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PENTOSE-FERMENTING YEASTS IN NATURE:
ECOLOGY, BIODIVERSITY, AND APPLICATIONS

The worlds energy sector has undergone drastic changes in the last decades due to the climate change and the turn to renew-
able energy sources. Biomass is the largest renewable source of carbohydrates on the Earth and is an important substrate
for biofuel production. Saccharomyces cerevisiae yeasts are the main producer of first-generation ethanol from corn and
sugarcane. However, these yeasts lack the ability to utilize the important components of lignocelluloses such as pentoses
D-xylose and L-arabinose. Pentose-fermenting yeasts could become an alternative to S. cerevisiae in ethanol production
from lignocelluloses. This review focuses on the ecology, geographical distribution, taxonomy, and potential applications of
naturally-occurring pentose-fermenting yeasts. Pentose-fermenting yeasts have been frequently found in the lignocellulose-
associated substrates. Decaying and rotten wood and the gut of wood-boring insects are especially important natural reser-
voirs of this group of yeasts. Simple sugars xylose and L-arabinose would be present in such habitats as suitable nutrients for
pentose-assimilating yeasts. The other natural habitats reported for pentose-fermenting yeasts are soil, plants, and herbivore
faeces. Pentose-fermenting yeasts are found in many geographical regions and have been isolated on almost each continent.
Dozens of novel pentose-fermenting yeast species have been discovered in the last decade. The previously poorly explored re-
gions, including Brazil, China, and several Asian countries were especially often reported as sites of isolation of such yeasts.
Most xylose-fermenting yeasts belong to genera Scheffersomyces, Candida, Spathaspora, Sugiyamaella, and Pachysolen,
while the most efficient ethanol producers are represented by species Scheffersomyces stipitis and Spathaspora passalidarum.
The vast majority of research on the biotechnological application of pentose-fermenting yeasts focuses on their role in the
production of bioethanol from lignocellulose. This group of yeasts could be either directly involved in the fermentation stage
of ethanol production or serve as a source of genetic material for the genetic manipulation of other industrial yeast strains.
Pentose-fermenting yeasts could also be involved in the production of various chemicals from lignocellulosic substrates,
mainly polyols, xylitol, and arabitol. Thus, the search for novel pentose-fermenting yeasts that could become new efficient
ethanol producers or donors of new genetic material is still ongoing. The previously unexplored or poorly studied geographi-

cal regions and natural habitats can hide many novel yeasts with huge biotechnological potential.
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In the last decades, the world experienced a
drastic turn from conventional fuels like gas and
petroleum to renewable sources of energy (solar
energy, wind, and biomass). The production of
biofuels is only one of the several possible ways
to mitigate the harm from conventional sources
of energy and develop new sustainable processes
of energy generation [1]. USA and Brazil were
both the pioneers in the wide-scale production
of the first-generation bioethanol that originated
from starch- and sugar-rich substrates, i.e. corn
and sugarcane. However, the use of such food
substrates for energy production is controversial
due to the competition over farmlands and the
increase in food prices [2].

Plant biomass is the most abundant renew-
able source of carbohydrates on the Earth and
consists of three major components: cellulose,
hemicelluloses, and lignin. Cellulose is the ma-
jor constituent of lignocellulose consisting of
D-glucose monomers joined by -1,4-glycosidic
bonds. Cellulose is characterized by high crys-
tallinity and is fairly difficult to degrade [3].
The second main component of plant biomass
is hemicelluloses, which are heteropolymers of
hexoses (glucose, mannose, and galactose), pen-
toses (xylose and L-arabinose), and uronic acids.
Hemicellulose is more susceptible to hydrolysis
compared to the other lignocellulose compo-
nents. Lignin is a non-carbohydrate phenolic
polymer and is the most undegradable compo-
nent of plant biomass [4].

The most commonly used microorganism for
bioethanol production is yeast S. cerevisiae. It is
characterized by high ethanol yields, tolerance
to many stress factors, and GRAS status. How-
ever, S. cerevisiae lack the ability to assimilate
and ferment pentoses (xylose and L-arabinose),
which make up a large proportion of lignocellu-
lose sugars [5]. Search for an efficient yeast strain
capable to ferment both pentoses and hexoses
and withstand the harsh conditions of industrial
ethanol production has been going on over sev-
eral decades [6].

ISSN 1028-0987. Microbiological Journal. 2022. (5)

There are currently two main ways to achieve
such a purpose. Both have their own advantages
and drawbacks. First, the search for suitable can-
didates has been conducted in nature, especially
in ecological niches rich in lignocellulosic sub-
strates [6]. Another way to develop an efficient
producer is by genetic engineering either the nat-
urally-occurring pentose-fermenting yeasts or
constructing S. cerevisiae strains with pentose-
fermenting abilities [7]. There are several excel-
lent reviews on the recent advances in genetic en-
gineering strategies to improve the efficiency of
ethanol production from lignocellulose by yeasts
and to increase strain robustness [6—38].

