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Abstract

Tropical rainforests and related biomes are found in Asia, Australia, Africa, Central
and South America, Mexico, and many Pacific Islands. These biomes encompass less
than 20% of Earth's terrestrial area, may contain about 50% of the planet's
biodiversity, and are endangered regions vulnerable to deforestation. Tropical
rainforests have a great diversity of substrates that can be colonized by yeasts.
These unicellular fungi contribute to the recycling of organic matter, may serve as a
food source for other organisms, or have ecological interactions that benefit or harm
plants, animals, and other fungi. In this review, we summarize the most important
studies of yeast biodiversity carried out in these biomes, as well as new data, and
discuss the ecology of yeast genera frequently isolated from tropical forests and the
potential of these microorganisms as a source of bioinnovation. We show that
tropical forest biomes represent a tremendous source of new yeast species.
Although many studies, most using culture-dependent methods, have already been
carried out in Central America, South America, and Asia, the tropical forest biomes of
Africa and Australasia remain an underexplored source of novel yeasts. We hope
that this review will encourage new researchers to study yeasts in unexplored

tropical forest habitats.
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1 | INTRODUCTION

Tropical forests encompass less than 20% of Earth's terrestrial area
and are home to an enormous diversity of organisms (Dinerstein
et al., 2017; Pillay et al., 2022). These ecosystems occur between the
tropics of Cancer and Capricorn (23.5° N and S of the equator,
respectively) and are characterized by dense, relatively tall, closed
canopies with trees making up the dominant life form in structurally
complex arrangements (Banin et al., 2015). Differently from temper-
ate and boreal forests, there is no dominance of any one particular
tree species in tropical forests (Littge, 2008). These forests are found
in Asia, Australia, Africa, Central and South America, Mexico, and
many Pacific Islands. Currently, the largest contiguous tracts occur in
South America (the Amazon basin), Central Africa (the Congo basin),
and Papua New Guinea (Figure 1).

Some works estimate that more than 50% of the known
terrestrial biodiversity is found in tropical forests (Banin et al., 2015;
Dinerstein et al., 2017). For example, Pillay et al. (2022) determined
that tropical forests harbor 62% of global terrestrial vertebrate
species, more than twice the number found in any other terrestrial

biome on Earth. However, tropical forests are possibly the most
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Take-away

e Tropical rainforests and related biomes are tremendous
sources of novel yeasts.

e Tropical yeasts participate in several ecological interac-
tions that contribute to the health of these ecosystems.

e Most studies of yeast diversity in tropical forests were
carried out using culture-dependent methods.

e Yeasts from tropical rainforests are rich sources for

bioinnovation.

endangered habitat on Earth and are very vulnerable to deforestation
(Hoang & Kanemoto, 2021). Therefore, forest degradation and
deforestation in tropical countries represent an inestimable loss for
both the already known and the still uncovered biodiversity.
Tropical forests provide an extraordinary diversity of habitats
for microorganisms. These habitats include floral and extrafloral
nectar, fruits, leaves, tree bark, tree exudates, soil and the

rhizosphere, water, plant and animal debris, insects, and other

Atlantic Rain Forest, Brazil Mixed Deciduous Forest, Thailand ~ Tropical Forest, Papua New Guinea

Dry Forest, Guanacaste , Costa Rica ~ Amazonian Fore, Brazil
FIGURE 1 Geographic distribution of the tropical rainforest, Cerrado, and Caatinga biomes. This figure was delineated using the World
Wildlife Fund terrestrial ecoregions map. The map was modified to exclude mountain and coastal forest mosaic ecoregions in Africa. For the
purpose of the sampling analysis, the biome was partitioned into a sampling frame consisting of square blocks 18.5 km per side. The shapefile
contains the sampling frame boundary for the humid tropical biomes (photography of the Eastern Highlands Province, Papua New Guinea is
authored by Vika Jordanov and available for free in Unsplash. The other photographs are authored by the authors of this paper).
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FIGURE 2 Substrates of tropical rainforest biomes where a high number of yeast species were isolated. (a) Morning-glory flowers (Ipomoea
sp.); (b) rotting wood; (c) Datura sp. flower with drosophilids; (d) Drosophila spp. flies; (€) Bromeliad; (f) Tree exudates in a Cerrado biome;

and (f) Agaricales mushrooms.

organisms (Figure 2). These habitats are colonized by a huge
diversity of microbial communities, most of them still unknown.
Yeasts are a component of these microbial communities. These
unicellular fungi participate in the mineralization of organic matter
in forest biomes and may produce plant growth promoters. Many
species are opportunistic pathogens of plants and animals. Yeasts
can have many kinds of ecological interactions with other fungi,
plants, and animals, or can be sources of food for many organisms
(Blackwell, 2017; Ganter et al., 2017). In tropical forest biomes, it
is important to determine the composition of yeast species in a
habitat, to distinguish prevalent from transient species, to identify
the physiological traits that allow the colonization of each habitat,
and to characterize the ecological interactions that contribute to
ecosystem functioning. Yeast surveys have revealed that many
species are specialists in some habitats, such as the surface and
guts of insects and other animals, rotting plant materials, the
phylloplane, flowers, soil, and water (Barros et al., 2023; Gomes
et al., 2015; Lachance, Klemens, et al., 2001; Morais et al., 2017;
Santos et al., 2018; Sapsirisuk et al., 2022; de Vega et al., 2017).
Tropical forests provide an abundance of substrates for yeast

colonization, and studies of these ecosystems are essential to
understand the genetic diversity of yeasts, their biogeography,
their interactions with other organisms, and their ecological role,
as well as their biotechnological potential.

In this review, we present data on the yeast diversity of forest
ecosystems of South America, Central America, and Asia, where
these studies are more extensive. Australasia and African tropical
forests will be focused as hotspots to study yeast biodiversity areas
where studies need to be encouraged. Studies on yeast biodiversity
in Central American forests are presented through those carried out
in the dry forest of the Area de Conservacion Guanacaste, Costa
Rica, where a series of expeditions were conducted by some co-
authors of this review, and utilized to inventory the diversity of
yeasts and their association with plants and insects. We hope that
reading the article can induce new researchers to study yeasts in
unexplored habitats, focusing on the discovery of new species and
their role in ecosystems, the factors that influence the structure of
yeast communities, and the exploration of these microorganisms for
bioinnovation purposes. Mozzachiodi et al. (2022) have published an
excellent review on yeast biodiversity and abundance in temperate
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forests. Those authors presented several sampling and isolation
strategies to study yeasts in forest biomes, and to avoid repetition
of this subject in the present review, we strongly recommend their
review. Here, we present the state of the art of studies on yeast
biodiversity in tropical forest biomes, based on published works and
unpublished data. An overview of the species described from
tropical rainforests in the last 30 years is given in Figure 3 and
Supporting Information: Table S1.

2 | YEAST DIVERSITY IN TROPICAL
FORESTS AND RELATED FOREST BIOMES
IN SOUTH AMERICA

2.1 | Amazonian rainforests

The Amazonian rainforest biome covers approximately 40% of South
America, including parts of nine countries: Brazil, Bolivia, Peru, Ecuador,
Colombia, Venezuela, Guyana, Suriname, and French Guiana. In Brazil,
the Amazonian biome represents 40% of the country (Figure 1). The
region features different types of vegetation, ranging from dense forests
to savannahs and mountain refuges. Several works have been published
on the yeast diversity in Amazonian rainforest biomes (Barriga et al., 2014;
Barros et al., 2023; Cadete et al., 2012; Guaman-Burneo et al., 2015;
Jacques & Casaregola, 2019; James et al., 2009, 2013; Lopes et al., 2018;

50
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FIGURE 3 Overview of the number of
yeast species described in the last 30 years
from samples collected in tropical rainforest
biomes worldwide.

60 70 80

Matos et al., 2021; Mok et al., 1984; Morais, Rosa, et al., 1995; Neves
et al., 2006; Vital et al., 2001). Most of these works show that the
Amazonian rainforest biome is a vast source of novel yeasts.

One of the first works focusing on the yeast diversity of
Amazonian biomes was performed by Mok et al. (1984). The authors
collected 1949 soil samples from diverse geographical and ecological
settings in the Brazilian Amazon Basin and investigated these samples
for the presence of opportunistic pathogenic yeasts using the indirect
mouse inoculation procedure. From 12% of the soil samples, 241
yeast and yeast-like isolates were assigned to six genera, and 82
species were recovered. Nine vyeasts with known pathogenic
potential were encountered: C. glabrata (= Nakaseomyces glabratus),
C. guilliermondii (= Meyerozyma guilliermondii), C. albicans, C. pseudo-
tropicalis (= Kluyveromyces marxianus), C. tropicalis, Rhodotorula rubra
(= Rh. mucilaginosa), and Wangiella dermatitidis. The composition and
distribution of the yeast species in soil differed from those of the
yeasts harbored by bats, suggesting that the Amazonian external
environment and internal bat organs act as independent natural
habitats for yeasts.

Morais, Martins et al. (1995) studied the yeast succession in
fallen ripe amapa fruit (Parahancornia amapa). The amapa is an
endemic tree distributed in the upland and seasonally flooded forests
of the Amazon Region. The fruits are edible and are known to serve
as food to animals. They are visited by insects, including Drosophila
flies that feed and breed on deteriorating fruits on the ground. The
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samples were taken at the Mocambo Forest Reserve site and
Salvaterra Ecological Reserve in the Brazilian state of Para. The yeast
community associated with this Amazon fruit differed from those
isolated from other fruits (Anacardium giganteum, Clusia grandiflora,
Helycostis sp., and Platonia insignis) in the same forest. The authors
reported that the occupation of the substrate depended on both the
competitive interactions of yeast species, such as the production of
killer toxins, and the selective dispersion by the drosophilid guild of
the amapa fruit. Common fruit-associated species of Kloeckera/
Hanseniaspora, Me. guilliermondii, and Pichia kudriavzevii colonized
fruits during the first 3 days after the fruit had fallen. These yeasts
were dispersed by the invader Drosophila malerkotliana and served as
food for them. Resident flies of the D. willistoni group fed selectively
on patches of yeasts colonizing fruits 3-10 days after the fruit fell.
Kleckera apiculata, Kl. apis, Saccharomycopsis (Candida) amapae,
P. kudriavzevii, C. sorbosa-like complex, C. fructus, C. sorboxylosa-like
complex, and P. kluyveri were the prevalent species in the fruit,
representing 50% of the total isolates. The authors also reported the
isolation of 14 candidates for novel species. However, yeast
identification in these previous studies was carried out by morphol-
ogy and growth tests, and the identity of these yeasts was not
verified by DNA sequencing.

The first work that utilized sequencing of the D1/D2 region for
the identification of yeast communities isolated from Amazonian
forest biomes was done by Cadete et al. (2012). The authors
collected rotting wood in two sites of Amazonian rainforest in the
state of Roraima, in Northern Brazil, to identify new bD-xylose-
fermenting yeasts that might potentially be used in the production of
bioethanol from sugarcane bagasse hemicellulosic hydrolysates.
A total of 224 yeast isolates, cultured in yeast nitrogen base (YNB)-
D-xylose or YNB-xylan media, were obtained from rotting wood
samples. Candida tropicalis, Vanrija humicola, C. boidinii, and D.
hansenii were the most frequently isolated species. Six isolates of
Spathaspora passalidarum, two of Scheffersomyces stipitis, and
representatives of five new species were identified among
p-xylose-fermenting isolates (Supporting Information: Table S1). Of
the 33 yeast species identified, 26 were previously known and
7 represented candidates for novel species. Lopes et al. (2018)
collected yeasts from rotting wood in the same region with the
objective of isolating cellobiose-fermenting strains. The authors
obtained 46 yeast species, with 11 representing candidates for novel
species. C. boidinii (Ogataea clade), Me. guilliermondii, Cyberlindnera
subsufficiens, C. blattae, C. orthopsilosis, and P. manshurica were the
most frequently isolated species.

Similar results were obtained by Barros et al. (2023) studying
yeast communities associated with rotting wood in other biomes of
the Amazonian Forest in the state of Amazonas. The authors
obtained a total of 569 yeast isolates from rotting wood samples
collected in three Amazonian sites, representing 83 species, of which
53 were previously known, and 30 (36%) were candidates for novel
species. Among the possible novel species, yeasts belonging to
Spathaspora, Scheffersomyces, and Sugiyamaella were found, which

are genera that contain species recognized as natural xylose
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fermenters, a trait of biotechnological interest. Other unpublished
studies in the same biome showed that approximately 50% of the
yeast species isolated from soil and passalid beetles represented
candidates for novel species (A. R. O. Santos & C. A. Rosa,
unpublished results; Souza et al., 2023).

