.org/10.1016/j.biocon.2012.03.022
https://doi.org/10.1038/s41467-018-02967-w
https://doi.org/10.1038/s41467-018-02967-w
https://doi.org/10.3389/fmicb/2018/01604
https://doi.org/10.1655/0018-0831-76.2.167
https://doi.org/10.1655/0018-0831-76.2.167
https://doi.org/10.1038/s41598-018-30709-x
https://doi.org/10.1038/s41598-018-30709-x


	 J. Salazar et al.   47   Page 18 of 20

melanoleuca) by high throughput sequencing. Microb Pathog 
115:280–286. https://​doi.​org/​10.​1016/j.​micpa​th.​2017.​12.​067

	22.	 Harrison XA, McDevitt AD, Dunn JC, Griffiths SM, Benvenuto C, 
Birtles R, Antwis RE (2021) Fungal microbiomes are determined 
by host phylogeny and exhibit widespread associations with the 
bacterial microbiome. Proc R Soc B 288:20210552. https://​doi.​
org/​10.​1098/​rspb.​2021.​0552

	23.	 Medina D, Hughey MC, Walke JB, Becker MH, Pontarelli K, 
Sun S, Belden LK (2019) Amphibian skin fungal communities 
vary across host species and do not correlate with infection by a 
pathogenic fungus. Environ Microbiol 21:2905–2920. https://​doi.​
org/​10.​1111/​1462-​2920.​14682

	24.	 Kearns PJ, Fischer S, Fernández-Beaskoetxea S, Gabor CR, Bosch 
J, Bowen JL, Woodhams DC (2017) Fight fungi with fungi: anti-
fungal properties of the amphibian mycobiome. Front Microbiol 
8:2494. https://​doi.​org/​10.​3389/​fmicb.​2017.​02494

	25.	 Becker MH, Richards-Zawacki CL, Gratwicke B, Belden LK 
(2014) The effect of captivity on the cutaneous bacterial commu-
nity of the critically endangered Panamanian golden frog (Atelo-
pus zeteki). Biol Cons 176:199–206. https://​doi.​org/​10.​1016/j.​
biocon.​2014.​05.​029

	26.	 Loudon AH, Woodhams DC, Parfrey LW, Archer H, Knight R, 
McKenzie V, Harris RN (2014) Microbial community dynamics 
and effect of environmental microbial reservoirs on red-backed 
salamanders (Plethodon cinereus). ISME J 8:830–840. https://​
doi.​org/​10.​1038/​ismej.​2013.​200

	27.	 Strobel G, Daisy B (2003) Bioprospecting for microbial endo-
phytes and their natural products. Microbiol Mol Biol Rev 
67:491–502. https://​doi.​org/​10.​1128/​mmbr.​67.4.​491-​502.​2003

	28.	 Rebollar EA, Antwis RE, Becker MH, Belden LK, Bletz MC, 
Brucker RM, Harris RN (2016) Using “omics” and integrated 
multi-omics approaches to guide probiotic selection to mitigate 
chytridiomycosis and other emerging infectious diseases. Front 
Microbiol 7:68. https://​doi.​org/​10.​3389/​fmicb.​2016.​00068

	29.	 Woodhams DC, Bletz M, Kueneman J, McKenzie V (2016) Man-
aging amphibian disease with skin microbiota. Trends Microbiol 
24:161–164. https://​doi.​org/​10.​1016/j.​tim.​2015.​12.​010

	30.	 Bizzini A, Durussel C, Bille J, Greub G, Prod’hom G (2010) 
Performance of matrix-assisted laser desorption ionization-time 
of flight mass spectrometry for identification of bacterial strains 
routinely isolated in a clinical microbiology laboratory. J Clin 
Microbiol 48:49–1554.https://​doi.​org/​10.​1128/​jcm.​01794-​09

	31.	 Patel R (2010) Matrix-assisted laser desorption ionization-time of 
flight mass spectrometry in clinical microbiology. Clin Infect Dis 
57:564–572. https://​doi.​org/​10.​1093/​cid/​cit247