The scope of this review is ecology, geographi-
cal distribution, taxonomy, and potential indus-
trial application of naturally occurring pentose-
fermenting yeasts.

Natural habitats and geographical distribu-
tion of pentose-fermenting yeasts. Early works
on pentose-assimilating or pentose-fermenting
yeasts were performed by screening large na-
tional or university collections. In 1976, the ma-
jority of the known yeast species were assessed
for the assimilation and fermentation of various
carbon sources [9]. None of the surveyed yeasts
were found to ferment either D-xylose or L-
arabinose, but a high proportion of strains could
aerobically assimilate these pentoses.

Toivola et al evaluated xylose-fermenting ac-
tivity of more than 200 types of yeast strains
from Centraalbureau voor Schimmelcultures
(CBS), the Netherlands, and discovered six yeast
species that produced more than 1 g/L ethanol
from 20 g/L xylose: Brettanomyces naardenen-
sis, Candida (Scheffersomyces) shehatae, Candida
tenuis, Pachysolen tannophilus, Pichia (Scheffer-
somyces) segobiensis, and Pichia (Scheffersomyces)
stipitis [10]. The authors emphasized on the fact
that all the efficient ethanol producers were iso-
lated from lignocellulosic substrates or sources
associated with wood. So, in the following years,
large screenings for xylose-fermenting yeasts
were also carried out among yeasts isolated from
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wood-associated niches. A quantitative assess-
ment of ethanol production from xylose was per-
formed by du Preez and Prior for 56 yeast strains
isolated from soil in South Africa [11]. P. stipitis,
C. shehatae, and several Candida strains were
shown to produce high levels of ethanol.

164 yeast strains isolated from black knots, in-
sect frass, and tree exudates in Canada and 262
yeast strains isolated from cactus fruits and as-
sociated with Drosophila flies in Bahamas were
screened for the xylose fermentation by Nigam et
al [12]. Many of the isolates were able to produce
ethanol from xylose in negligible amounts. How-
ever, only 36 yeast isolates represented by species
Aureobasidium pullulans, Candida famata, Can-
dida guilliermondii, Candida maltosa, Candida
parapsilosis, Candida sonorensis, and Candida
spp. synthesized more than 1 g/L from 2% xylose.

In the following decades, several large screen-
ing surveys for xylanolytic and xylose-ferment-
ing yeasts were carried out in such lignocellu-
lose-based natural habitats as rotten wood and
wood-feeding insects. The first study to discover
xylose-fermenting yeasts in rotting wood in the
Brazilian Amazonian Forest was conducted by
Cadete et al [13]. Altogether 224 yeast strains were
isolated from 40 samples of rotting wood. 33 dif-
ferent yeast species were found in this study (26
previously known species and 7 novel species);
Candida tropicalis, Vanrija humicola and Can-
dida boidinii being the most frequently isolated
yeasts. Two strains of Sc. stipitis, seven strains of
Sp. passalidarum, and several strains of four novel
species Spathaspora were shown to convert xylose
into ethanol with various degrees of efficiency.

In another major study, 321 yeast strains iso-
lated from rotting wood samples from two sites
in Brazil were assessed for their ability to fer-
ment xylose and hydrolize xylan [14]. 69 yeast
species have been identified in this study, and
15 of them were previously unknown. 14 of 69
detected yeast species produced ethanol from D-
xylose, while 20 of 69 yeast species obtained in
this work also produced extracellular xylanases.
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330 yeast strains from 200 samples of rotting
wood in the Brazilian Rain Forest were surveyed
for ethanol and xylanase production [15]. Pi-
chia manshurica, Candida pseudolambica, and
Wickerhamomyces sp. were the most frequently
isolated yeasts. Altogether, 80 yeast species have
been detected, 14 species of these were previously
unknown. More than 16% isolates were able to
produce ethanol from D-xylose and belonged
to 19 known and 6 novel species. The most effi-
cient ethanol producers from xylose belonged to
Sc. stipitis, Scheffersomyces sp. and Spathaspora
boniae. Also 13% isolates (predominantly Apioc-
trichum sporotrichoides, A. pullulans, Saitozyma
podzolica, and Su. xylanicola) demonstrated high
xylanase activity. In another study, 17 of 105 yeast
strains isolated from rotten wood in Central Chi-
na fermented D-xylose [16] and belonged to Schef-
fersomyces clade (Sc. insectosa, Sc. lignosus, Sc.
segobiensis, Sc. stipitis, Sc. Shehatae, and Sp. pas-
salidarum). A new novel xylose-fermenting yeast
species Sc. henanensis has been described as well.