During recent studies in two Brazilian Amazonian rainforest
biomes, we obtained 647 isolates from different substrates. A total of
157 yeast species were identified, with 54 (34%) representing
candidates for novel species (Supporting Information: Table S2). C.
orthopsilosis, Spencermartinsiella sp., Schw. polymorphus, and Apio-
trichum mycotoxinivorans were most frequent in rotting wood,
Nakaseomyces sp. and Starmerella apicola in flowers, P. manshurica
and Limtongozyma cylindracea in fruits, Wickerhamomyces sydowiorum
in tree barks, and three species of Moniliella in tree saps, with two
representing candidates for novel species. These results show the
high diversity of yeast species in these Amazonian rainforest biomes.

Other studies were done in Amazonian rainforest biomes, namely, in
Ecuador and French Guiana. James et al. (2009, 2011, 2013, 2014, 2015)
described C. carvajalis, Saturnispora quitensis, C. ecuadorensis, W.
arborarius, and Kazachstania yasuniensis from different tropical forest
biomes in Ecuador. Guaman-Burneo et al. (2015) studied b-xylose-
assimilating yeasts associated with rotting wood from the Galdpagos
Archipelago, Ecuador. A total of 140 yeast isolates were obtained, and
the most frequently isolated species belonged to the Yamadazyma,
Kazachstania, Kurtzmaniella, Lodderomyces/C. albicans, Metschnikowia, and
Saturnispora clades. Barriga et al. (2014) reported on the yeast
biodiversity associated with different substrates collected in four islands
of the Galapagos Archipelago and compared it with the yeast diversity of
biomes of mainland Ecuador. A total of 881 yeast isolates were obtained
and identified by DNA sequencing. The yeast species shared between
Galapagos and mainland biomes were mostly generalists and grew on a
wide variety of substrates. In contrast, most species found exclusively in
a region utilized a narrow range of substrates.

Some species described based on isolates obtained in mainland
Ecuador and the Galdpagos were also isolated in other regions,
including Asia and Australia. Specifically, S'copsis fodiens, Kodamaea
transpacifica, W. arborarius, and C. theae were isolated from different
substrates, mainly flowers, including Ipomoea spp., and associated
insects. Freitas et al. (2013) suggested a human-mediated dispersion
of these species by transpacific contacts in ancient times between
South American and Polynesian populations.

Jacques and Casaregola (2019) reported on the yeast diversity of
tropical rainforest biomes and other environments in French Guiana.
A total of 365 samples were collected from various substrates such
as plants, fruits, and insects, at 13 locations, yielding 276 yeast
isolates. Identification based on DNA sequencing showed that 210
isolates out of 276 belonged to 82 described species (67 Sacchar-
omycotina, 14 Basidiomycota, and 1 Pezizomycotina), and 54
Saccharomycotina isolates could not be assigned to a known species.
In addition, among the 43 Basidiomycotina isolates found, 12 could
not be assigned to a known species. The authors concluded that
French Guiana forest biomes constitute a largely unexplored

reservoir for yeast diversity. These authors described 10 new yeast
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species based on isolates obtained in this study (Supporting

Information: Table S1).

2.2 | Atlantic Rain Forests

The Brazilian Atlantic Rain Forest is composed of two major
vegetation types: the coastal forest, which covers mostly low to
medium elevations, and the tropical seasonal forest, which extends
across the plateau (usually >600 rn elev.) in the center and
southeastern interior of the country (Figure 1) (Morellato &
Haddad, 2000). The Atlantic Rain Forest is the most altered Brazilian
biome with less than 28% of its original forest cover remaining, and is
considered a hotspot of biodiversity (Barros et al., 2021; Myers
et al., 2000; Rezende et al., 2018). This complex biome contains a
species diversity higher than most of the Amazon Forest and also has
high levels of endemism (Morellato & Haddad, 2000). The first study
of yeasts in the Atlantic Rain Forest in Brazil was done by da Cunha
et al. (1957). The authors reported the diets and nutritional
preferences of tropical species of Drosophila in Atlantic Rain Forest
sites in the state of Sdo Paulo. The genera Pichia and Hanseniaspora/
Kloeckera predominated among yeasts associated with the flies. The
next important study of yeasts from Atlantic Rain Forests was
performed by Morais et al. (1992). These authors reported the
distribution and diversity of yeasts vectored by and from the crop of
eight species groups of Drosophila in two Atlantic Rain Forest
fragments and an urban wooded area in the state of Rio de Janeiro.
Typical forest Drosophila groups showed a higher diversity of yeasts
than the cosmopolitan melanogaster species group, suggesting
different strategies of utilization of substrates by the flies. Apiculate
yeasts, including KI. apis, Kl. javanica, and Kl. japonica, were the
prevalent species. Most of the yeasts were strong glucose fermenters
and assimilated few carbon compounds, suggesting that the flies
preferred fruit as food sources. Morais, Rosa et al. (1995) studied the
yeast communities associated with four species of the Drosophila
fasciola subgroup (repleta group) in sites of the Atlantic Rain Forest in
Rio de Janeiro. This Drosophila prefers the humid areas of the
neotropical region and is the dominant section of the D. repleta
(cactophilic Drosophila) group in the rainforests. The physiological
abilities and species composition of D. fasciola yeast communities
differed from those of other forest-inhabiting Drosophila, and the
narrow feeding niches of these flies suggested the use of only part of
the substrates available to the flies as food in the forest environment.
Pimenta et al. (2009) studied the yeast communities associated with
fruits, mushrooms, tree exudates, and flies of the genus Drosophila, in
two Atlantic Rain Forest fragments. A total of 608 yeast isolates were
obtained, belonging to 71 species. Distinct yeast communities were
observed in Drosophila flies, fruits, mushrooms, and tree exudates.
The studies of yeasts associated with Drosophila in these forest
biomes supported the view that habitat is a strong determinant of
yeast community identity (Morais et al., 1992).

Other studies of yeasts from Atlantic Rainforests were carried

out focusing on the search for species able to ferment p-xylose or

xylanase producers (Lopes et al., 2018; Morais et al., 2013, 2020;
Sena et al., 2017). Morais et al. (2013) investigated the yeast
species associated with rotting wood in two Atlantic Rain Forest
areas. The authors used YNB-p-xylose and YNB-xylan media to
culture the yeasts. A total of 321 isolates were obtained, with
Schw. polymorphus, Sc. queiroziae, B. californica, and C. (Ogataea)
boidinii as the most frequently isolated species. Sixty-nine species
were identified, 12 were found in both areas sampled, and 15
were candidates for new species. Sugiyamaella sp. 1 and Su.
xylanicola showed the ability to ferment p-xylose into ethanol, and
Spencermatrtinsiella sp. 1, Su. xylanicola, and Tremella sp. were able
to produce extracellular xylanases. Lopes et al. (2018) investigated
the yeast species associated with rotting wood samples obtained
from Atlantic Rain Forest and Amazonian forest biomes, with a
special focus on cellobiose-fermenting species. About 647 yeast
strains were isolated from rotting wood samples, representing 86
known species and 47 candidates for novel species. Eighty-six
known species and 47 novel species of yeasts were isolated.
Candida boidinii, Cy. subsufficiens, Me. guilliermondii, Schw. poly-
morphus, C. natalensis, and D. hansenii were the most frequently
isolated species. Among the cellobiose-fermenting yeasts, 14
known and 3 novel yeast species were identified. Morais et al.
(2020) studied the yeasts associated with rotting wood from four
Atlantic Rainforest sites. The yeasts were isolated using a culture
medium based on sugarcane bagasse hydrolysate. A total of 330
yeast strains were isolated, representing 51 species; the most
frequent were P. manshurica, C. pseudolambica, and Wickerhamo-
myces sp. 3. Fourteen candidates for novel species were obtained
in this study (Table S1).

Monteiro Moreira and Martins do Vale (2020) studied the soil
yeast communities in a postmining site with revegetated and native
areas along Savannah (Cerrado) and Atlantic Rain Forest biomes. A
higher species richness was observed for yeast communities in the
revegetated areas, with ascomycetous species dominating over
basidiomycetous species. Candida maltosa was the most frequent
species in the two biomes. The authors suggested that the elevated
species richness in a revegetated area points to a possible ecological
role of yeasts in environmental recovery. Moreira et al. (2020)
reported on soil fungal diversity in a postmining area, comparing
natural and modified environments by metabarcoding of the ITS2
region. The authors compared the soil fungal communities of biomes
with different vegetation types and levels of human intervention,
ranging from none to high environmental impact (Atlantic Rain
Forest, iron outcrops, Eucalyptus, and grass). Sequence data were
compared with culture data obtained from previous studies. Yeasts
represented a proportion of fungal communities ranging from 1.7% to
17% of fungal sequences in soil. Basidiomycetous species had a
higher proportion in relation to ascomycetous species, except for
grass environments, where a higher proportion of ascomycetous
yeasts was detected. The yeast communities responded to the
environmental stress caused by mining activity, resulting in changes
in species composition, with a notable increase in the abundance of

black yeasts.
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The number of studies of yeast biodiversity in the Atlantic Rain
Forest biome of South America remains limited. Whereas initial
studies were restricted to yeasts associated with Drosophila flies,
studies performed since the beginning of the 1990s started to focus
on other sources such as soil, leaves, and rotting wood.

2.3 | Other tropical forest biomes in South America

The Cerrado ecosystem is characterized by forest, savannah, and
rupestrian (altitudinal) grassland formations. It covers 23% of the
Brazilian territory, as well as areas of Guiana, Suriname, Colombia,
and Venezuela (known as “Llanos”). This ecosystem is considered a
hotspot of biodiversity and is the largest tropical savannah in South
America with a high degree of endemism (Myers et al., 2000). The
Cerrado biome also includes forests, from moist forests in the river
plains, namely, the Araguaia River Plains, to seasonally dry forests on
mountain slopes that cross Central Brazil from North to South.

The yeast species described based on isolates collected in the
Cerrado biome are shown in Supporting Information: Table S1. Six
ecological studies on the yeast diversity of this biome are
noteworthy. Carvalho et al. (2013) obtained 307 yeast isolates from
native Cerrado soils collected during rainy and dry seasons. Twenty-
three species were isolated, and most were abundant only during the
dry season. Among the various genera isolated, the relative
abundance of the Ascomycota and Basidiomycota phyla was 80%
and 20%, respectively. Various yeast isolates were able to produce
carboxymethyl cellulase, xylanase, esterases, glycosyl hydrolases, and
leucine arylamidases, suggesting a contribution of these yeasts in the
recycling of organic matter in the soil. Sperandio et al. (2015)
determined the composition and diversity of yeasts on leaves and
fruits of Byrsonima crassifolia and Eugenia dysenterica, two plants of
the Brazilian Cerrado biome. The isolates were identified as
Aureobasidium pullulans, Meyerozyma sp., C. oleophila, C. railenensis,
Ps. sydowiorum, Ps. hubeiensis, Cr. nemorosus, Meira argovae, and Rh.
mucilaginosa. Three isolates identified as the yeast-like fungus A.
pullulans exhibited potential for the control of the citrus green mold
P. digitatum in both in vitro and in vivo tests. Morais et al. (2020)
reported on the yeast communities in bromeliad tanks in two
rupestrian savannah (Cerrado) biomes in Brazil. The yeast diversity
comprised 90 species of which 60% were basidiomycetous yeasts
usually associated with phylloplane, soils, and aquatic habitats.
Papiliotrema laurentii, Rh. mucilaginosa, Pa. nemorosus, and Ps.
hubeiensis were the most frequent species associated with bromeli-
ads. Eighteen yeast species, two ascomycetous and 16 basidiomyce-
tous, were consistently isolated from these substrates in both areas
and may represent a core community in bromeliads in rupestrian
fields. Vale et al. (2015) surveyed, using yeast extract-malt extract
agar (YMA), the yeasts in nuts of Attalea speciosa, a palm tree that
occurs in forests in the transition zone between Cerrado and Amazon
forest biomes, and found 86 species dominated by oleaginous yeasts.
Those yeasts presented dissimilar species composition to yeasts

associated with Acrocomia aculeata, Attalea dubia and Mauritia
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flexuosa palm tree species in the same ecotonal areas. Januario da
Costa Neto and Benevides de Morais (2020) studied the distribution
of yeasts associated with the stingless bees Frieseomelitta varia,
Scaptotrigona aff. postica, S. polysticta, Tetragonisca angustula,
Melipona compressipes manaosensis, and M. scutellaris in the Cerrado
and the importance of these microorganisms for resource partitioning
in bees. Fifty-four species were identified, with T. delbrueckii as the
most frequent, followed by P. membranifaciens, St. apicola, P. kluyveri,
St. meliponinorum, and St. bombicola. The diversity of Starmerella
species suggested a strong association with stingless bees. The
authors concluded that although stingless bees are generalists,
the prevalence of some yeast species in only one bee species is
indicative of differences in niche breadth that may point to a role of
these microorganisms in resource partitioning of bees in Brazilian
forest savannahs. Melo et al. (2021) examined the yeast community
of the leaf-cutter ant Acromyrmex balzani in the Cerrado biome.
A total of 720 yeasts were isolated, comprising 52 species distributed
in 20 genera. The isolates produced a wide range of carbon polymer-
degrading enzymes and were able to assimilate the carbon sources
present in plant materials. The predominant species in the ant nests
were Pa. laurentii (18%), Ap. mycotoxinovorans (8%), Me. caribbica
(7%), A. pullulans (6%), Tr. asahii (6%), and Rh. paludigena (5%).
Together, these species represented 53% of the total number of
isolates. Figueiredo et al. (2023) reported, using metagenomic
approaches, that Saitozyma podzolica was the third fungal species
with the highest relative abundance in a preserved area of Cerrado
biome, whereas in a site of the same biome degraded by bauxite
mining, this species was the 28th species in order of relative
abundance. These authors suggested that Sa. podzolica can be used
as a bioindicator of environmental quality and in the restoration of
mined areas. These studies show the importance of studying yeasts
found in the Cerrado biome, which contains more than 7000 plant
species, 44% of which are endemic, thus being considered the most
biodiverse tropical savannah worldwide (dos Reis et al., 2022).