	32.	 Wang Y, Chen XF, Xie XL, Xiao M, Yang Y, Zhang G, Zhang JJ, 
Duan SM, Zhang Q, Zhang P (2019) Evaluation of VITEK MS 
Clin-ToF-II MS Autof MS 1000 and VITEK 2 ANC card for iden-
tification of Bacteroides fragilis group isolates and antimicrobial 
susceptibilities of these isolates in a Chinese university hospital. J 
Microbiol Immunol Infect 52:456–464. https://​doi.​org/​10.​1016/j.​
jmii.​2018.​12.​009

	33.	 Yi Q, Xiao M, Fan X, Zhang G, Yang Y, Zhang JJ, Duan SM, 
Cheng JW, Li Y, Zhou ML (2021) Evaluation of Autof MS 
1000 and Vitek MS MALDI-TOF MS system in identification 
of closely-related yeasts causing invasive fungal diseases. Front 
Cell Infect Microbiol 11:628828. https://​doi.​org/​10.​3389/​fcimb.​
2021.​628828

	34.	 Cherkaoui A, Hibbs J, Emonet S, Tangomo M, Girard M, Francois 
P, Schrenzel J (2010) Comparison of two matrix-assisted laser 
desorption ionization-time of flight mass spectrometry methods 
with conventional phenotypic identification for routine identifica-
tion of bacteria to the species level. J Clin Microbiol 48:1169–
1175. https://​doi.​org/​10.​1128/​jcm.​01881-​09

	35.	 Barnini S, Ghelardi E, Brucculeri V, Morici P, Lupetti A (2015) 
Rapid and reliable identification of Gram-negative bacteria and 

Gram-positive cocci by deposition of bacteria harvested from 
blood cultures onto the MALDI-TOF plate. BMC Microbiol 
15:124. https://​doi.​org/​10.​1186/​s12866-​015-​0459-8

	36.	 Jamal WY, Shahin M, Rotimi VO (2013) Comparison of two 
matrix-assisted laser desorption/ionization-time of f light 
(MALDI-TOF) mass spectrometry methods and API 20AN for 
identification of clinically relevant anaerobic bacteria. J Med 
Microbiol 62:540–544. https://​doi.​org/​10.​1099/​jmm.0.​053256-0

	37.	 Miller E, Cantrell C, Beard M, Derylak A, Babady NE, McMil-
len T, Miranda E, Body B, Tang YW, Vasireddy R (2018) Per-
formance of Vitek MS v3 0 for identification of mycobacte-
rium species from patient samples by use of automated liquid 
medium systems. J Clin Microbiol 56:10–1128. https://​doi.​org/​
10.​1128/​jcm.​00219-​18

	38.	 Durand T, Vautrin F, Bergeron E, Girard V, Polsinelli S, Monnin 
V, Durand G, Dauwalder O, Dumitrescu O, Laurent F (2020) 
Assessment of VITEK(R) MS IVD database V3 0 for identi-
fication of Nocardia spp. using two culture media and com-
paring direct smear and protein extraction procedures. Eur J 
Clin Microbiol Infect Dis 39:559–567. https://​doi.​org/​10.​1007/​
s10096-​019-​03758-x

	39.	 Zhang L, Xiao M, Wang H, Gao R, Fan X, Brown M, Gray TJ, 
Kong F, Xu YC (2014) Yeast identification algorithm based 
on use of the Vitek MS system selectively supplemented with 
ribosomal DNA sequencing: Proposal of a reference assay for 
invasive fungal surveillance programs in China. J Clin Micro-
biol 52:572–577. https://​doi.​org/​10.​1128/​jcm.​02543-​13

	40.	 Li Y, Wang H, Hou X, Huang JJ, Wang PC, Xu YC (2020) Iden-
tification by matrix-assisted laser desorption ionization-time of 
flight mass spectrometry and antifungal susceptibility testing of 
non-aspergillus molds. Front Microbiol 11:922. https://​doi.​org/​
10.​3389/​fmicb.​2020.​00922

	41.	 Calderaro A, Arcangeletti MC, Rodighiero I, Buttrini M, Mon-
tecchini S, Vasile Simone R, Medici MC, Chezzi C, De Conto 
F (2016) Identification of different respiratory viruses after a 
cell culture step by matrix assisted laser desorption/ionization 
time of flight mass spectrometry (MALDI-TOF MS). Sci Rep 
6:36082. https://​doi.​org/​10.​1038/​srep3​6082