The gut of wood-ingesting insects also proved
to be a rich natural reservoir for xylose-assimi-
lating and fermenting yeasts. Yeast found in the
gut of such insects likely assists their hosts in the
hydrolysis of the ingested wood while being able
to access easily available sugars [3]. Suh et al re-
ported the frequent detection of Pichia (Scheffer-
somyces) stipitis-like xylose-fermenting yeasts in
the gut of wood-boring beetles and made a con-
clusion regarding a significant symbiotic associa-
tion between wood-ingesting beetles and xylose-
fermenting yeasts [17]. The study of gut micro-
biota of more than 300 adult beetles and larval
Odontotaenius disjunctus resulted in the descrip-
tion of new species of xylose-fermenting yeasts
Sp. passalidarum and Candida jeffriesii [18].

The gut of 16 species of wood-boring beetles
in Guatemala that live in dead wood proved to
be especially rich in yeasts with cellobiose- and
xylose-fermenting activities [19]. Altogether, 771
yeast strains belonging to 78 yeast species were
isolated. The most commonly isolated yeasts be-
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longed to xylose-fermenting species Sc. shehatae
(314 strains) and Sc. stipitis (109 strains). Several
undescribed xylose- and cellobiose-fermenting
yeast species belonging to Lodderomyces, Schef-
fersomyces, Spathaspora, and Sugiyamaella clades
have also been found.

92 yeast strains that belonged to 18 yeast spe-
cies were isolated from the gut of the wood-feed-
ing termite Reticulitermes chinensis [20]. Seven
novel species Candida gotoi, Candida pseudo-
rhagii, Hamamotoa lignophila, M. guilliermon-

dii, Sugiyamaella sp.1, Sugiyamaella sp.2, and
Sugiyamaella sp. 3 were detected. C. pseudorha-
gii were the most commonly isolated yeast spe-
cies and possessed high xylanase activity and
the ability to ferment xylose. More examples of
pentose-fermenting yeasts inhabiting the gut of
wood-feeding insects are shown in Table 1.
Another interesting natural habitat for xy-
lose-fermenting yeasts was the dung of herbi-
vore mammals (Table 1). 39 xylose-assimilating
strains have been isolated from faeces of vari-

Table 1. Distribution and diversity of pentose-fermenting yeasts in nature

Isolation . I?escription . Yeast species Pentose Reference
source of isolation source and site fermented
Soil Various soil samples, South Africa | C. shehatae, P. stipitis D-xylose [11]
Woodland soil, South Africa Candida lyxosophila D-xylose [21]
Field soil, Japan Candida sp. D-xylose, [22]
L-arabinose
Tropical peat, Thailand Candida kantuleensis D-xylose [23]
Rotting | Rotting wood from Amazonian | Sp. passalidarum, Sc. stipitis, Candida amazonensis | D-xylose [13]
and dead | forest, Brazil Spathaspora brasiliensis, Sp. suhii, Sp. rorai- D-xylose [24]
wood manensis, Sp. xylofermentans
Rotting wood from Rain forest, | Spathaspora arborariae D-xylose [25]
Brazil
Rotting wood from Rain forest, | Spathaspora girioi, Spathaspora hagerdaliae, | D-xylose [26]
Brazil Spathaspora gorwiae
Rotting wood from Rain forest, | C. boidinii, C. cellulosicola, C. melibiosica, D-xylose [14]
Brazil C. tropicalis, C. intermedia, M. guilliermondii,
Sc. queiroziae, Sc. shehatae, Sc. stipitis, S. poly-
morphus, Su. boreocaroliniensis, W. pijperi
Rotting wood, the Galapagos Sc. stipitis D-xylose [27]
Archipelago, Ecuador
Rotten wood, Poland Sc. shehatae D-xylose (28]
Rotten wood, China Scheffersomyces insectosa Scheffersomyces D-xylose [16]
lignosus, Sc. segobiensis, Sc. stipitis, Sc. sheha-
tae, Sp. passalidarum
Rotting wood, China Sugiyamaella yunanensis D-xylose [29]
Rotting wood, China Scheffersomyces jinghongensis, Scheffersomy- | D-xylose [30]
ces paraergatensis
Rotten wood, Ukraine Sc. stipitis D-xylose [31]
Plants | Rotten fruits, Nigeria Pichia kudriavzevii, C. tropicalis D-xylose [32]
and Pepper, tomato and sugarcane Galactomyces geotrichum, Candida akabanensis | D-xylose [33]
fungi bagasse, Brazil
Black knots on cherry trees, A. pullulans, Candida sp. D-xylose [12]
Canada
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Continuation of Table 1.

mori, India

insect larvae from pine and larch
trees, USA

Gut of wood-boring beetles
Odontotaenius disjunctus, USA

USA

Gut of wood-feeding termite,
Reticulitermes chinensis, China
Gut of scarabeid beetle Allomyri-
na dichotoma, China

Gut of beetle, Anoplophora leechi,
China

Mammal | Herbivore faeces, Thailand

faeces Herbivore faeces, South Africa

Frass of unidentified wood boring | Candida arabinofermentans

Sp. passalidarum, C. jeffriesii

Gut of passalid beetles, Guatemala | Sc. shehatae, Sc. stipitis, Spathaspora spp.,
Scheffersomyces spp.