The Caatinga dry forest is an exclusively Brazilian biome that
covers approximately 70% of the Brazilian Northeastern region and
10% of the country's territory (Souza et al., 2020). The region
features different types of vegetation, ranging from small to
medium-sized plant species resistant to the high annual variability
in rainfall and the high temperatures. Despite this, the Caatinga is
still considered the most diverse and largest Seasonally Dry Tropical
Forest and Woodland in the tropics (Silva et al.,, 2017, 2019;
Teixeira et al., 2021).

Studies of the diversity and taxonomy of yeasts in this biome are
still at their early stage, but have shown great promise. Barbosa et al.
(2016) examined the richness of the yeasts associated with honey
obtained from stingless bees of the Caatinga. Based on growth
characteristics, they found 12 species belonging to the phylum
Ascomycota, with a prevalence of Candida species, but also D.
hansenii, Dekkera bruxellensis, Kl. africana, and P. anomala (= W.
anomalus). Four yeast species were described based on isolates
obtained from bromeliads collected in the Caatinga biome (Support-

ing Information: Table S1). An unpublished study in the same dry
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region sampled by Félix et al. (2020) shows a high frequency and
abundance of V. alagoana and T. ananatis on bromeliads, confirming
that these two species are widespread in this biome. Species of
Aureobasidium were also common, with A. melanogenum and A.
thailandense being more frequently found. Members of the phylum
Basidiomycota increased in frequency and abundance in the dry
period, especially Occultifur brasiliensis, Pa. laurentii, and T. ananatis.
On the other hand, members of the phylum Ascomycota that stood
out in the rainy season included Candida species and others such as A.
thailandense and C. blankii. Approximately 15%-20% of the yeast
species isolated from bromeliads were candidates for novel species.
Despite being a promising region, the Caatinga biome is not well
characterized in terms of yeast diversity, as studies have been limited
to a small part of the biome, with sampling of only a few substrates,
mainly bromeliads. Due to the unique ecological characteristics of the
Caatinga forest, extensive studies using culture-based and culture-
independent metagenomic approaches would be important to assess
the diversity of the yeasts in this environment as well as their

biotechnological potential.

3 | YEAST DIVERSITY OF THE DRY
FOREST OF THE AREA DE CONSERVACION
GUANACASTE, COSTA RICA

3.1 | Yeasts of the Area de Conservacion
Guanacaste, Costa Rica

Our knowledge of the yeast diversity of the Area de Conservacion
Guanacaste comes from a series of explorations conducted from
1999 to 2003, prompted by the CRUSA-OTS-NSF workshop on
Lepidopteran gut microbiology, held in Costa Rica in 1999. One
objective was to examine the microbiota of the gut content of
Lepidopteran caterpillars, following years of intense study of these
insects (Janzen & Hallwachs, 2009). A large inventory of caterpillars
and the plants upon which they feed allowed the elicitation of their
adult stage in rearing barns situated in Santa Rosa National Park and
the San Gerardo Biological Station. This provided access to a broad
array of material to explore for the presence of yeasts. The forest of
Guanacaste and adjoining regions of the province of Alajuela is
classified primarily as a dry forest, although areas located at higher
elevations of the Cordillera Guanacaste may qualify as rainforest. We
also explored the yeast communities of sap fluxes of trees such as H.
courbaril (Fabaceae), Maclura tinctoria (Moraceae), and a few
representatives of other species. Our study sites were not restricted
to uninterrupted forests. Areas that have experienced disturbance
due to human activity are likely to serve as habitat for yeast-rich
plants of the morning glory family (Convolvulaceae), which were of
particular interest following the identification of species, many new
to science. These species have affinities to the yeast genera
Metschnikowia, Wickerhamiella, Starmerella, and Kodamaea, and were
associated with insects of these flowers in various parts of the world

(Lachance, Klemens, et al., 2001). Convolvulaceae flowers of

Guanacaste serve as a source of nectar and shelter for a variety of
insects, the most conspicuous of which are Conotelus spp. (Coleop-
tera: Nitidulidae), Trigona spp. and other meliponine bees, halictid and
anthophorid bees, as well as drosophilids and other small dipters.
Similar insect communities have been observed also in flowers of
Tabebuia rosea, Tecoma stans, and other bignoniaceous trees, all of

which have the potential also to carry yeasts.

3.2 | Ephemeral flowers and their insects

One of the most abundant and most diverse yeast clades associated
with Convolvulaceae (Ipomoea, Merremia, Operculina) flowers and
their insects is known as the large-spored Metschnikowia clade.
Because of its global distribution, the clade will be discussed in
greater detail in a later section. Suffice it to say that Metschnikowia
(formerly Candida) ipomoeae was the most abundant species in the
Guanacaste morning glory insect community (Supporting Informa-
tion: Table S3), followed by M. lochheadii. Also noteworthy is that M.
similis and two undescribed species provisionally designated as “cos”
and “mer” are so far known only from Costa Rican collections.

Next in abundance (Supporting Information: Table S2) came W.
parazyma, an asexual form first reported as C. (now Wickerhamiella)
azyma (Lachance, Starmer, et al., 2001), from which it is hardly
distinguishable except by barcode sequencing (Lachance et al., 2010).
Growth on galactose is more rapid in Wick. azyma and growth in the
presence of 2-deoxycholic acid (0.5% in YNB-glucose) is more
vigorous in Wick. parazyma. The two do not seem to co-occur but
their habitats are similar. The former is known from isolates in Hawai'i
and the Paleotropics, whereas the latter appears to be Pantropical. In
Guanacaste, Wick. parazyma abounded not only in the predominant
inland morning glories but also in flowers and insects of other plants
that often contained few, if any, other yeasts typically associated
with this ecosystem. Such sources include insects or flowers of Cassia
sp., T. stans, Merremia umbellata, and Ipomoea pes-caprae. Wick-
erhamiella occidentalis is one of four closely related, sexually
reproducing species that differ in host and distribution, but are
thought to be vectored primarily by drosophilids and other dipterans
(Lachance, Klemens, et al., 2001). The species was named for its
presence in the New World (Lachance et al., 1998). Of the other two
species, one is known only from Brazil and the other from Australia
and Malaysia. Wickerhamiella lipophila, isolated once in Guanacaste
from a specimen of Conotelus sp. in I. batatas, was previously known
only from Hawai'i (Lachance et al., 2000), as is the case for Wick.
(formerly Candida) drosophilae, isolated in Guanacaste from a small fly
in a roadside purple morning glory flower (Lachance et al., 1998). A
single isolate from Conotelus sp. in a T. rosea flower represents a new
Wickerhamiella species whose closest known relative is a single
isolate from a banana flower in China (Wang et al., 2008).

As expected for flowers that experience frequent visits by bees,
the yeast community of ephemeral flowers of Guanacaste exhibits a
wide diversity of Starmerella species (Supporting Information:

Table S2), dominated by St. apicola, and complemented by mostly
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new species, some of which have been reported also in Brazil (Rosa
et al., 2007; Santos et al., 2018). Starmerella apicola has been
recovered from bees, often those of the tribe Meliponini, in Europe,
Asia, and the New World, and exhibits considerable polymorphism in
barcode sequences (Lachance et al., 2010), which is consistent with
the extensive species diversification observed in the genus as a whole
(Santos et al., 2018). Roadside purple morning glories are the source
of several isolates recently identified as St. camargoi, which was
described (Santos et al., 2018) based on isolates from flowers of a
morning glory and a Gossypium species in two Brazilian localities.
Bees of M. quinquefolia flowers yielded isolates of St. floris, described
together with morning glory isolates in Brazil's Mato Grosso do Sul
state (Rosa et al., 2007), as well as the ascogenous St. meliponinorum,
described along with several isolates from meliponine bees of Minas
Gerais state in Brazil (Teixeira et al., 2003). Single isolates of three
potentially new Starmerella species were also recovered.

Ephemeral flowers and their insects also yielded a small number
of yeast species that were identified only by microscopy, for reasons
of logistics. Noteworthy among these are M. reuukaufii, recognizable
on the presence of characteristic bacilliform chlamydospores
sometimes referred to as reukaufii cells, along with other Metschni-
kowia isolates that feature ovoid chlamydospores characteristic of
species such as M. peoriensis (Kurtzman et al., 2018), M. pulcherrima

(including several synonyms; Sipiczki, 2022), and a few others.

3.3 | Caterpillar frass

Yeasts are not a dominant component of the microbiota of caterpillar
frass pellets, which abound in bacteria and molds. A total of 62
specimens yielded only 47 ascomycetous yeast isolates, nearly half of
which (n = 20) were the ubiquitous, halotolerant D. hansenii (Support-
ing Information: Table S4), and a third of which (n=17) were
basidiomycetous species typical of those commonly found on plant
surfaces (data not shown). The next most abundant (n = 3) species,
Me. guilliermondii and C. intermedia, are also widespread in a broad
variety of habitats, including not only plants, but also food and clinical
specimens (Corte et al., 2015; Lachance et al., 2011). Of greater
interest are two isolates with a perfect barcode match to strain
UFMG-CM-Y3128, labeled Clavispora sp. and recovered in Brazil
from rotten wood (Lopes et al., 2018). The remaining isolates were
singletons representing a broad array of species known from eclectic
substrates, including clinical sources. Among these is an isolate with a
perfect sequence match with strain CLIB 1737, isolated from fruit in
French Guiana, and strain F14-10-8 recovered from a cocoa flower in
Cuba, which placed phylogenetically in the vicinity of M. torresii, itself
known from a single seawater sample. The single isolate of Yam.
riverae went unnoticed in the description of the species (Lopes
et al., 2015), which was based on cultures recovered from various
substrates that included rotting wood, tree bark, and ant nests in
various Brazilian locations. Negligeable overlap existed between the
caterpillar frass community and others examined in the region. One

exception was M. reukaufii, a common nectar yeast, which was also
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recovered from flowers and insects of a roadside Tecoma stans.
Another shared species was an undescribed Metschnikowiaceae
outlier repeatedly recovered in fluxes of H. courbaril, to be discussed
next. It is worth noting that the caterpillars, their food plants,
containers, and frass are not handled under any kind of asepsis at
rearing barns, and given the need for an enrichment step, the idea of
a specific yeast community of caterpillar frass remains an open

matter.