	42.	 Costa J, Ferreira EC, Santos C (2021) COVID-19, chikungu-
nya, dengue and Zika diseases: an analytical platform based on 
MALDI-TOF MS IR spectroscopy and RT-qPCR for accurate 
diagnosis and accelerate epidemics control. Microorganisms 
9:708. https://​doi.​org/​10.​3390/​micro​organ​isms9​040708

	43.	 Hou TY, Chiang-Ni C, Teng SH (2019) Current status of 
MALDI-TOF mass spectrometry in clinical microbiology. J 
Food Drug Anal 27:404–414. https://​doi.​org/​10.​1016/j.​jfda.​
2019.​01.​001

	44.	 Seng P, Drancourt M, Gouriet F, La Scola B, Fournier PE, Rolain 
JM, Raoult D (2009) Ongoing revolution in bacteriology: rou-
tine identification of bacteria by matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry. Clin Infect Dis 
49:543–551. https://​doi.​org/​10.​1086/​600885

	45.	 Coloma LA, Duellman WE (2025) Amphibians of Ecuador: 
Pipidae, Telmatobiidae, Microhylidae, Dendrobatidae, Ranidae, 
Bufonidae, and Hylidae. Volume II. CRC Press. https://​doi.​org/​
10.​1201/​97810​03543​886

	46.	 Batallas D, Márquez R, Guayasamin JM (2025) Sounds of the 
northern Andes: the calls of a diverse and endangered frog com-
munity (Amphibia, Anura) from Ecuador. ZooKeys 1224:211. 
https://​doi.​org/​10.​3897/​zooke​ys.​1224.​137972.​figur​e16

	47.	 Brem F, Mendelson JR, Lips KR (2007) Field-sampling protocol 
for atrachochytrium dendrobatidis from living amphibians using 
alcohol preserved swabs. Version 1:18

	48.	 Benagli C, Rossi V, Dolina M, Tonolla M, Petrini O (2011) 
Matrix-assisted laser desorption ionization-time of flight mass 
spectrometry for the identification of clinically relevant bacteria. 

https://doi.org/10.1016/j.micpath.2017.12.067
https://doi.org/10.1098/rspb.2021.0552
https://doi.org/10.1098/rspb.2021.0552
https://doi.org/10.1111/1462-2920.14682
https://doi.org/10.1111/1462-2920.14682
https://doi.org/10.3389/fmicb.2017.02494
https://doi.org/10.1016/j.biocon.2014.05.029
https://doi.org/10.1016/j.biocon.2014.05.029
https://doi.org/10.1038/ismej.2013.200
https://doi.org/10.1038/ismej.2013.200
https://doi.org/10.1128/mmbr.67.4.491-502.2003
https://doi.org/10.3389/fmicb.2016.00068
https://doi.org/10.1016/j.tim.2015.12.010
https://doi.org/10.1128/jcm.01794-09
https://doi.org/10.1093/cid/cit247
https://doi.org/10.1016/j.jmii.2018.12.009
https://doi.org/10.1016/j.jmii.2018.12.009
https://doi.org/10.3389/fcimb.2021.628828
https://doi.org/10.3389/fcimb.2021.628828
https://doi.org/10.1128/jcm.01881-09
https://doi.org/10.1186/s12866-015-0459-8
https://doi.org/10.1099/jmm.0.053256-0
https://doi.org/10.1128/jcm.00219-18
https://doi.org/10.1128/jcm.00219-18
https://doi.org/10.1007/s10096-019-03758-x
https://doi.org/10.1007/s10096-019-03758-x
https://doi.org/10.1128/jcm.02543-13
https://doi.org/10.3389/fmicb.2020.00922
https://doi.org/10.3389/fmicb.2020.00922
https://doi.org/10.1038/srep36082
https://doi.org/10.3390/microorganisms9040708
https://doi.org/10.1016/j.jfda.2019.01.001
https://doi.org/10.1016/j.jfda.2019.01.001
https://doi.org/10.1086/600885
https://doi.org/10.1201/9781003543886
https://doi.org/10.1201/9781003543886
https://doi.org/10.3897/zookeys.1224.137972.figure16