Gut of wood roach Cryptocercus sp., | Scheffersomyces cryptocercus

Candida pseudorhagii, Hamamotoa lignophi-
la, M. guilliermondi, Sugiyamaella sp.

Spathaspora allomyrinae

Gut of beetle Dorcus titanus, China | Scheffersomyces titanus
Scheffersomyces anoplophorae

Zygoascus meyerae

Candida xylanilytica, P. kudriavzevii, Oga-
taea methanolica, C. tropicalis

Isolation Description Yeast species Pentose Reference
source of isolation source and site P fermented
Insects | Gut of silkworm larva Bombyx | Blastobotrys bombycis D-xylose [34]

L-arabinose | [35]

D-xylose [18]
D-xylose [19]
D-xylose [19]
D-xylose [20]
D-xylose [36]

D-xylose [37]
D-xylose [30]

D-xylose [38]
D-xylose [39]

ous herbivores in Thailand. Although several
strains converted xylose into ethanol, the effi-
ciency was low, and the highest ethanol yields
were observed for Zygoascus meyerae strain [38].
Among 101 fungal isolates from the dung of wild
herbivores in South Africa, only 36 strains were
represented by yeasts [39]. Six yeast strains were
able to convert xylose to ethanol, although etha-
nol yields were very low. As the herbivore diet
usually contains lignocellulosic materials, the
presence of xylose-utilizing microorganisms in
the excretions of these animals is to be expected.
However, very few studies on yeast diversity and
physiology in such habitats were carried out and
ethanologenic strains reported in those works
produced low levels of ethanol from xylose.

The search for yeasts capable to ferment pen-
tose L-arabinose, another major constituent of
hemicelluloses, produced less promising results.
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116 yeast strains maintained in ARS Culture
Collection (National Center for Agricultural
Utilization Research, USA) were screened for
the ability to produce ethanol from L-arabinose
[40]. Seven yeast strains Candida auringiensis,
Candida succiphila, Ambrosiozyma monospora,
and Candida sp. (NRRL YB-2248) produced
detectable amounts of ethanol (up to 4 g/L) af-
ter prolonged cultivation. Some of these strains
were isolated from trees or tree exudates and
insect frass, i.e. wood-based substrates. Strain
Candida sp. NRRL YB-2248 and the other two
strains isolated from insect frass of pine and
larch trees were identified as C. arabinofermen-
tans on the basis of phylogenetical analysis.
They were able to produce 0.7—1.9 g/L ethanol
from L-arabinose [35]. In the following years,
there were few reports regarding L-arabinose-
fermenting yeasts. Watanabe et al. described
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L-arabinose-fermenting yeast strain Candida
sp- NY7122 isolated from field soil in Japan and
closely related to Candida subhashii [22]. This
isolate was capable of fermenting a wide range of
hexoses and pentoses D-xylose and L-arabinose.
However, the efficiency of pentose conversion to
ethanol by this strain was low. A large survey of
390 yeast strains isolated from banana waste,
the gut of dung beetles, marula wine, and herbal
concoctions in South Africa led to the selection
of 13 strains with D-xylose and L-arabinose fer-
menting activity [41]. The authors were able to
improve the most efficient strain Meyerozyma
carribica through evolutionary engineering.
However, the ethanol yields remained too low
for efficient industrial exploitation.

In conclusion, despite the extensive search for
efficient ethanol producers from L-arabinose in
various ecological niches, few L-arabinose-fer-
menting yeasts have been discovered, and their
potential for full-scale ethanol production from
lignocellulose is uncertain.

Geographical patterns of distribution of pen-
tose-fermenting yeasts are comparatively hard
to define, as large screening programs were per-
formed only in few, predominantly large coun-
tries, including USA, China, and Brazil. The first
surveys for xylose-fermenting yeasts in nature
were done in Canada and South Africa [11, 12].
A large number of strains of xylose-fermenting
yeasts Sc. stipitis were also isolated from vari-
ous wood-based substrates in USA and France
[42]. One of the well-studied xylose-fermenting
yeasts Sc. stipitis was found in wood-associated
substrates in various geographical locations, in-
cluding Europe, North, Central America [43],
Brazil [13, 14], South Africa [11], China [16], and
Ukraine [31]. Its close relative Sc. shehatae was
also detected in various lignocellulose-based
habitats in South Africa [11], China [16], Brazil
[14], Guatemala [19], and Poland [28].