3.4 | Sap fluxes

Also known as guapinol or stinking toe, H. courbaril is a prevalent tree
of the lowland forest of Central and parts of South America
(Janzen, 1983). The tree often produces sap flows, some of which
are extensive. This creates a rich habitat in which various insects may
feed, oviposit, and maintain a characteristic yeast community,
dominated by P. chibodasensis (Supporting Information: Table S4). A
close relative of P. membranifaciens, the species shares a similar
growth profile characterized by strictly oxidative assimilation of
ethanol and simple organic acids, as well as the frequent formation of
a hydrophobic pellicle on the surface of liquid substrates. The yeast
was present in most sap samples examined, including those of four
other tree species, and has been recovered in other localities and
substrates, including rotting wood in the Brazilian Amazon (GenBank
KT377036; Lopes et al., 2018) and oak sap fluxes in the Canadian
Great Lakes region. Growth responses vary somewhat, but none of
the isolates assimilated carbohydrates other than xylose, weakly,
which is somewhat at variance with the species description
(Kobayashi et al., 2017), which reports, inter alia, weak growth on
trehalose and starch for isolates from soil and rotten wood in
Indonesia. Over a third of the samples yielded a yet-to-be-described
Sporopachydermia species (Lachance, 2011a) closely related or even
possibly conspecific with an isolate recovered from the sap flux of a
koa (Acacia koa, Fabaceae) tree, and moderately related to an isolate
from an ohia (Metrosideros polymorpha, Myrtaceae), both in Hawai'i.
Next comes the yeast-like, achlorophyllous alga, Prototheca spp.,
shared by many decaying tree materials worldwide, followed by
lesser numbers of several species, some yet to be described. One is a
peripheral member of the Metschnikowiacaeae that appears con-
specific to two isolates from the Brazilian Amazon basin, of which
one came from rotten wood and the other from a passionfruit flower
(GenBank MH348143 and OP113841, respectively). These are
followed by a handful of isolates that nearly match Groenewaldozyma
auringiensis in their barcode sequence and others that were described
as O. falcaomoraisii (Morais et al. 2005) based on these isolates along
with others from sap flows of carvoeiro trees (Sclerobium sp.,
Fabaceae) in Tocantins state, Brazil. The latter yeast is a close
relative of O. ortonii, a significant component of the yeast community
of M. tinctoria, to be discussed next. It is of interest that two such
sister yeast species be associated with sympatric trees of different
families. A singleton isolate shared with M. tinctoria represents a

sister species to O. trehaloabstinens that has yet to be reported
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elsewhere. Most Ogataea species assimilate methanol, which proba-
bly accounts for their presence in decomposing wood, be it in the
form of sap fluxes or woody debris. The sequestration of methanol
may serve to detoxify decaying wood in favor of insects that
participate in the decomposition process. The remaining yeast
species of H. courbaril sap are unremarkable except for representa-
tives of two undescribed species. One is a moderately close relative
of W. quercuum that also predominates in samples of other trees in
Guanacaste as well as those of a wide miscellany of substrates from
other continents, as evidenced by the several entries elicited by a
BLAST search of GenBank. The other is a single isolate of a moderate
relative of Limtongiella siamensis. Although unique among yeasts
recovered in Costa Rica, the strain has an identical barcode sequence
to an isolate from the sap flux of a breadfruit tree (Artocarpus altilis,
Moraceae) in Maui. Two bees sampled near a flux of H. courbaril
yielded isolates of St. roubikii. These, together with several isolates
from meliponine bees of water lilies in Belize were the basis for the
species description (Santos et al., 2018). The presence of a nearly
pure culture of a Starmerella species in these samples makes it
unlikely that the bees were feeding off the sap.

The yeast community of the moraceous tree M. tinctoria was
discussed in some detail by Lachance, Starmer et al. (2001), with the
description of C. galis and C. (iter. nom. Ogataea) ortonii. The study
encompassed isolates obtained in the year 2000. We now add to
these data those of a 2001 collection (Supporting Information:
Table S4). What has not changed is that all but a single yeast species
found were at the time new to science. The above two species
remain the principal members of the yeast community of M. tinctoria
sap, having been found in over half and over a third of the samples,
respectively. The phylogenetic position of C. galis remains ill-defined,
with possible affinities to the genus Cyberlindnera and a clear, but
moderate connection to three GenBank entries for isolates recovered
from the mycetangium of a lucanid beetle in Japan, oak bark in
Colombia, and an undisclosed substrate in China (GenBank
LC661392, ON264698, and IN936886, respectively). As mentioned
already, two species are shared with the community of H. courbaril.
Among species that are unique to M. tinctoria, two Wickerhamomyces
species have no known close relative. A sister species to Myxozyma
geophila was also recovered the same year from a breadfruit flux on
Maui. An Ambrosiozyma species is related to A. vanderkliftii, which
itself is known from three isolates of oak bark beetles in Japan. An
isolate would appear to represent a sister species to C. (inter. nom.
Yamadazyma) temnochilae, which is known from two isolates from
trogossitid and passalid beetles collected in Panama (Suh et al., 2005).
Shared with the community of Gliricidia sepium were representatives
of a sister species to a strain of Ogataea (Af116-2-2; GenBank
LC661398), isolated in Japan from the same source as the nearest
relative to C. galis, namely, the mycangium of a lucanid beetle.

Other trees sampled included Gliricidia sepium, a species that has
been transplanted pantropically for use in building live fences,
Enterolobium cyclocarpum, Samanea (a.k.a. Pithecellobium) saman, Ficus
sp., and Quercus oleoides (Supporting Information: Table S4). Although
the small sample sizes preclude inferring potential yeast communities,

some observations are appropriate. The first tree species shared with
H. courbaril and M. tinctoria the presence of P. chibodasensis,
identifying the yeast as a generalist of sap fluxes and possibly spread
by a common vector. A study of rapidly evolving genetic markers
would be required to shed light on this question. Most samples of G.
sepium featured the W. quercuum sister species found in H. courbaril,
which was also found in a flux of S. saman. The yeast has a worldwide
distribution in a variety of substrates, including rotten wood in Brazil,
but an adaptation to the leguminous sap flux community is likely in
view of our having also isolated it from fluxes of Acacia koa in both
Hawai'i and Rarotonga and Prosopis juliflora (mesquite) in Arizona.
Such generalizations are clouded by differences in sampling
approaches of various laboratories, some of which focus on materials
that contain large yeast populations, as is the case for many
plant-insect interfaces, while others examine substrates where
yeasts are transient and require enrichment procedures for their
isolation. The single yeast specimen (Metschnikowiaceae; GenBank
access number AF530620, Supporting Information: Table S4) recov-
ered from Q. oleoides represents an undescribed metschnikowiaceous
species with a strong affinity to the Brazilian isolates Candida sp.
strains UFMG-CM-6917 and UFMG-CM-Y2876, obtained from soil
and rotten wood, respectively, with a moderate relatedness to
C. bentonensis.

Ficus sp. yielded fewer than one isolate per sample, but the yeast
species composition distinguished itself by the presence of a unique
Wickerhamomyces species whose nearest relative is the undescribed
species encountered in M. tinctoria, raising the possibility that these
yeasts are endemic and have co-radiated with the two moraceous
tree species (Supporting Information: Table S4). Another unique
species is a sister to an undescribed Sporopachydermia recovered in a
beetle of an Aconita sp. flower in Rarotonga (Lachance, 2011a). One
isolate of Cl. opuntiae was shared with a necrotic tissue sample from
Hylocereus sp., where the presence of this yeast species is not
completely unexpected, as it has been isolated from many cactus
species across the Neotropics. The occurrence of this yeast in a Ficus
sp. exudate is surprising but might suggest local vectoring by
lepidopteran species, which abound in the Guanacaste forest. A
worldwide association with cactus-boring moths has been suggested
for Cl. opuntiae (Lachance, 2011b). A Hylocereus flower and various
insects collected from it yielded yeasts typical of cactus flowers and
their insects, including Ko. restingae, which have been found on this
substrate worldwide. Necrotic tissue of both Hylocereus and
Stenocereus aragonii, a Costa Rican endemic columnar cactus, also
yielded P. cactophila, regarded as ubiquitous in cactus necroses
(Ganter, 2011). A single sample of the columnar cactus in a state of
advanced decay yielded a remarkable diversity of yeasts, including a
unique Wickerhamomyces species and a novel Tortispora species, Tor.
cugjiniquilana, whose nearest known relative is an isolate of another
novel species, Tor. sangerardonensis, isolated from an unidentified
tree in the foothills of the Cordiliera (Lachance & Kurtzman, 2013).

Other substrates sampled at a low frequency yielded a similar
pattern of rare or new vyeast species (Supporting Information:

Table S4). Noteworthy is the isolation, from a single Trigona species
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collected on an unidentified Asteraceae, of two novel species,
namely, St. vitae, also found in flowers of two Brazilian trees (Santos
et al., 2018), and Wick. dianesei, of which the only other known isolate
came from a leaf of a rubiaceous vine in Brazil (Lachance et al., 2018).
Not listed in Supporting Information: Table S4 are individual samples
of tree materials that yielded only molds or no growth at all. These
include Bursera simarouba (Burseraceae), gumbo limbo, which is
utilized by wasps and meliponine bees (Stevens, 1983), and
adequately sampled, should be host to interesting yeasts species.
Two samples of resin collected from the bark of gumbo limbo only
yielded molds, as did a sap flux of Licania arborea (Chrysobalanaceae).

Our knowledge of the yeast diversity of the Guanacaste forest is
far from complete. Yeasts of basidiomycetous affinity have been
neglected due to the need to concentrate efforts. Among ascomyce-
tous species, the proportion of isolates that were or remain new to
science is extraordinarily high, such that one can expect that our
sampling effort is far from approaching a saturation point. It is certain,
for example, that an extensive survey of the hundreds of bee species
known in the region would yield many more Starmerella species, and
that isolations from nectar or soil, neither of which has been

examined, would uncover a vast array of diversity.

4 | YEAST DIVERSITY IN TROPICAL
FORESTS OF ASIA

Tropical forests of Asia are located mainly in Southeast Asian
countries, and some regions of Taiwan, the People's Republic of
China, India, and Japan. Although the forests in tropical regions of
Asia, especially Southeast Asia, are rich in biodiversity, the investiga-
tion of yeasts is only carried out in some countries. In this section, we
review yeasts in some habitats, for example, soil, water, and plants in
some tropical forest types such as mangrove forests, peat swamp
forests, tropical rain forests, dipterocarp forests, and lower montane
coniferous forests in some countries where investigations were
performed and reports published.

4.1 | Yeast diversity in tropical forests of Thailand

In Thailand, the study on yeasts in forests was started in 1987
when Dr. Takashi Nakase of the Japan Collection of Microorgan-
isms conducted collaborative research with scientists of the
Thailand Institute of Scientific and Technological Research. He
and his colleagues together with Thai scientists investigated
ballistoconidium-forming yeasts (phylum Basidiomycota) from
plants in natural environments, namely, forests, rice fields, and
grasslands in Thailand in 1987, 1990, and 1996. The results of
these studies were summarized in the book chapter, yeast
biodiversity in tropical forests of Asia, by Nakase et al. (2006).
Ballistoconidium-forming yeasts associated with plant leaves
constitute a community that is rich in biodiversity where both

known and new yeast species were found (Nakase et al., 2006).
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New yeast species were discovered from plant leaves collected in
tropical forests (dry evergreen and dry dipterocarp forests) of
the Sakearat Environmental Research Station in Nakhon
Ratchasima province (Fungsin et al., 2001, 2006; Fungsin,
Hamamoto, et al., 2002; Fungsin, Takashima, et al., 2002; Fungsin,
Takashima, Artjariyasripong, & Nakase, 2003; Fungsin, Takashima,
Artjariyasripong, Potacharoen, et al., 2003).

Mangrove forests (intertidal forests) are plant communities in
saline coastal habitats distributed in tropical and subtropical regions
of various geographical areas (Aksornkoae, 1999; Allard et al., 2020).
The mangrove ecosystem provides carbon storage and coastline
stabilization, both important sources of ecological benefits and
ecosystem services (Allard et al., 2020). In mangrove forests, yeasts
play an important role in the detrital food web in that they may be a
food source for some marine invertebrates and zooplankton
(Nagahama, 2006). Yeast diversity in water, sediment/soil, and plant
materials in mangrove forests in Thailand have been intensively
investigated since 2007. These investigations have shown a high
yeast diversity in mangrove forests. Yeasts in both phyla Ascomycota
and Basidiomycota were detected, although the dominant species
were Ascomycota. Various new yeast species were discovered. In
addition to the new species shown in Supporting Information:
Table S1, other new species were proposed from strains isolated
from brackish water samples collected in other mangrove forests in
Thailand. Torulaspora maleeae was described based on many strains,
one of which came from sediment in the mangrove forest of the
Laem Son National Park, Ranong Province (Limtong et al., 2008). New
species discovered in decaying plant materials floating in water in
mangrove forests consist of C. chanthaburiensis and N. (Candida)
kungkrabaensis found in Chanthaburi province and C. suratensis found
in Suratthani province (Limtong & Yongmanitchai, 2010).