MALDI‑TOF Mass Spectrometry Characterization of Culturable Microbiota Associated with the… Page 19 of 20     47 

PLoS One 6:e16424. https://​doi.​org/​10.​1371/​journ​al.​pone.​00164​
24

	49.	 Mizrahi-Man O, Davenport ER, Gilad Y (2013) Taxonomic classi-
fication of bacterial 16S rRNA gene using short sequencing reads: 
evaluation of effective study designs. PLoS One 8:e53608. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00536​08

	50.	 Mathieu A, Vogel TM, Simonet P (2014) The future of skin 
metagenomics. Res Microbiol 165:69–76. https://​doi.​org/​10.​
1016/j.​resmic.​2013.​12.​002

	51.	 Harris RN, James TY, Lauer A, Simon MA, Patel A (2006) 
Amphibian pathogen Batrachochytrium dendrobatidis is inhib-
ited by the cutaneous bacteria of amphibian species. EcoHealth 
3:53–56. https://​doi.​org/​10.​1007/​s10393-​005-​0009-1

	52.	 Lauer A, Simon MA, Banning JL, Lam BA, Harris RN (2008) 
Diversity of cutaneous bacteria with antifungal activity isolated 
from female four-toed salamanders. ISME J 2:145–157. https://​
doi.​org/​10.​1038/​ismej.​2007.​110

	53.	 Woodhams DC, Vredenburg VT, Simon MA, Billheimer D, 
Shakhtour B, Shyr Y, Harris RN (2007) Symbiotic bacteria con-
tribute to innate immune defenses of the threatened mountain yel-
low-legged frog, Rana muscosa. Biol Cons 138:390–398. https://​
doi.​org/​10.​1016/j.​biocon.​2007.​05.​004

	54.	 Bahrndorff S, Alemu T, Alemneh T, Lund Nielsen J (2016) The 
microbiome of animals: implications for conservation biology. Int 
J Genom 2016:5304028. https://​doi.​org/​10.​1155/​2016/​53040​28

	55.	 Jani AJ, Briggs CJ (2014) The pathogen Batrachochytrium dend-
robatidis disturbs the frog skin microbiome during a natural epi-
demic and experimental infection. Proc Natl Acad Sci 111:E5049–
E5058. https://​doi.​org/​10.​1073/​pnas.​14127​52111

	56.	 Jervis P, Pintanel P, Hopkins K, Wierzbicki C, Shelton JM, 
Skelly E, Fisher MC (2021) Post-epizootic microbiome associa-
tions across communities of neotropical amphibians. Mol Ecol 
30:1322–1335. https://​doi.​org/​10.​1111/​mec.​15789

	57.	 Székely P, Eguiguren JS, Ordóñez-Delgado L, Armijos-Ojeda 
D, Székely D (2020) Fifty years after: a taxonomic revision of 
the amphibian species from the Ecuadorian biodiversity hotspot 
Abra de Zamora, with description of two new Pristimantis spe-
cies. PLoS One 15:e0238306. https://​doi.​org/​10.​1371/​journ​al.​
pone.​02383​06

	58.	 De Carvalho TR, Giaretta AA, Maciel NM, Barrera DA, Agui-
lar-Puntriano C, Haddad CF, Angulo A (2019) On the uncertain 
taxonomic identity of Adenomera hylaedactyla (Cope, 1868) and 
the composite type series of A. andreae (Müller, 1923) (Anura, 
Leptodactylidae). Copeia 107:708–723. https://​doi.​org/​10.​1643/​
ch-​19-​237

	59.	 Iñiguez CA, Morejón FJ (2012) Potential distribution of the Amer-
ican bullfrog (Lithobates catesbeianus) in Ecuador. South Am J 
Herpetol 7:85–90. https://​doi.​org/​10.​2994/​057.​007.​0211

	60.	 Mendoza ÁM, Ospina OE, Cárdenas-Henao H, García-R JC 
(2015) A likelihood inference of historical biogeography in the 
world’s most diverse terrestrial vertebrate genus: diversification 
of direct-developing frogs (Craugastoridae: Pristimantis) across 
the Neotropics. Mol Phylogenet Evol 85:50–58. https://​doi.​org/​
10.​1016/j.​ympev.​2015.​02.​001