Recently, several large studies on yeast biodi-
versity in various Brazilian ecosystems have re-
sulted in the isolation of many previously known
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species of xylose-fermenting yeasts belonging
to Scheffersomyces and Spathaspora clades [13,
14]. Also, several novel xylose-fermenting yeast
species belonging to the genera Spathaspora
(13, 25, 26, 43] and Sugiyamaella [44] were de-
scribed (Table 2). A number of known and novel
pentose-fermenting yeasts have been detected in
Asian region: from the gut of wood-feeding in-
sects [20, 36] and rotten wood in China [16, 29],
field soil in Japan [22], rotten fruit and tree bark
in India [45], the gut of silkworm in India [34],
from moss and tropical peat [23, 46] and herbi-
vore faeces in Thailand [37]. There are several
reports on pentose-fermenting yeasts in Africa,
mainly from South Africa [11, 21, 39] and Nige-
ria [32]. It should be noted that vast areas on the
continent, especially in tropical and subtropical
forests, remain unexplored and could be a rich
natural reservoir of L-arabinose and D-xylose-
fermenting yeasts.

The discovery of so many novel pentose-fer-
menting yeast species in previously unexplored
regions could indicate the presence of a vast di-
versity of novel yeasts with valuable biotechno-
logical properties, just waiting to be discovered.
The exploration of new geographical regions and
perhaps unusual ecological niches could lead to
the discovery of microorganisms with biotech-
nologically relevant enzymes or metabolic traits
and mechanisms.

Taxonomy of pentose-fermenting yeasts

The ability to efliciently ferment xylose is a
rare characteristic among yeasts that is limited
by several related yeast genera. It should be em-
phasized that a number of yeast species, includ-
ing several Candida and Pichia species, are ca-
pable to produce small amounts of ethanol from
xylose [10]. However, this review is focused on
more efficient pentose-fermenting yeasts that
are represented by Candida, Scheffersomyces,
Spathaspora, and Pachysolen genera.

The first report on xylose fermentation by
yeast C. tropicalis was made by Karczewska in
1958 [50]. Since then, dozens of yeasts species
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have been reported to be able to ferment D-
xylose. The most well-known and studied rep-
resentative of the xylose-fermenting yeasts is Sc.
stipitis. There are several reviews on its physiol-
ogy, genetics, and potential application [7, 51—
53], so there will be only a short description of
this species in this review. The strains of Sc. sti-
pitis probably possess the highest capacity of xy-
lose conversion to ethanol among the naturally-
occurring yeasts [54]. Sc. stipitis is widespread in
nature, especially in xylose-rich habitats [42]. Its
genome serves as the main reservoir of genes for
expression in yeast strains incapable of pentose
assimilation or fermentation, especially in S.
cerevisiae [6]. Another common xylose-ferment-
ing yeast is Sc. schehatae. It is found in different
ecological niches in many geographical zones,
including South Africa, Brazil, Poland, and Chi-
na (Table 1). Despite its established ability to fer-
ment xylose, the industrial use of these yeasts is
still problematic due to low ethanol yields from
lignocellulosic substrates and the need for strict
control of oxygen [55].

As yeast diversity of new habitats and geo-
graphical regions is explored, new species are reg-
ularly added to the genus of xylose-assimilating
yeasts Scheffersomyces. Only three Scheffersomyces
species, S. segobiensis, S. spartinae, and Sc. stipi-
tis, were known in 2011 when the last edition «The
Yeasts: a Taxonimic Study» has been published
[42]. Since then more than ten novel Schefferso-
myces species have been described, most of which
possess a xylose-fermenting ability (Table 2). De-
spite the constant increase in newly-discovered
xylose-fermenting yeasts, Sc. stipitis remains the
most efficient ethanol producer from xylose [6].

Genus Spathaspora includes 22 yeast species
and some of the most efficient ethanol producers
from xylose, including Sp. passalidarum [56] and
Sp. arborariae [57]. Sp. passalidarum is an espe-
cially promising producer of second-generation
bioethanol. It exhibits exceptionally high etha-
nol yields from xylose that can be compared to
those produced by Sc. stipitis [58]. Interestingly,
Sp. passalidarum can convert xylose to ethanol
with higher efficiency than from glucose [59].

Table 2. Novel xylose-fermenting yeasts isolated in the last decade

Yeast genus Yeast species Reference
Scheffersomyces | Sc. cryptocercus Urbina et al, 2013 [19]
Sc. illinoinensis, Sc. quercinus, Sc. virginianus Urbina et al., 2012 [47]
Sc. hehanensis Ren et al., 2014 [16]
Sc. titanus Liu et al., 2016 [37]
Sc. stambukii Lopes et al., 2018 [48]
Sc. jinghongensis, Sc. paraergatensis, Sc. anoplophorae Jia et al., 2020 [30]
Blastobotrys B. bombycis Barretto et al., 2018 [34]
Candida C. kantuleensis Nitiyon et al., 2018 [23]
C. xylosifermentans Kaewwichian et al., 2019 [46]
Spathaspora Sp. boniae Morais et al., 2017 [43]
Sp. girioi, Sp. hagerdaliae, Sp. gorwiae Lopes et al., 2016 [26]
Sp. allomyrinae Wang et al., 2016 [36]
Sp. elongata, Sp. mengyangensis, Sp. jiuxiensis, Sp. parajiuxiensis, Lv et al,, 2020 [49]
Sp. rosae
Sugiyamaella Su. xylanicola Morais et al., 2013 [14]
Su. bahiana, Su. bonitensis, Su. valenteae, Su. xylolytica Sena et al., 2016 [44]
Su. yunanensis Shi et al., 2021 [29]
64 ISSN 1028-0987. Microbiological Journal. 2022. (5)
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Several new Spathaspora species were recently
described, including Sp. girioi, Sp. hagerdaliae,
Sp. gorwiae [26], and Sp. boniae [43]. Though
they proved to be less efficient ethanol producers
than Sp. passalidarum, the final ethanol concen-
tration reached up to 8.8 g/L (or 20—54% efhi-
ciency of xylose conversion) [26, 43].