An investigation of yeasts in soils of mixed deciduous forest in
Amphoe Wang Nam Khiao, Nakhon Ratchasima province yielded 19
known vyeast species in the phylum Ascomycota. They were C.
amphixiae, C. glabrata, C. natalensis, C. nivariensis, C. orthopsilosis, C.
parapsilosis, D. nepalensis, D. pseudopolymorphus, D. vanrijiae var.
vanrijiae, H. occidentalis, P. caribbica, P. galeiformis, P. kudriavzevii, P.
terricola, Ko. ohmeri, W. anomalus, W. mucosus, W. sydowiorum, and
S'copsis crataegensis (Limtong et al.,, 2009). In addition, three new
species, Kazachstania siamensis (Limtong et al., 2007), P. jaroonii, and
W. edaphicus (Limtong et al., 2009), were discovered and described.
The finding of only Ascomycota could be the result of using an
enrichment technique for yeast isolation. In another investigation, C.
tropicalis, D. albidus, and Tr. asahii were reported in soils in the
Khaoploung forest area (mixed deciduous forest located in the
Lopburi province) following an enrichment technique (Khamweera
et al., 2022). In an effort to obtain oleaginous yeasts with better lipid-
producing abilities, 11 yeast species were isolated from soils
collected from lower montane coniferous forests in three mountains
in Chiang Rai province. The samples were inoculated on plates with
two different nitrogen-depleted media. The isolates consisted of five
ascomycetous species namely, Cy. saturnus, Lipomyces mesembrius, L.

starkeyi, L. tetrasporus, and Me. guilliermondii, and six basidiomycetous
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species, namely, Rh. mucilaginosa, Cystobasidium slooffiae, Naganishia
diffluens, Pa. flavescens, Pa. terrestris, and Sa. podzolica (Sapsirisuk
et al., 2022). In some forest types, the yeasts of other forest habitats
were also studied. These included mushrooms, flowers, fruits, tree
barks, and insect frass collected from the mixed deciduous forest
areas of the Phujong Nayoy National Park, Ubon Ratchathani
province. Ascomycetous yeasts found in this national park consisted
of C. glabrata, C. litsaeae, C. orthopsilosis, C. parapsilosis, C. tropicalis, C.
zeylanoides, D. vanrijiae var. yarrowii, Ko. ohmeri, Magnusiomyces
(Dipodascus) magnusii, P. fabianii, P. kudriavzevii, P. pijperi, Me.
guilliermondii, Sa. (Candida) sekii, and T. globosa, while the basidiomy-
cetous species comprised A. pullulans, Blastobotrys mokoenadii,
Rhodosporidiobolus (Sporidiobolus) ruineniae, Tr. asahii, Tr. mycotox-
inivorans, and Va. (Asterotremella) humicola (Thongekkaew et al., 2012).
Collections from habitats in various forest types also led to the
discovery of several new yeast species (Supporting Information:
Table S5).

The peat swamp forest is a unique ecosystem, where plant
debris does not undergo complete decomposition due to a
waterlogged condition. In this forest type, a thick layer of peat is
derived from the accumulation of partially degraded organic matter
(Chimner & Ewel, 2005; Dedysh et al., 2006). The yeast diversity in
peat swamp forests of both the primary and secondary types in
Thailand have been intensively investigated during the last decade.
A collection was performed in the Princes Sirindhorn (PruTo Daeng)
Wildlife Sanctuary in Narathiwat province, which is the largest
primary peat swamp forest in Thailand (Jaiboon et al., 2016), the
Khanthuli forest, which consists of primary and secondary types of
peat swamp forest in Surat Thani province (Boonmak et al., 2020;
Nasanit et al., 2020), the Khuankreng peat swamp forest of Nakhon
Si Thammarat province (Nasanit et al., 2020; Satianpakiranakorn
et al., 2020), and the Rayong Botanical Garden peat swamp forest,
which is a secondary peat swamp forest in Rayong province
(Satianpakiranakorn et al., 2020). Yeasts in both phyla Ascomycota
and Basidiomycota were found. These included new species, namely,
N. todaengensis (Polburee et al., 2017), C. kantuleensis (Nitiyon
et al., 2018), Cryptotrichosporon siamensis (Kaewwichian et al., 2018),
Sa. kantuleensis (Khunnamwong and Limtong, 2018), and Teunia

siamensis (Khunnamwong et al., 2020).

4.2 | Yeast diversity in tropical forests of Vietnam

In Vietnam, ballistoconidium-forming yeasts from plant leaves in a
tropical rain forest of the Cuc Phuong National Park of Ninh Binh
province were reported in 1999. They belonged to the genera Bullera,
Kockovaella, Sporobolomyces, and Tilletiopsis (Nakase et al., 2006). In
this investigation, four new Kockovaella species, Ko. calophylli, Ko.
cucphuongensis, Ko. litseae, and Ko. viethamensis were proposed
(Luong et al., 2000). Later, another new species, Cr. cellulolyticus, was
discovered from the same forest (Luong et al., 2005). Lipomyces
orientalis was proposed as a new species based on strains isolated

from mixed forest soil samples taken near Bai San Island, Nha Trang

(Thanh, 2006). An investigation of yeasts in soils of Cat Tién National
Park, South Vietnam detected the species C. akabanensis, Filobasidium
chernovii, Sa. podzolica, Hannaella sp., Schw. polymorphus, and A.
pullulans (Glushakova et al. (2019).

4.3 | Yeastdiversity in tropical forests of Indonesia

Yeasts were isolated from leaf and leaf litter samples collected from
the Papalia Protected Forest, a tropical lowland monsoon wet
forest, and Mekongga Protected Forest, which covers lowland and
upland rain forests, in Southeast Sulawesi (Kanti, 2015). They
belonged to Ascomycota, namely, C. azyma, C. albicans, C. catenulata,
C. insectorum, C. intermedia, C. lessepsii and C. tropicalis, and
Basidiomycota, namely, Va. humicola, Cr. humicola, Pa. flavescens,
Ps. aphidis, Ps. rugulosa, Sporidiobolus pararoseus, and Spor. ruineniae.
Unidentified species of the genera Candida and Yamadazyma were
also found. Moreover, Z. mellis showed high lipase production
among the yeast strains isolated from wild forest honey in Central
Sulawesi (Palilu et al., 2019).

4.4 | Yeast diversity in tropical forests of China

Tropical forests in China are extremely scarce, being distributed only
in Hainan province, southern Yunnan province, southern Guangxi
province, and river valleys in southeast Tibet province (Zong, 2020).
Investigations of yeasts have been carried out mainly in the
Xishuangbanna Tropical Rainforest, Yunnan province. In 2002, 584
yeast strains were isolated from the soils of this forest and 539
strains were identified in the genera Cryptococcus, Debaryomyces,
Candida, Saccharomyces, Pichia, Torulaspora, Trichosporon, Rhodotor-
ula, Geotrichum, Sporidiobolous, Williopsis, and Zygosaccharomyces,
while 45 strains could not be identified at the genus level (Li
et al., 2002). Later, a number of new species were described from
strains isolated from rotting wood samples collected from the
Xishuangbanna Tropical Rainforest and the other forests. They
include C. yunnanensis and C. parablackwelliae (Zhai et al., 2019),
Deakozyma yunnanensis (Zheng et al., 2017), Kaz. jinghongensis (Ke
et al, 2019), Sa. galanensis (Huang et al., 2019), Su. xiaguanensis
(Huang et al., 2018), and W. menglaensis (Chai et al., 2019). Five
Spathaspora species, Sp. elongata, Sp. mengyangensis, Sp. jiuxiensis, Sp.
parajiuxiensis, and Sp. rosae were discovered in the Xishuangbanna
Primeval Forest Park of Jinghong and the Jiuxi Mountain Forest Park
of Honghe in Yunnan province (Lv et al., 2020). The new species Ko.
hongheensis, Ko. ovata, and Ko. yamadae were proposed based on
strains from the Xishuangbanna Primeval Forest Park, Yunnan
province, and the Baotianman Nature Reserve, Henan province
(Chai, Gao, Li, et al., 2022). Naumovozyma baii was proposed from
two strains obtained from the Bawangling National Park, Hainan
province (Liu et al., 2012), and T. jiuxiensis found from the Jiuxi
Mountain Forest Park, Yunnan province (Chu et al., 2022). Moreover,

an investigation of the ascomycetous yeasts isolated from plant
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materials collected from tropical forests in Yunnan and Hainan
provinces revealed three new species from flowers, namely, C.
alocasiicola, C. hainanensis, and C. musiphila, and one new species

from tree sap, namely, C. heveicola (Wang et al., 2008).

5 | TROPICAL FORESTS OF AFRICA AND
AUSTRALASIA: UNEXPLORED BIOMES FOR
YEASTS

5.1 | African tropical forests

The moist forests of the African tropical region can be divided into
three major blocks: the Central and West African area, the East
African coastal region, and Madagascar. These regions have
distinctive floral and faunal characteristics, particularly Madagascar,
which possesses a unique biota with very high levels of endemism
(Sayer et al., 1992).

One interesting work on yeast ecology associated with flies of
the family Drosophilidae was done by Pignal and Lachaise (1979) in
the Lamto savannahs (lvory Coast). These authors isolated yeasts
from 154 flies belonging to 22 species, and obtained 150 isolates,
with Hanseniaspora spp. and P. membranifaciens as the most
frequently isolated species. The drosophilids fed on a large variety
of yeasts. Some crops contained up to 100,000 cells, and the yeasts
fermented and assimilated few carbon compounds. The largest
studies of African yeasts were conducted by Johannes P. van der
Walt, a South-African yeast taxonomist. He and his colleagues
studied samples collected from grassland soils, arboricolous beetle
infestions and other similar niches, applying a wide range of
enrichment techniques, and describing 109 new species (Smith and
Groenewald, 2012). Information about the ecology of the species
described by van der Walt and colleagues is missing in most works.
South Africa has regions with a subtropical climate, and studies on
the yeast biodiversity in these biomes could yield novel species and
ecological information about these microorganisms. Recently, de
Vega et al.,, (2012, 2014, 2017) described M. proteae, M. drakensber-
gensis, M. caudada, W. nectarea, and W. natalensis based on isolates
obtained from nectar of flowers of Protea spp. and and associated
insects in South Africa. de Vega et al. (2017) reported the presence of
nearly monospecific populations of M. koreensis, M. reukaufii or C.
rancensis in more than 40 plant species pollinated mainly by bees and
butterflies. The nectars of plant species pollinated by beetles were
dominated by M. proteae, M. drakensbergensis, M. caudada, and
Wickerhamiella species.

Grondin et al. (2015) studied the epiphytic yeasts isolated from
the skins of tropical fruits collected at several locations in Madagas-
car and Reunion Island. Twenty-six species were identified, and the
most representative were C. jaroonii, C. oleophila, C. pararugosa, C.
quercitrusa, C. railenensis, four Pichia species, and A. leucospermi.
Probably, the low diversity of yeast species associated with the fruits
could be related to the enrichment methodology used for yeast

isolation, and the low number (three) of each fruit collected. The
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fruits collected were apple, persimmon, avocado, passion fruit, rose
apple, pear, pineapple, Cape gooseberry, dragon fruit, peach, and
cocoa. The authors did not collect indigenous fruits of these regions,
whose yeast biodiversity might be more representative of these
biomes.

Koricha et al. (2019) determined the occurrence and frequency
of wild yeasts associated with domestic and wild edible tree barks,
fruits, and rhizosphere soil samples collected over two seasons (i.e.,
spring and summer) in South West Ethiopia. A hundred and eighty-
two isolates were obtained from 120 samples analyzed. Sixteen
genera and 27 species were identified. C. blattae, P. kudriavzevii, Me.
guilliermondii, C. humilis, and S. cerevisiae were the most frequently
isolated yeasts. Nwaefuna et al. (2023) reported the yeast
communities associated with dung beetles inhabiting pristine
environments in Botswana. The authors obtained a total of 97
phylogenetically diverse yeast isolates, representing 19 species
belonging to 11 genera. Approximately 60% of the isolates were
potentially new species because of their low internal transcribed
spacer (ITS) sequence similarity when compared to the most recent
optimal species delineation threshold. Based on the studies of yeast
biodiversity in tropical forests of Central America, South America,
and Asia, we can expect that further studies of the yeast
biodiversity of African tropical forests are likely to represent a vast

reservoir of novel yeast species.