	61.	 Narváez AE, Barreno M, Cuadrado S, Vera K, Molina-Moreira N 
(2023) Updated distribution of an alien frog species, Lithobates 
catesbeianus (Shaw, 1802), in Ecuador: new records of Bullfrog 
in the semideciduous lowland forest of western Ecuador. Check 
List 19:4. https://​doi.​org/​10.​15560/​19.4.​533

	62.	 Carvajal-Endara S, Coloma LA, Morales-Mite MA, Guayasamin 
JM, Székely P, Duellman WE (2019) Phylogenetic systematics, 
ecology, and conservation of marsupial frogs (Anura: Hemiphra-
ctidae) from the Andes of southern Ecuador, with descriptions 
of four new biphasic species. Zootaxa 4562. https://​doi.​org/​10.​
11646/​zoota​xa.​4562.1.1

	63.	 Santos JC, Coloma LA, Summers K, Caldwell JP, Ree R, Can-
natella DC (2009) Amazonian amphibian diversity is primar-
ily derived from late Miocene Andean lineages. PLoS Biol 
7:e1000056. https://​doi.​org/​10.​1371/​journ​al.​pbio.​10000​56

	64.	 Jetz W, Pyron RA (2018) The interplay of past diversification 
and evolutionary isolation with present imperilment across the 
amphibian tree of life. Nature Ecol Evol 2:850–858. https://​doi.​
org/​10.​1038/​s41559-​018-​0515-5

	65.	 Herp RE (2000) Ten years of research on Bolivian amphibians: 
updated checklist, distribution, taxonomic problems, literature and 
iconography. Rev Esp Herp 14:19–164

	66.	 Gaglio M, Aschonitis VG, Mancuso MM, Reyes Puig JP, Mos-
coso F, Castaldelli G, Fano EA (2017) Changes in land use and 
ecosystem services in tropical forest areas: a case study in Andes 
mountains of Ecuador. Int J Biodiver Sci Ecosyst Serv Manag 
13:264–279. https://​doi.​org/​10.​1080/​21513​732.​2017.​13459​80

	67.	 Shu Y, Jiang H, Yuen CN, Wang W, He J, Zhang H, Wu H (2022) 
Microcystin-leucine arginine induces skin barrier damage and 
reduces resistance to pathogenic bacteria in Lithobates catesbe-
ianus tadpoles. Ecotoxicol Environ Saf 238:113584. https://​doi.​
org/​10.​1016/j.​ecoenv.​2022.​113584

	68.	 Zhu DQ, Dong WJ, Long XZ, Yang XM, Han XY, Kou YH, Tong 
Q (2024) Skin ulcers and microbiota in Rana dybowskii: uncover-
ing the role of the gut-skin axis in amphibian health. Aquaculture 
585:740. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2024.​740724

	69.	 Guo L, Jin X, Yang D, Wei L, Chen J, Lin Z, Ma L (2025) Iden-
tification and characterization of Serratia nematophila and Aci-
netobacter guillouiae from putrid-skin disease lesions in farmed 
Chinese spiny frog (Quasipaa spinosa). Microbiol Spectrum 
13:e02096-e2124. https://​doi.​org/​10.​1128/​spect​rum.​02096-​24

	70.	 Pacheco HR, Reynoso JR, Tenneti MM, Rodriguez KM, Voyles J 
(2024) The complement system and its involvement in inhibition 
of Batrachochytriym dendrobatidis, a lethal fungal pathogen of 
amphibians. Front Amphibian Reptile Sci 2:1294491. https://​doi.​
org/​10.​3389/​famrs.​2024.​12944​91

	71.	 Bresciano JC, Salvador CA, Paz-y-Miño C, Parody-Merino AM, 
Bosch J, Woodhams DC (2015) Variation in the presence of anti-
Batrachochytrium dendrobatidis bacteria of amphibians across life 
stages and elevations in Ecuador. EcoHealth 12:310–319. https://​
doi.​org/​10.​1007/​s10393-​015-​1010-y