A new genus of xylose-assimilating yeasts
Sugiyamaella associated with rotting wood and
insect frass was established by Kurtzman [60].
In the following years, several xylose-ferment-
ing Sugiyamaella species have been discovered,
including Su. bahiana, Su. bonitensis, Su. valen-
teae, and Su. xylolytica [44], Su. xylanicola [14],
Su. yunanensis [29] (Table 2). The conversion
of xylose into ethanol by Sugiyamaella yeasts
is rather low, the fermentation efficiency being
3.83—37.18% of the theoretical yield [44].

P. tannophilus is a unique representative of
xylose-fermenting yeasts as there are only a
few known strains of this yeast species, isolat-
ed from tanning fluids. This species is the only
member of genus Pachysolen [61]. It was among
the first yeasts discovered to be able to ferment
xylose [62]. The following screenings for xylose-
fermenting yeasts revealed other more efficient
ethanol producers. Recently, these yeasts have
been studied as potential xylitol producers from
agricultural residues [63].

As the ability to ferment L-arabinose was
demonstrated only for few yeast strains, be-
longing to Candida and Meyerozyma genera
[22, 40], there are not sufficient data to draw any
conclusion on the taxonomy of L-arabinose-fer-
menting yeasts.

The conversion efficiency of xylose to ethanol
by many xylose-fermenting yeasts of Sugiyamael-
la, Scheffersomyces and Spathaspora clades is too
low for cost-effective ethanol production. How-
ever, it could be increased by the optimization of
fermentation conditions. Also, these yeasts could
become a source for new genes to introduce into
other host yeasts to improve their productivity.

Biotechnological application of pentose-fer-
menting yeasts. The main and best-studied field
for pentose-fermenting yeasts in biotechnology is
their employment in the production of second-
generation ethanol. This group of yeasts can serve
as the main ethanol producer during the fermen-
tation step and as a source for genes relevant for
pentose transport and metabolism [6]. Sc. stipitis
was considered for a long time as the most prom-
ising candidate among naturally occurring yeasts
for bioethanol production from lignocellulosic
substrates due to its highly efficient xylose conver-
sion into ethanol, producing up to 41 g/L ethanol
[53]. Sc. stipitis can utilize all the major sugar com-
ponents of lignocelluloses and has the capacity to

Table 3. New biotechnological applications of naturally-occurring pentose-fermenting yeasts

Product Yeast species Substrate PrOd}lCt . Reference
concentration/yield
Xylitol Sp. passalidarum Synthetic medium 10.58 g/L [69]
Sp. amazonensis Sugarcane bagasse and straw 20.11g/L [70]
Sp. hagerdaliae Soybean and oat hulls 0.11—0.33 g/g sugar |  [71]
Su. bahiana, Su. bonitensis, | Synthetic medium 7.04—10.74 g/L [44]
Su. valenteae, Su. xylolytica
P, tannophilus Corncob 0.80 g/g sugar [72]
P, tannophilus Corncob, rice straw, and wheat straw 0.81 g/g sugar [73]
Arabitol | Sc. shehatae Synthetic medium 0.35 g/g L-arabinose | [28]
Single cell | Sp. passalidarum Synthetic medium 0.12¢g/g [69]
protein | S¢. stipitis Potato waste pulp 7.9—8.6 g/L [74]
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ferment glucose, xylose, mannose, galactose, and
cellobiose [53]. However, there are several seri-
ous drawbacks for the full-scale utilization of this
yeast on the industrial level. First, xylose assimi-
lation and fermentation by Sc. stipitis are inhib-
ited by the presence of hexoses, mainly glucose,
released during the breakdown of lignocellulose
[64]. Second, ethanol yields are greatly affected by
the formation of by-products, especially polyols,
and the possible concurrent utilization of etha-
nol by yeasts as a carbon source [59, 65]. Third,
Sc. stipitis possesses low tolerance to many stress
factors that arise during bioethanol production,
including ethanol [65] and inhibitory compounds
formed as a result of lignocellulose hydrolysis (fu-
rans, carboxylic acids, and phenols) [66]. Sc. stipi-
tis is probably a main reservoir of the genes to be
introduced into S. cerevisiae to construct efficient
strains for the production of second-generation
ethanol [6].