5.2 | Australasia

Tropical and subtropical rainforests are found in northern and eastern
Australia in wet coastal areas, notably on the Cape York Peninsula.
Dry rainforests occur in subcoastal and inland areas of northern and
eastern Australia and northern Western Australia. Monsoon rain-
forests occur in northern Australia in seasonally dry coastal and
subcoastal regions. Therefore, most of the tropical rainforests in this
region reside on the world's second-largest island of New Guinea.
The biodiversity and ecology of yeasts associated with natural
habitats have attracted little systematic research in Australasia, and
most studies concern yeasts from foods and beverages, such as wine,
fruit juices, soft drinks, dairy products, high-sugar products, and
processed meats (Fleet 2001). Studies on the ecological interactions
between yeasts, plants, and insects were carried out by Lachance,
Klemens et al. (2001) in Australia and some Pacific Islands. These
studies led to the description of several yeast species such as
C. tolerans (Metschnikowia clade), W. australiensis, M. hibisci, Ko.
antophila, Ko. kadauensis, and S'copsis fodiens (Lachance, Klemens,
et al,, 2001; Lachance et al., 2012). Kodamaea anthophila was the
most frequently isolated species from the 400 flower and insect
samples collected in the New South Wales and Queensland regions
(Lachance, Klemens, et al., 2001). Lachance, Klemens et al. (2001)
reported that the yeast communities of the Australian region
exhibited little heterogeneity in species composition, whether at
the geographic, plant species, or insect species level. According to

these authors, intraspecific variation was higher in samples from
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Australia compared to those from Pacific Islands. For example, both
mating types of Wick. australiensis were well represented in Australia;
they were imbalanced (8:1) in Fiji, and only one mating type was
recovered on Rarotonga. Likewise, Australian K. anthophila formed
four highly distinct colony morphologies on YM agar, compared to
strains for Fiji, Rarotonga, or Hawaii, which produced only one
morph. The yeast communities studied in these regions were focused
on insects and flowers of morning glories and Hibiscus species
(Lachance, Klemens, et al., 2001). Soil, bark, or rotting wood were not
examined, such that tropical forests of the Australasia region still

contain many unexplored yeast habitats.

6 | YEAST ECOLOGY IN TROPICAL
FORESTS

Several ascomycetous and basidiomycetous yeasts are frequently
isolated from tropical forest biomes, notably the large-spored
Metschnikowia species, Carlosrosaea, S. cerevisiae, Spathaspora,
Sugiyamaella, Starmerella, and Wickerhamiella species as well as
others that occur at lower frequencies (Barbosa et al., 2018; de
Vega et al., 2014; Lachance et al., 2020; Morais et al., 2020; Santos
etal, 2015, 2018, 2023; Souza et al., 2023). Below we will review the
most important works done with these yeasts, discussing their

distribution and interactions with other organisms.

6.1 | Large-spored and other haplontic
Metschnikowia species

Before the discovery of M. hawaiiensis in 1987 (Lachance et al., 1990),
the genus was known from seven diplontic species, four of which
occurred in marine substrates, two in association with plants, and one
whose ecology remains elusive (Lachance, 2011c). In addition, two
asexual species with clear affinities with Metschnikowia were
assigned to the genus Candida, as was the practice at the time. Of
the two, M. rancensis, is probably diplontic also, but we now know
that M. torresii is a haplontic species (Lee et al., 2020), as are M.
hawaiiensis and 29 of the other species described after 1990. These
form a clade that has been referred to as “the haplontic, heterothallic
Metschnikowia species” (Lachance et al., 2020), detailed in Figure 4. A
defining characteristic of the genus as a whole is the formation of
two (rarely one) needle-shaped ascospores. In haplontic species,
compatible mating types conjugate to form asci and ascospores that
in many cases are 10-50 times larger than the haploid parent cells,
and for this reason they are termed the “large-spored Metschnikowia
species.” Seven of these await formal description as they are known
in the literature each from a single isolate (Lee et al., 2018; Santos
et al., 2015), precluding the observation of the sexual cycle.

Except for M. borealis, which is found northward of Tennessee
into eastern Canada, large-spored Metschnikowia species are tropical
to subtropical. Whereas these species cannot be regarded as strictly
forestial, their distribution often follows that of forests, because they

inhabit flowers and insects often found in clearings in or near forests.
The same anthropogenic pressures responsible for the loss of forest
cover also threaten these flowers and their insects. Large-spored and
other haplontic Metschnikowia species stand out by their pronounced
biogeography (Figure 4), which is thought to reflect strong associa-
tions with their vector insects. The nature of the relationship is
unknown; there is no direct evidence of pathogenicity, although
several species exhibit some extracellular protease or lipase activities,
or have the ability to form biofilms through the production of very
long germ tubes (Lachance et al., 1990) reminiscent of those of C.
albicans (Sudbery, 2011). The correlation between phylogeny and
geographic distribution is most pronounced in the recently emerged
“sensu stricto” subclade (Figure 4), which is further divided into two
subclades, one that is endemic to Hawai'i and the other to the
continental Americas. Members of the Hawaiian subclade are
associated with endemic nitidulid beetles, and their distribution
follows a trend where more recently emerged species tend to inhabit
the younger parts of the archipelago, suggesting a succession of
peripatric speciation events (Lachance et al., 2005) reminiscent of
those observed in other Hawaiian endemic species (Colvin, 2018). All
species of the continental subclade have been found in association
with the Pan-American nitidulid genus Conotelus, whose phylogenetic
classification remains elusive and morphological identification to
species challenging at best (Murray, 1864). The beetle genus is
represented by eight sequences in GenBank, only four of which are
mutual orthologs. The continental large-spored Metschnikowia
species consist of three subclades, one of which has a more northern
tendency, while the other two share a Central and South American
distribution. Metschnikowia ipomoeae occupies a lineage of its own
that differs from the rest by its wider distribution, having been
recovered from Tennessee to Sdo Paulo state in Brazil. It was
introduced to Hawai'i together with Conotelus mexicanus, as was M.
lochheadii (Lachance et al., 2008). The species is genetically
homogeneous across its range except for strains recovered from
inland sites in Costa Rica, which differed from the rest at all of 12 loci
examined (Wardlaw et al., 2009). Originally assigned to the asexual
genus Candida, M. ipomoeae grows in a dry, hydrophobic form that
reduces the propensity of complementary mating types to conjugate,
which explains why the sexual cycle was not reported until somewhat
recently (Santos et al., 2015). Long germ tubes are not formed. The
unusual growth habit of M. ipomoeae may affect its vagility and
account for its wider range as well as its isolation in ovules of cotton
plants (Sachs et al. 2006). Although the report does not mention the
presence of Conotelus sp. on the plants, the beetle is known to occur
on cotton blossoms (Glover, 1878). All species of the sensu stricto
subclade hybridize, although interspecies crosses lead to the
formation of sterile asci (Lee et al., 2018).

The more ancient Arizonensis subclade is strictly Neotropical,
with the exception of the eponymous species, which is known from
only a single locality of the Sonoran Desert in association with
Carpophilus sp. (Nitidulidae) of prickly pear flowers (Lachance, 2011c).
Other species appear to be vectored by Conotelus spp. for the most

part. Despite their considerable genetic distance (average nucleotide
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FIGURE 4 Clade structure of haplontic
Metschnikowia species, along with their known
geographic distribution.
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identity = 83%; Lachance et al., 2020), M. amazonensis and M.
arizonensis mate profusely, the hybrids giving rise to abundant sterile
asci (Santos et al., 2020). Mating reactions between these and other
subclade members are poor. M. colocasiae forms convoluted colonies
reminiscent of those of M. ipomoeae. Interfertility patterns among the
four species of a late-emerging subclade are less sharply defined,
such that assignment of the isolates to species based on both
reproductive isolation and phylogenetic patterns was not without
some difficulty (Lee et al., 2020). The distribution of the subclade is
Mesoamerican except for M. bowlesiae, for which one mating type
was recovered in Hawai'i from a Conotelus specimen and a native
(Prosopeus subaeneus) nitidulid, the two from the same patch of
morning glories. The other mating type was isolated from four
Conotelus specimens in various flowers in a Belizean locality.
Isolates of M. drakensbergensis and M. proteae came from nectar
or insects of Protea spp. flowers in the KwaZulu-Natal province of
South Africa (de Vega et al., 2012, 2014). The insects were primarily
scarab beetles, bees, and drosophilids. East African species came

from meloid and buprestid beetles as well as drosophilids of native
morning glories (Lachance, 2011c). They form a clade with M. hibisci,
which is known from nitidulid beetles of the genus Aethina found in
flowers of morning glories and Hibiscus spp. in a broad range of
eastern Australian localities.

Metschnikowia kipukae is known from many isolates from Hawai'i
Island as well as Brazilian localities. All isolates have the mating type a
and do not mate with mating type a of other species. Similarly,
several isolates of M. hawaiiana, isolated in Hawai'i and Costa Rica,
have mating type a but do not hybridize—a strain reported as mating
type a by Lee et al. (2018) had been misidentified and has been
reassigned to M. kipukae. Metschnikowia orientalis is known from two
mating types a strains from Rarotonga and a single a strain from the
Cameron Highlands of Malaysia, all from nitidulid beetles.

Although not considered members of the large-spored clade, a
few other haplontic Metschnikowia species are worth mentioning.
South African M. caudata, found in the nectar of Protea species (de
Vega et al., 2014), forms long, thin, flexuous asci containing a single

85U8017 SUOLULLIOD BA 1810 3ed!dde ayy Aq peusenob afe sajoiie O ‘8sn Jo Sajni 1oy Aflq1T8UlUO A8]IAA UO (SUORIPUOD-PUR-SWBIALI0O" AB I Ae.q) 18U [UO//:SANY) SUORIPUOD Pue SWB | 8L} 88S *[S202/20/TT] U0 AkeiqiTauluo A8|IM ‘IP[eo9 o1|jwT asuseled nesn il AQ £06€8A/200T 0T/I0p/L00" A8 1M Ale.d 1 jpuluo//:sdny Woly pepeojumod ‘TT ‘€202 ‘T900L60T



ROSA ET AL.

2 | wi LEY—Y@ e

tapered ascospore with a swollen end, a morphology that is unique
among ascomycete yeasts. It shares habitats with M. drakensbergen-
sis. The two mating types of M. drosophilae were isolated from
morning glories flowers and drosophilids on Grand Cayman Island
(Lachance, 2011c). Mating is sparse and attempts at hybridization
with M. torresii, a related marine isolate, did not succeed. The two
mating types of M. agaves remain known exclusively from Mexican
blue agave, and no information is available on its interfertility with C.
wancherniae, known from three strains recovered from leaves and
frass in Thailand (Nakase et al., 2009), or the intriguing Metschnikowia
cf. typographici, regrettably known only from low magnification
photomicrographs and electron micrographs of cross-sections
(Kleespies et al., 2017). The kinship of this yet-to-be-cultured species
was inferred by sequencing DNA amplified directly from the

unpurified gut content of bark beetles in Austria.

6.2 | Genus Saccharomyces

Although several species of the genus Saccharomyces are mostly
known from their application in human-driven fermentations, it is
now well-established that most Saccharomyces species have a natural
ecology and are distributed in natural settings (Alsammar &
Delneri, 2020; Boynton & Greig, 2014; Liti, 2015; Sampaio &
Goncalves, 2017). Because the more detailed studies on the natural
distribution and ecology of Saccharomyces—that is, those combining
comprehensive sampling strategies with accurate molecular
identifications—were focused on temperate regions of the Northern
Hemisphere (e.g., Sampaio & Gongalves, 2008; Sniegowski et al.,
2002), knowledge is more advanced for those climates. These
studies revealed the widespread association of Saccharomyces
spp. with the bark of trees of the Fagaceae family (or soil
underneath these trees), with relevance to oaks (Quercus spp.)
(Sampaio & Goncalves, 2017). Given that Fagaceae are mostly
distributed in temperate regions, the ecological preferences of
Saccharomyces spp. in tropical regions remained mostly unknown
despite anecdotal reports of isolation of individual strains (Morais
et al., 2006; Nakase et al., 2006; Naumov et al., 1995).

In one of the few more structured studies carried out in tropical
forests, Barbosa et al. (2016) collected 545 samples, preferentially
from tree barks of various native trees in Brazil (71% of the samples),
but also including soil, moss, mushrooms, plant inflorescences, and
fruits. They surveyed the Atlantic rainforest biome, which in some
cases included contact zones with “Cerrado” (savannah) and
“Caatinga,” and the Amazonian Forest biome. Among the native
trees sampled, Tapirira guianensis (Anacardiaceae), a common tree in
Brazil especially in riparian areas, emerged as a possible tropical
habitat of Saccharomyces with a frequency of isolation of 13%. All 34
strains isolated from this tree were found to belong to S. cerevisiae
and the reported success rate of isolation was comparable to what
had been reported in other studies involving this species in the
Northern Hemisphere (Wang et al., 2012). The reason why only S.
cerevisiae was isolated might reside in the temperature preferences of

the various species in the genus, being S. cerevisiae and S. paradoxus
the more heat tolerant (Goncalves et al., 2011). These are, therefore,
the species more likely to be found in tropical regions. Indeed,
besides S. cerevisiae, rare strains of S. paradoxus were isolated in
Brazil, originally under the name S. cariocanus, today a synonym of S.
paradoxus (Naumov et al., 2000). The predominance of S. cerevisiae
over S. paradoxus in tropical environments might also reside on
temperature preferences, since laboratory experiments have shown
that wild S. cerevisiae strains grow optimally at temperatures that are
approximately 7°C higher than those preferred by S. paradoxus
(Sweeney et al., 2004). Moreover, a statistical model predicted that
the potential geographical range for S. cerevisiae is mostly subtropical
or tropical, contrary to a predicted temperate distribution for S.
paradoxus (Robinson et al., 2016).