	72.	 Voyles J, Young S, Berger L, Campbell C, Voyles WF, Dinudom 
A, Speare R (2009) Pathogenesis of chytridiomycosis, a cause of 
catastrophic amphibian declines. Science 326:582–585. https://​
doi.​org/​10.​1126/​scien​ce.​11767​65

	73.	 Nadarasah G (2012) Phylogenetic analysis and characterization of 
plant, environmental, and clinical strains of Pantoea. The Univer-
sity of Regina (Canada)

	74.	 Harris RN, Brucker RM, Walke JB, Becker MH, Schwantes CR, 
Flaherty DC, Minbiole KP (2009) Skin microbes on frogs prevent 
morbidity and mortality caused by a lethal skin fungus. ISME J 
3:818–824. https://​doi.​org/​10.​1038/​ismej.​2009.​27

	75.	 Jiménez RR, Alvarado G, Sandoval J, Sommer S (2020) Habi-
tat disturbance influences the skin microbiome of a rediscovered 
neotropical-montane frog. BMC Microbiol 20:1–14. https://​doi.​
org/​10.​1186/​s12866-​020-​01979-1

	76.	 Neely WJ, Greenspan SE, Stahl LM, Heraghty SD, Marshall 
VM, Atkinson CL, Becker CG (2022) Habitat disturbance linked 
with host microbiome dispersion and Bd dynamics in temperate 
amphibians. Microb Ecol 84:901–910. https://​doi.​org/​10.​1007/​
s00248-​021-​01897-3

	77.	 Brucker RM, Harris RN, Schwantes CR, Gallaher TN, Flaherty 
DC, Lam BA, Minbiole KP (2008) Amphibian chemical defense: 
antifungal metabolites of the microsymbiont Janthinobacterium 
lividum on the salamander Plethodon cinereus. J Chem Ecol 
34:1422–1429. https://​doi.​org/​10.​1007/​s10886-​008-​9555-7

https://doi.org/10.1371/journal.pone.0016424
https://doi.org/10.1371/journal.pone.0016424
https://doi.org/10.1371/journal.pone.0053608
https://doi.org/10.1371/journal.pone.0053608
https://doi.org/10.1016/j.resmic.2013.12.002
https://doi.org/10.1016/j.resmic.2013.12.002
https://doi.org/10.1007/s10393-005-0009-1
https://doi.org/10.1038/ismej.2007.110
https://doi.org/10.1038/ismej.2007.110
https://doi.org/10.1016/j.biocon.2007.05.004
https://doi.org/10.1016/j.biocon.2007.05.004
https://doi.org/10.1155/2016/5304028
https://doi.org/10.1073/pnas.1412752111
https://doi.org/10.1111/mec.15789
https://doi.org/10.1371/journal.pone.0238306
https://doi.org/10.1371/journal.pone.0238306
https://doi.org/10.1643/ch-19-237
https://doi.org/10.1643/ch-19-237
https://doi.org/10.2994/057.007.0211
https://doi.org/10.1016/j.ympev.2015.02.001
https://doi.org/10.1016/j.ympev.2015.02.001
https://doi.org/10.15560/19.4.533
https://doi.org/10.11646/zootaxa.4562.1.1
https://doi.org/10.11646/zootaxa.4562.1.1
https://doi.org/10.1371/journal.pbio.1000056
https://doi.org/10.1038/s41559-018-0515-5
https://doi.org/10.1038/s41559-018-0515-5
https://doi.org/10.1080/21513732.2017.1345980
https://doi.org/10.1016/j.ecoenv.2022.113584
https://doi.org/10.1016/j.ecoenv.2022.113584
https://doi.org/10.1016/j.aquaculture.2024.740724
https://doi.org/10.1128/spectrum.02096-24
https://doi.org/10.3389/famrs.2024.1294491
https://doi.org/10.3389/famrs.2024.1294491
https://doi.org/10.1007/s10393-015-1010-y
https://doi.org/10.1007/s10393-015-1010-y
https://doi.org/10.1126/science.1176765
https://doi.org/10.1126/science.1176765
https://doi.org/10.1038/ismej.2009.27
https://doi.org/10.1186/s12866-020-01979-1
https://doi.org/10.1186/s12866-020-01979-1
https://doi.org/10.1007/s00248-021-01897-3
https://doi.org/10.1007/s00248-021-01897-3
https://doi.org/10.1007/s10886-008-9555-7