Recently, another yeast species Sp. passali-
darum has attracted considerable attention due
to its ability to rapidly consume xylose and ef-
ficiently ferment xylose to ethanol, especially
under anaerobic conditions. Sp. passalidarum
has a considerable advantage over Sc. Stipites: it
does not require strict oxygen control for xylose
fermentation [56]. Interestingly, ethanol produc-
tion from xylose by Sp. passalidarum has been
shown to be higher than from glucose, and Sp.
passalidarum can ferment both sugars simulta-
neously [59]. The largest drawback for industrial
application of Sp. passalidarum to the bioethanol
production is its high sensitivity to many inhibi-
tory compounds that are formed during ligno-
cellulose hydrolysis [56]. A number of studies fo-
cus on the improvement of its tolerance through
genetic and evolutionary engineering [67, 68].

Many studies on pentose fermentation using
yeasts are directed at the genetic manipulation of
the already existing efficient ethanol producers,
mainly S. cerevisiae [57]. Many studies also fo-
cus on the improvement of naturally-occurring
pentose-fermenting yeasts [7, 56]. A lot of effort
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has been spent on the construction of recombi-
nant yeast strains capable of fermenting pentose
atlevels comparable to glucose and withstanding
stress conditions that arise during lignocellulose
hydrolysis and fermentation. However, the ef-
ficient yeast strain to make ethanol production
from lignocellulose viable has not yet been de-
veloped [57]. For the cost-effective industrial-
scale lignocellulose conversion into ethanol, the
discovery or the construction of a robust micro-
bial strain capable of efficient fermentation of
both hexoses and pentoses is crucial. The search
for new pentose-fermenting strains that could
become either potential ethanol producers or
sources for new promising genes is still ongoing.
In addition to ethanol production from plant
biomass, another promising application for pen-
tose-assimilating and fermenting yeasts is their
employment as producers of other chemicals in-
cluding sugar alcohols, or polyols, such as xylitol,
arabitol, and erythritol, as well as various organic
acids and single cell protein [4]. Polyols are con-
sidered sugar substitutes as they possess high
sweetening power and a comparatively low glyce-
mic index. They could be used in various food and
pharmaceutical products as sweeteners, stabiliz-
ers, and texturizing agents [4]. Most research on
polyol production by pentose-fermenting yeasts
focuses on xylitol production. The latest research
on pentose-fermenting yeasts as promising pro-
ducers of polyols and other chemical compounds
from plant biomass is presented in Table 3.
Conclusions. In summary, the focus of this
review is patterns of distribution, biodiversity,
and potential applications of pentose-ferment-
ing yeasts. Yeasts are found in a wide variety of
habitats in nature, especially those that are rich
in sugars. Wood-associated substrates, which of-
ten contain pentoses D-xylose and L-arabinose,
rarely found in other sources, establish a unique
and suitable habitat for many pentose-assimilat-
ing and fermenting yeasts. Many novel pentose-
fermenting yeast species have been isolated and
described since the first report on xylose fer-
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mentation by yeasts, and many more sill remain
undiscovered. Most such novel species belong
to genera Scheffersomyces, Spathaspora, Sugiya-
maella, Candida. Pentose-fermenting yeasts
are promising candidates for the production of
second-generation bioethanol. Genomes of these

yeasts could provide new insights and targets for
genetic manipulation and improvement of other
industrial strains, so the search for novel pentose-
fermenting yeasts with unique metabolic systems
in previously unexplored or poorly explored re-
gions and habitats is ongoing.
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O./1. Alnesa

IncturyT Mikpobionorii i Bipyconorii im. [I.K. 3a6onorHoro HAH Ykpaiun,
Byl AkafieMika 3ab6omorHoro, 154, Kuis, 03143, Ykpaina