Besides South America, S. cerevisiae has also been isolated in
tropical forests in Asia. A Saccharomyces survey conducted in China
reported the isolation of S. cerevisiae from rotten wood and tree bark
in subtropical and tropical regions in southern China (Wang
et al., 2012), and a more recent publication reported also the
occurrence of S. paradoxus in Chinese subtropical forests (He
et al., 2022). Rainforest S. cerevisiae isolates from Hainan, a tropical
island in southern China, belonged to distinct wild populations, some
of them very diverged from the bulk of S. cerevisiae lineages known
worldwide and showing considerable levels of reproductive isolation
(Wang et al., 2012). This increased genetic diversity of S. cerevisiae in
tropical and subtropical regions in Eastern Asia was further expanded
with the discovery of novel highly diverged lineages in Taiwan (Lee
et al., 2022). The distribution of S. cerevisiae in tropical regions also
includes Southeast Asia, with reports referring to its occurrence in
inflorescences of bertam palms (Eugeissona tristis) in Malaysia (Wiens
et al., 2008). In Thailand, S. cerevisiae has been isolated from the sap
of several palms, namely, coconut (Cocos nucifera), palmyra (Borassus
flabellifer), and nipa (Nypa fruticanspalms) (Limtong et al., 2020). Given
that the isolation procedures were done on sap collected by humans
on natural or cultivated palms, these are not typical forest isolates.
Nevertheless, the finding of S. cerevisiae and not of other species in
the genus might be an indication that the tropics might harbor mostly,
if not only, this species. Similarly, a study conducted in Africa
reported the isolation of a few strains of S. cerevisiae from native
trees or their fruits in South Africa (Han et al., 2021). In fact, reports
on the isolation of Saccharomyces species other that S. cerevisiae in
tropical or subtropical forests are scarce and might correspond to
exceptional situations. For example, Naumov et al. (2013) reported
the isolation of S. arboricola and S. kudriavzevii in Taiwan, but the
isolates were obtained in a mountainous region and therefore in

cooler habitats.
6.3 | Genus Spathaspora
The genus Spathaspora contains species that ferment p-xylose to

ethanol or convert this pentose to xylitol, traits with biotechnological
potential for obtaining bioproducts through the fermentation of
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lignocellulosic materials (Cadete & Rosa, 2018; Santos et al., 2023).
Most species were isolated from rotting wood samples or associated
passalid beetles in tropical forest biomes in Brazil and China, except
by Sp. passalidarum whose holotype was obtained from the gut of
Odontotaenius disjunctus, a passalid wood-boring collected in state
of Louisiana, United States, in a region that could be considered of
subtropical climate. This yeast was also isolated from rotting wood in
the Boatianman Nature Reserve in Central China, characterized by a
typical warm-temperate natural landscape and typical climate
features of the transition zone (Ren et al., 2014). However, most
isolates of this species were obtained in the Brazilian Amazonian
rainforest biome (Cadete et al., 2012; Souza et al. 2017). This species
occurs in the Amazonian rainforest in rotting wood or passalid
beetles associated with this substrate. Another 20 species of
Spathaspora are known (Souza et al., 2023), with 13 species obtained
from Brazilian ecosystems, six from China, and one from Panama.
Interestingly, among the Brazilian species, Sp. passalidarum, Sp.
roraimensis, Sp. suhii, Sp. boniae, Sp. brunopereirae, Sp. domphillipsii,
Sp. xylofermentans, and Sp. brasiliensis were obtained exclusively from
Amazonian biomes. By contrast, Sp. arborariae, Sp. boniae, Sp. girioi,
Sp. gorwae, Sp. haegerdaliae, Sp. piracicabensis, and Sp. materiae were
isolated from the Atlantic Rain Forest or ecotone zones between
Cerrado and Atlantic Rain Forest biomes (Cadete & Rosa, 2018;
Souza et al., 2023). This geographical distribution may be related to
the presence of different insect vectors, probably passalid beetles, in

each region.

6.4 | The Wickerhamiella/Starmerella (W/S) clade

The genera Starmerella and Wickerhamiella form a clade (W/S clade)
that branches close to the genus Yarrowia in the Saccharomycotina
species tree. Most species are associated with flowers and floricolous
insects (Goncalves et al., 2020). Although some species exhibit a
cosmopolitan distribution, most Starmerella and Wickerhamiella
species appear to be endemic to specific regions or have a restricted
distribution (Goncalves et al.,, 2020; Santos et al., 2018; de Vega
et al., 2017). Most species have been isolated in the tropical and
subtropical biomes in South and Central America, Asia, Australia, and
Africa. While the W/S clade is generally associated with the floral
niche, Starmerella and Wickerhamiella species show some degree of
niche partitioning, some species being mostly associated with either
flowers, bees, or other floricolous insects. To which extent niche
portioning is reflective of the multiple phylogenetic subclades
observed within this clade (Goncalves et al., 2020) remains an open
question.

The genus Starmerella includes approximately 50 species and the
majority were isolated from bees and substrates visited by these
insects, suggesting an ecological relationship between the yeasts and
the insect (Figure 5). Indeed, the potential benefits of the yeasts to
the bees have been recently proposed (Pozo et al., 2020). Many
Starmerella species are found primarily in the neotropical biomes, and

most species seem to be restricted to certain regions possibly
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following the geographic distribution of their insect vectors (de Paula
et al., 2021; Januario da Costa Neto & Benevides de Morais, 2020).
Only two ascoporogenous species are known, St. bombicola and St.
meliponinorum. The others are known only from their asexual stages.
Some species, namely, St. batistae, St. cellae, and St. riodocensis, were
described as associated with solitary bees. Female solitary bees are
mass-provisioning, and all the floral resources for larval development
are placed within a brood cell. Once the cell is closed, the female has
no further contact with her developing offspring (Danforth
et al., 2019). Yeasts appear to be an important component of the
provisioned pollen and nectar, and may be an important element of
the bee's larval nutrition (Danforth et al., 2019; Rosa et al., 1999).
There are approximately 20,000 solitary bee species, and most occur
in tropical forest biomes. Investigation of the interaction between
Starmerella species and solitary bees is promising and it is hoped to
lead to the elucidation of the role of these microorganisms in the bee
nests.

Species such as St. meliponinorum, St. apicola, St. neotropicalis, St.
etchellsii, and St. bombicola have been isolated from stingless bees
(Meliponini). These bees are represented by approximately 550
species and 61 genera, and are found in all tropical and subtropical
regions of the world (de Paula et al., 2021). Paludo et al. (2018, 2019)
reported an interesting interaction among two possible new species
of the genera Zygosacharomyces (Zygosacharomyces sp.; GenBank
KY766262) and Starmerella (Candida sp. strain SDCP2; GenBank
KX999555) in nests of the stingless bee Scaptotrigona depilis. The
Starmerella species produces ethanol and isoamyl alcohol, which
stimulate the growth of Zygosaccharomyces sp. Ingestion of Zygo-
saccharomyces sp. by the larvae of S. depilis is essential for the
survival and metamorphosis of these bees. This yeast provides
essential steroid precursors to the developing bee. Insect pupation
requires ecdysteroid hormones, and as larvae of this stingless bee
cannot synthesize sterols de novo, the bee obtains steroids in its diet
by ingesting Zygosaccharomyces sp. cells (Paludo et al., 2019). The co-
occurrence of Starmerella and Zygosaccharomyces species in bee nests
suggests an important role of these yeasts for larval bee develop-
ment. Interestingly, Starmerella and Zygosaccharomyces species
encompass mostly fructophilic species, which prefer fructose over
glucose when both sugars are present at high concentrations.
Fructophily is thought to have evolved in yeasts through the
horizontal acquisition of a high-capacity fructose transporter (Ffz1)
from a species related to Monascus (Pezizomycotina) by the ancestor
of the W/S clade (Gongalves et al., 2016). A subsequent horizontal
transfer of Ffzl from the W/S clade to the Zygosaccharomyces
ancestor apparently introduced fructophily into the latter clade
(Gongalves et al., 2016). Ffz1-associated fructophily is thought to be
an adaptation to the floral niche, a hypothesis that is in line with the
finding of all three taxa involved in the horizontal dissemination of
Ffz1 (Monascus, Starmerella, and Zygosaccharomyces) in association
with stingless bee pollen and bee bread (Paludo et al., 2019). Other
horizontal gene transfer events into the W/S clade have been
reported that may affect multiple aspects of their adaptation to the

floral environment (Gongalves et al., 2020; Kominek et al., 2019).
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FIGURE 5 Stingless and solitary bees, and Passalid beetles. Entrance of the nest of the stingless bee Lestrimelitta sp. (a); entrance of the nest
of the stingless bee Nannotrigona sp. (b); view of the nest of the stingless bee Tetragosnica angustula (c); collection of honey in a nest of
Scaptotrigona sp. (d); nests on the ground of the solitary bee Diadasina distincta (e); larva of Passalid beetle (f); and adult of Passalid beetle (g).

Exploring the association between these events and the ecology of
these yeasts is therefore an interesting aspect for future research.
Several species of Starmerella have been described in recent years,
mostly from flowers collected in Central and South America and Asia.
These studies show the wide distribution of the genus in tropical
forest ecosystems, but the true ecological niches of many of these
species remain to be determined.

Yeast species of the genus Wickerhamiella also exhibit nutritional
specialization. Most are associated with flowers, fruits, leaves,
insects, and mushrooms. The first species described, W. domercqiae,
was based on two isolates, one from a wine vat in South Africa and
the other from a sugar cane factory in Brazil. Lachance et al. (1998)
described five additional species. Wickerhamiella australiensis was
isolated from flowers and floricolous insects of Australian Hibiscus
trees and Ipomoea sp. in tropical areas of Australia. Wickerhamiella
cacticola has been isolated in cactus flowers in all regions of Brazil

where they were sampled (Freitas et al. 2020). This species is
vectored by a nitidulid beetle and other insects among the cactus
flowers. Wickerhamiella occidentalis was found in Ipomoea spp.
flowers collected in Hawaii, Central and South America, as well as
Tennessee. This yeast is also vectored by nitidulid beetles (mainly
Conotelus spp.) among morning glory flowers. Wickerhamiella droso-
philae was isolated from flowers of I. indica and from D. floricola that
congregate on the flowers in Hawaii. The yeast was also isolated
from flowers collected in Brazil and in Costa Rica. Wickerhamiella
lipophila was likewise isolated from flowers of I. indica and their
associated insects in Hawaii. These species produce strong extra-
cellular lipases (Lachance et al., 1998). The species descriptions were
followed by many more, such that the genus now accommodates
approximately 45 species. Although some exhibit a cosmopolitan
distribution, most appear to be endemic to specific regions, mainly in
the Neotropics and in Asia. Some species, for example, W. versatilis,
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have been isolated also from hives of stingless bees (Tiago et al., 2022)
or from floral nectar of tropical plants (Canto et al., 2017). They have
also been frequently used as starter cultures for soy sauce
fermentation (van der Sluis et al., 2001; Wang et al., 2022). The
most recent species described was Wick. nakhonpathomensis and
Wick. bidentis. The first was isolated from the fruiting body of a
Coprinus species and from the inflorescence of a Coffea species
collected in Thailand, and the second from flowers and insects

collected in Japan (Khunnamwong et al., 2022; Seike et al., 2023).

6.5 | Genus Sugiyamaella

Wood-ingesting passalid beetles and rotting wood have been
suggested as habitats for many species of the genus Sugiyamaella
(Souza et al., 2023; Urbina et al., 2013). Passalids are commonly
found in fallen tree trunks, and in these habitats, the beetles find
food, shelter, and conditions for breeding (Figure 5). Many species of
Sugiyamaella are xylanase producers, an ability that could confer an
adaptative advantage in the colonization of the gut of beetles
inhabiting rotting wood (Sena et al., 2017). The genus accommodates
35 species, most of which have been isolated from insects that
inhabit rotting wood, rotten lignocellulosic materials, soil, mush-
rooms, or peat (Souza et al., 2023). Urbina et al. (2013) reported the
isolation of 771 yeast cultures from the gut of 16 passalid species
collected in nine localities in Guatemala. Seventy-nine isolates
belonged to species of the Sugiyamaella clade, representing 10% of
the isolated yeasts, with several undescribed species. Chai, Gao, Yan
et al. (2022) described Su. cylindrica and Su. robnettiae obtained from
rotting wood collected in the Tianchi Mountain National Forest Park
located near Luoyang City, Henan Province, China. Souza et al. (2023)
described the species Su. beilyi and Su. amazoniana from guts of
Amazonian passalids and their habitats, and reported the occurrence
of other 21 candidates for possible novel Sugiyamaella species
associated with these beetles in this region. These results show that
the characterization of the ecological niches of Sugiyamaella species
may yield new insights into the ecological relationships of these
yeasts with passalid beetles and their associated substrates in tropical

and subtropical forest biomes.