	 J. Salazar et al.   47   Page 20 of 20

	78.	 Naloka K, Kuntaveesuk A, Muangchinda C, Chavanich S, Viya-
karn V, Chen B, Pinyakong O (2024) Pseudomonas and Pseudar-
throbacter are the key players in synergistic phenanthrene biodeg-
radation at low temperatures. Sci Rep 14:11976. https://​doi.​org/​
10.​1038/​s41598-​024-​62829-y

	79.	 Rohr JR, Raffel TR (2010) Linking global climate and temperature 
variability to widespread amphibian declines putatively caused by 
disease. Proc Natl Acad Sci 107:8269–8274

	80.	 Ngalimat MS, Yahaya RS, Baharudin MM, Yaminudin SM, Karim 
M, Ahmad SA, Sabri S (2021) A review on the biotechnological 
applications of the operational group Bacillus amyloliquefaciens. 
Microorganisms 9:614. https://​doi.​org/​10.​1073/​pnas.​09128​83107

	81.	 Haas D, Défago G (2005) Biological control of soil-borne patho-
gens by fluorescent pseudomonads. Nat Rev Microbiol 3:307–319. 
https://​doi.​org/​10.​1038/​nrmic​ro1129

	82.	 Roy P, Kumar A (2020) Arthrobacter. In Beneficial microbes in 
agro-ecology (pp. 3–11) Academic Press. https://​doi.​org/​10.​1016/​
b978-0-​12-​823414-​3.​00001-0

	83.	 Rollins-Smith LA (2009) The role of amphibian antimicrobial 
peptides in protection of amphibians from pathogens linked 
to global amphibian declines. Biochimica et Biophysica Acta 
(BBA)-Biomembranes 1788:1593–1599. https://​doi.​org/​10.​
1016/j.​bbamem.​2009.​03.​008

	84.	 Vences M, Köhler J (2008) Global diversity of amphibians 
(Amphibia) in freshwater. Freshwater Animal Divers Assess 
569–580. https://​doi.​org/​10.​1007/​978-1-​4020-​8259-7_​54

	85.	 Wang X, Cai W, Van Den Ende AG, Zhang J, Xie T, Xi L, De 
Hoog S (2018) Indoor wet cells as a habitat for melanized fungi, 
opportunistic pathogens on humans and other vertebrates. Sci Rep 
8:7685. https://​doi.​org/​10.​1038/​s41598-​018-​26071-7

	86.	 Amiri Fahliyani S, Rastegari AA, Yadav N, Yadav AN (2021) 
Human fungal pathogens: diversity, genomics, and preventions. 
Recent trends in mycological research: volume 1: Agricultural and 
Medical Perspective 371–394. https://​doi.​org/​10.​1007/​978-3-​030-​
60659-6_​16

	87.	 Nucci M, Anaissie E (2007) Fusarium infections in immunocom-
promised patients. Clin Microbiol Rev 20:695–704. https://​doi.​
org/​10.​1128/​cmr.​00014-​07

	88.	 Stupar M, Savković Ž, Breka K, Stamenković S, Krizmanić I, 
Vukojević J, Grbić ML (2023) A variety of fungal species on 
the green frogs’ skin (Pelophylax esculentus complex) in South 
Banat. Microb Ecol 86:859–871. https://​doi.​org/​10.​1007/​
s00248-​022-​02135-0

	89.	 Latgé JP (1999) Aspergillus fumigatus and aspergillosis. Clin 
Microbiol Rev 12:310–350. https://​doi.​org/​10.​1128/​cmr.​12.2.​310

	90.	 Leslie JF, Summerell BA (2008) The Fusarium laboratory manual. 
John Wiley & Sons. https://​doi.​org/​10.​1002/​97804​70278​376

	91.	 Thomas M, Thangavel M (2018) Zygomycetous Fungi in wild 
rats in Vembanadu wetland agroecosystem. J Zool Res 2:21–24. 
https://​doi.​org/​10.​22259/​2637-​5575.​02030​05