6.6 | Other ascomycetous yeasts from tropical
forests

Metahyphopichia, with the single species M. laotica, was a genus
proposed by Sipiczki et al. (2016) to accommodate six strains isolated
in Laos and Brazil. These strains alternate between yeast and
filamentous growth morphologies and were isolated from flowers in
Laos and tree barks in Brazil. Later, Khunnamwong et al. (2022)
described M. suwanaadthige based on isolates obtained from
mushrooms, insects, and soil in Thailand. These authors transferred
C. silvanorum to the genus Metahyphopichia as a new combination,

M'pichia silvanorum. This yeast was isolated from the gut of a
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hansome fungus beetle (Amphix laevigatus) in Barro Colorado Island,
Panama, and from cerambycid larvae on a rotting log in Louisiana,
USA (Lachance et al., 2011). The geographic distribution of these
species suggests that the genus Metahyphopichia is associated with
substrates, possibly insects, of tropical biomes. Another genus that
could be associated with tropical regions is Savitreea, as Sav.
pentosicarens, the single species of the genus, was isolated in Thailand
and French Guiana. The same could be suggested to Hagleromyces
aurorensis, as this species was isolated from bromeliads in a Cerrado
biome in Brazil. Species of the genera Suhomyces and Teunomyces
have been preferentially isolated from mushrooms and fungus-
feeding insects in tropical forests (Jadhav et al., 2020; Kurtzman
et al, 2016). Several other ascomycetous genera have species
isolated from tropical and temperate forests, for instance, Hanse-
niaspora, Kazachstania, Kluyveromyces, and Starmera. Some species of
these genera were only isolated from tropical biomes: Hanseniaspora
nectarophila, Kaz. jinghongensis, Kaz. menglunensis, Kaz. rupicola, Kaz.

serrabonitensis, K. starmeri, and Starmera ilhagrandensis.

6.7 | Basidiomycetous species

Some basidiomycetous genera such as Dioszegia, Kockovaella, and
Phaffia were only recently reported as occurring in tropical biomes
(Gomes et al., 2015, 2016; Li et al., 2020; Santos et al., 2021). These
yeasts have been isolated from plant leaves and tree bark in
temperate forest biomes or cold aquatic environments (Trochine
et al, 2017; David-Palma et al., 2020; Li et al., 2020). Other
basidiomycetous genera have been only reported from substrates of
different tropical ecosystems (Felix et al., 2017; Li et al., 2020).
Species of the genus Carlosrosaea were described as associated with
bromeliads in Brazil (Felix et al., 2017). Two species, Ca. hohenbergiae
and Ca. vrieseae, were obtained from bromeliads collected in Atlantic
Forest fragments in Northeastern Brazil. Ca. aechmeae was isolated
from phytotelmata of the bromeliad Vriesea minarum in a tropical
rupestrian field site (altitudinal fields) in Southeastern Brazil, and from
leaves of bromeliads collected in a subtropical biome in South Brazil.
Li et al. (2020) described two additional species of Carlosrosaea, Ca.
foliicola and Ca. simaoensis, isolated from leaves in tropical and
subtropical zones, respectively, in China. Marques et al. (2021)
reported that Ca. vrieseae was able to produce indole-3-acetic acid
(IAA) and siderophores, and had the ability to solubilize phosphate.
Filtrate containing 1AA-like compounds produced by this yeast
improves development and photosynthetic performance in V.
minarum seedlings, causing them to grow as well as when treated
with commercial IAA, suggesting a potential use of the yeast as
biofertilizer agent.

Phaffia brasiliana is a basidiomycetous yeast recently
described from the soil in a Cerrado-Atlantic Rain Forest ecotone
in Brazil (Santos et al., 2021). The genus Phdffia is of practical
importance as it is the only yeast genus that produces the
biotechnologically relevant pigment astaxanthin. Until the

description of P. brasiliana, the distribution of the other four
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species in the genus encompassed solely environments with
temperate climates (David-Palma et al., 2020). Therefore, it was
assumed that the range of Phaffia does not include tropical
regions. Likewise, the moderate temperatures of the region
where P. brasiliana was found and the maximum growth
temperature of this species around 30-32°C, suggest that this
species is specifically adapted to the ecosystem where it was
found and not to tropical climates in general (Santos et al., 2021).

Species of the genera Occultifur, Hannaella, Jaminaea, and
Tremella are frequently isolated from leaves, bromeliads, flowers,
and soil in different tropical biomes (Gomes et al., 2015; Surussawa-
dee et al., 2015; Navarro et al., 2022). However, these basidiomyce-
tous genera are cosmopolitan, with species occurring in tropical and
temperate forests. Except for a few genera, for example, Phdffia, the
biogeography of basidiomycetous yeasts has been little studied, and
should be considered in further ecological studies, especially in

tropical biomes.

7 | TROPICAL FORESTS AS A SOURCE OF
YEASTS FOR BIOINNOVATION

In this section, we will consider the studies that aimed at
discovering species with biotechnological interest. Buzzini and
Martini (2002) screened 196 strains of ascomycetes (representa-
tive of 23 species of 8 genera), 155 of basidiomycetes (represent-
ative of 10 species of 3 genera), and 46 yeast-like organisms
(A. pullulans) with the aim of investigating the extracellular
enzymatic activity profile of yeasts. These yeasts were isolated
from the three sites of Brazilian Atlantic Rain Forest biome, and
yeasts were obtained from 120 samples of water, insect, soil, and
plant materials. The isolates were tested for amylase, esterase,
lipase, protease, pectinase, chitinase and cellulase activities using
agar plate-based methods. Although the work employed taxo-
nomic identification using classical morphological and biochemical
methods, meaning that the number of species might differ from
the current consensus, it also demonstrated the huge potential of
tropical yeasts as a source mainly of esterase, lipase, and protease
activities. Later, the same research group took advantage of a
subset of these strains, namely, 98 ascomycetes (representative of
40 species belonging to 12 genera) and characterized them in
terms of volatile organic compounds (VOC), such as alcohols,
aldehydes, and esters, which can potentially be used in the food,
beverage, cosmetics, or pharmaceutical industries, mainly as
flavoring agents (Buzzini et al., 2003). The study demonstrated
the potential of such yeasts as VOC producers, since all but two of
the strains produced the 11 analyzed VOCs to at least some
extent. Also using the same yeast collection, these authors
evaluated the capacity of the strains to produce killer toxins,
which could be explored for their antimicrobial activity (Buzzini
et al., 2004).

In the search for enzymes with transfructosylating activity,

Maugeri and Hernalsteens (2007) isolated yeast strains from Brazilian

biomes, namely, Pantanal, Cerrado, Atlantic, and Amazon Forests.
From the 495 strains initially isolated, 130 presented some activity
over sucrose, from which 4 were selected as potential producers of
fructooligosaccharides (FOS), which can be used as prebiotics in
human and animal nutrition. One strain of Rhodotorula was capable of
producing FOS at high levels (>100g/L), without hydrolyzing the
product.

Cadete et al. (2009) collected 25 samples of rotting wood in
Atlantic Forest biomes of Brazil (two different locations) and
inoculated each into a defined xylose- or xylan-containing medium,
with antibiotics, to allow for yeast growth. After isolation and
characterization procedures, the new species, Sp. arborariae, was
found to be capable of fermenting xylose into ethanol at high rates
(specific growth rates of ~0.35 1/h) and yields (~0.50 g ethanol/g
xylose). This species might provide a source of new genes, enzymes
or transporters, to engineer industrial strains for efficient ethanol
production from lignocellulosic feedstocks. Indeed, in a later work,
it was shown that a gene taken from a strain of Sp. passalidarum
isolated in Louisiana (United States) was key to enable anaerobic
growth and ethanol production from xylose in an engineered
S. cerevisiae strain (Cadete et al., 2016).

Other initiatives include the isolation of a strain of Pa. flavescens
from the phylloplane of a tree in Karnataka (India) which produces
exopolysaccharides (Aravind et al., 2014), which in turn can be used
in the food, cosmetics, and pharmaceutical industries (Rahbar Saadat
et al, 2021). The isolation of 101 yeast strains (belonging to 26
species) from the skin of tropical fruits collected in Madagascar and
the Reunion islands and the characterization of their VOC-producing
profiles (52 different molecules were identified, acids, alcohols,
ketones, aldehydes, or esters) (Grondin et al., 2015). Another was the
isolation of yeasts from peat in Southern Thailand and subsequent
screening for the production of ethanol (from glucose and xylose),
indole-3-acetic acid (a plant growth promoter), and some extracellular
enzymes (cellulases, xylanases, pectinases, amylases, proteases, and
lipases) (Jaiboon et al., 2016). Yet another example is the
bioremediation potential of pyrene (a polycyclic aromatic hydro-
carbon) of a strain of Candida sp. isolated from a tropical forest in
Malaysia (Hadibarata et al., 2017).

Given the small number of studies targeting the exploration of
tropical yeast biodiversity for potential biotechnological applications,
there is an urgent need to intensify targeted studies, particularly
considering the climate emergency and the necessity to replace
fossil feedstocks and traditional chemical processes for renewable
feedstocks and biotechnological processes. Yeasts or yeast products
have applications in areas as diverse as fermented food and
beverages, pharmaceuticals, enzymes, vitamins, carotenoids, lipids,
steroids, polysaccharides, glucans, nucleotides, flavors, biofuels,
platform chemicals (sometimes called building blocks), and even
biocontrol and bioremediation (Deak, 2009). Another strategy that
could be adopted is to include high-throughput screening methods
to detect different biotechnological traits in yeast strains isolated
both in large- and small-scale studies on yeast, fungal, or even

microbial biodiversity in tropical forest environments.
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Most studies carried out on yeast diversity in tropical forest biomes
were performed using culture-based methods, and almost always
using only one culture medium and one incubation temperature,
which only allow the growth of selected microorganisms. This may
be a factor that negatively affects the yeast diversity indices found
in the studies presented in this review. The use of different culture
media and incubation temperatures for yeast isolation has shown
that many species are only isolated in a certain culture medium and
a certain temperature. Another limitation is the possible occurrence
of nonculturable species. A better view of the yeast diversity in
forest biomes could arise from the use of DNA metabarcoding
approaches, as they provide detailed access to the diversity of
microorganisms. Culture-independent techniques could give a more
precise picture of the yeast diversity of tropical forest biomes and
show whether the diversity in these environments is higher than
that found in temperate forest ecosystems. However, fewer studies
are published on yeast biodiversity in tropical forest ecosystems
when one takes into account the complexity of available habitats
and the ecological interactions involved. Most of the work was
carried out in the search for new yeast species, and many important
aspects of their ecological niche remained unexplored. Compared to
studies performed in temperate forests, we are still beginning to
understand the diversity of yeasts in tropical forest environments.
Thus, more studies are necessary, including works using metage-
nomic approaches, to gain a better understanding of the ecological
role of yeasts in these biomes.

As described in this review, recent studies in Brazilian Amazon
rainforest biomes have shown the occurrence of about 30%-50% of
candidates for new species. Studies need to be carried out urgently in
the tropical forest biomes of Africa, Australia, and the Pacific Islands
with high biological diversity. There are several gaps in our
knowledge of the occurrence, geographical distribution, and role in
the ecosystem functioning of the yeast communities in tropical
forests. Topics for investigation are diverse and should include: (i)
estimation of the diversity of yeast communities of tropical forests in
comparison to temperate forests and other biomes; (ii) assessments
of the geographical distribution of the yeast species in tropical forest
ecosystems across latitudinal gradients, using culture-based and
culture-independent techniques; (iii) identification of which species
are truly indigenous for tropical forest biomes; (iv) understanding of
how the tropical yeast species contribute to the ecosystem
functioning; (v) identification of tropical yeast species to be used
for assisting future conservation and forest restoration programs; (vi)
use of high-throughput screening to survey metabolites and other
products of tropical yeasts for bioinnovation proposals.

Most of the tropical forests are in the process of deforestation
due to human activity. Thus, the discovery of new microorganisms
with potential applications in bioinnovation may be outrun by the loss
of microbial diversity. As developing countries are where most
tropical forests are located, they have the most to gain economically

from an invigorated microbial biodiversity exploration program.
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