	92.	 Frisvad JC, Møller LL, Larsen TO, Kumar R, Arnau J (2018) 
Safety of the fungal workhorses of industrial biotechnology: 
update on the mycotoxin and secondary metabolite potential of 
Aspergillus niger, Aspergillus oryzae, and Trichoderma reesei. 
Appl Microbiol Biotechnol 102:9481–9515. https://​doi.​org/​10.​
1007/​s00253-​018-​9354-1

	93.	 Cairns TC, Barthel L, Meyer V (2021) Something old, something 
new: challenges and developments in Aspergillus niger biotech-
nology. Essays Biochem 65:213–224. https://​doi.​org/​10.​1042/​
ebc20​200139

	94.	 Pessôa MG, Paulino BN, Mano MC, Neri-Numa IA, Molina G, 
Pastore GM (2017) Fusarium species—a promising tool box for 
industrial biotechnology. Appl Microbiol Biotechnol 101:3493–
3511. https://​doi.​org/​10.​1007/​s00253-​017-​8255-z

	95.	 Ibrahim SR, Sirwi A, Eid BG, Mohamed SG, Mohamed GA 
(2021) Bright side of Fusarium oxysporum: secondary metabolites 
bioactivities and industrial relevance in biotechnology and nano-
technology. J Fungi 7:943. https://​doi.​org/​10.​3390/​jof71​10943

	96.	 R Core Team (2020) R: A Language and Environment for Statisti-
cal Computing, R Foundation for Statistical Computing, Vienna 
Austria. Available online: https://​www.R-​proje​ct.​org (accessed on 
6 March 2025)

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41598-024-62829-y
https://doi.org/10.1038/s41598-024-62829-y
https://doi.org/10.1073/pnas.0912883107
https://doi.org/10.1038/nrmicro1129
https://doi.org/10.1016/b978-0-12-823414-3.00001-0
https://doi.org/10.1016/b978-0-12-823414-3.00001-0
https://doi.org/10.1016/j.bbamem.2009.03.008
https://doi.org/10.1016/j.bbamem.2009.03.008
https://doi.org/10.1007/978-1-4020-8259-7_54
https://doi.org/10.1038/s41598-018-26071-7
https://doi.org/10.1007/978-3-030-60659-6_16
https://doi.org/10.1007/978-3-030-60659-6_16
https://doi.org/10.1128/cmr.00014-07
https://doi.org/10.1128/cmr.00014-07
https://doi.org/10.1007/s00248-022-02135-0
https://doi.org/10.1007/s00248-022-02135-0
https://doi.org/10.1128/cmr.12.2.310
https://doi.org/10.1002/9780470278376
https://doi.org/10.22259/2637-5575.0203005
https://doi.org/10.1007/s00253-018-9354-1
https://doi.org/10.1007/s00253-018-9354-1
https://doi.org/10.1042/ebc20200139
https://doi.org/10.1042/ebc20200139
https://doi.org/10.1007/s00253-017-8255-z
https://doi.org/10.3390/jof7110943
https://www.R-project.org

	MALDI-TOF Mass Spectrometry Characterization of Culturable Microbiota Associated with the Skin of Amphibians from the Southern Andes Mountains of Ecuador
	Abstract
	Introduction
	Materials and Methods
	Ethics Statement
	Sampling Locations
	Sample Collection
	Isolation, Culture Conditions, and Activation
	Bacterial Isolation and Culture
	Fungal Isolation and Culture

	MALDI-TOF MS
	Bacteria
	Fungi

	Statistical Analysis

	Results
	Characterization of Anurans
	General Composition of the Anuran Species, Bacteria, and Fungi Assemblage
	Relative Composition of the Bacterial Population
	Subkingdom Negibacteria
	Subkingdom Posibacteria
	Phylum
	Proteobacteria

	Firmicutes
	Actinobacteria
	Bacteroidetes
	Composition of the Fungal Assemblage

	Subkingdom Dikarya
	Ascomycota
	Mucoromycotina
	Alpha Diversity Patterns Across Localities
	Bacteria
	Fungi

	Beta Diversity and Community Structure
	Bacteria
	Fungi


	Discussion
	Acknowledgements 
	References