OPDKIDKIL IO 36POKYIOTD ITIEHTO3M: EKOJIOI'TA, PISHOMAHITTA TA BUKOPMCTAHHA

3a ocTaHHi fecATUpiYYA CBITOBA eHepreTIKa 3a3Hasla Bende3sHol TpaHcdopMallii y 38’43Ky 3 IepeXxooM Bifl Tpaiu-
L[IIHMX HEBiJTHOB/IIOBAIbHIX KOPVCHMX KOIIA/IMH JJ0 BCE INMPIIOTO 3aCTOCYBaHH: BiTHOB/IIOBA/IbHUX €HEPTe TUIHMX
pecypciB — eHepril BiTpy, coHIs, Bogu Ta 6iomanus. Jlirnorenonosna 6iomaca € HallbIbIINM BifHOB/TIOBAIbHIM
IKepesIoM BYI/IeBOAIB Ha 3eMti Ta MOXKe Oy TV OFHUM 3 HallBXX/IMBIIINX CYOCTPATiB /st OTpUMaHHs1 biomanus, 30-
Kkpema 6ioetanony. [llnpokoMacuiTabHe IpORyKyBaHHs 610eTAHOMY HPOBOAATH IIePeBaXKHO Ha 6asi IIyKPOBMICHUX
Ta KPOXMaJIeBMICHMX CYOCTparTiB 3 BUKOPUCTAHHAM APLKIKIB Saccharomyces cerevisiae, siki 3maTHi O WIBUAKOI Ta
edeKTUBHOI KOHBePTALil FeKCO3 1O CIIMPTY Ta MAIOTh BUCOKY CTilKicTh 10 cTpecoBux paxTopis. [0710BHMIT HEFOMIK
S. cerevisiae K MIOTEHLITHOTO IPOAYLEHTY CIUPTY 3 JITHOLETIONIO3HUX CyOCTpaTiB — HEMOXK/IMBICTD acCUMIIALii
Ta (pepMeHTaLil IEHTO3HNUX L[YKPiB, AKi CK/Ia/Jal0Th 3HAYHY YaCTKY LIYKPiB JepeBUHM. Y 3B’A3KY 3 UM IpiOpuUTeT-
HUM HaIpsAMKOM € IOIIYK Ta TOCTIKeHHA APDKIKIB, 3JaTHUX N0 eeKTUBHOIO NPOAYKYBaHHA CIUPTY 3 IeH-
TO3HUX IIYKpiB. ¥ LIbOMY OIJIAZNI IIPefICTAaB/ICHO JaHi I[OI0 IPMPOJHUX CepeOBII IIPOXXIBAHHA, reorpadidHoro
MOIIVPEHHA, TAKCOHOMIYHOIO ITOJIOXKEHHA Ta MMOTEHIIIHOTO 3aCTOCYBaHHA NPUPONHMUX JAPLKIKIB, 110 3[jaTHI 10
depMenTalii menTos. [JphKaxKi, 10 36POIKYIOTh IEHTO3M, HEPEBAXXHO BUAIIAIOTH 3 TITHOILIETIONIO3HIX CYOCTpaTiB
Ta €KOMOTIYHNUX Hilll, TOB s13aHMX 3 HuMM. OFHMM 3 TaKMX BOKIMBYX JPKepPes i€l Ipyny APLKIXKIB € THI04Ya a6o
MepTBa JIepeBMHa, KA B pe3y/bTarTi IifpomiTUYHOI Aii MiKpOOpraHi3MiB MiCTUTb MEHTO3HI I[ykpu D-kcumosy Ta
L-apa6inosy. Taki cy6cTparty € yHiKa/JIbHMM CepeOBUILEM /I PelIPOAYKLII PDK/KIB, 1110 GepMEHTYIOTb IIEHTO3,
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OCKIZIbKM TaKi I[yKPM PiffKO 3yCTpPi4aloTbCs y BiTbHOMY JOCTYII B Ipupopi. KnmkiBHMK pisHOMaHITHUX KOMaX, 1110
XapYyI0ThCS [EPEBIHOI0, TAKOX € BOXK/IMBOIO €KOJIOTIYHOIO Hilllelo [Is FPLKIXKIB, [0 30pOpKy0Th KCmtoay. [Hii
IPUPOJHI IKepena, 3 AKMX BUAUAIN L0 TPYIY APDKKIB, BKIIOYAIOTh TPYHT, POCIMHHI CYyOCTpaTu, KUIIKiBHIK
TpaBoigHuX. JpbKmxKi, 0 GepMeHTYI0Th [TeHTO3M, MAIOTh LIMPOKe reorpadiuHe IMOLUIMPeHH Ta Oyy 3HaiifeHi
MaliKe Ha KOKHOMY KOHTMHEHTI. B ocTaHHI poKu BUAB/AIOTH 1eCATKM HOBUX BUJIIB ITi€l rpynu IpK/KIB B paHilile
HeIOCTi/PKeHNX ab0 Majio JOCTiKeHNX JTOKalisx Ha KurtaiaT bpaswunii, Kurato ta gesxux asiiicpkux kpain. Hapa-
HO JlaHi I[OJ0 TaKCOHOMIYHOTO MOIOXKEHHA JPDK/KIB, 110 30POKYIOTh IEHTO3M. AKTVBHI IIPOAYLIEHTY €TaHOTY
3 KCMJIO3U BiHOCATH O HPeACTaBHMKIB poni Scheffersomyces, Candida, Spathaspora, Sugiyamaella, Pachysolen,
APDLK/PKI 3 HABUIIO0 30pOIKYBaIbHOI aKTUBHICTIO IIpefcTaBIeHi Buaamu Sc. stipitis ta Sp. passalidarum. Tlepe-
Ba)KHA YaCTMHA JOCTIKEHD, [0 CTOCYETbCs OIOTEXHOMIOrIYHOTO MOTEHIIaNy APDK/KIB, 3[aTHUX O (epMeHTa-
1iii TeHTO3, IPUCBsIYEHA 3a/MTYIEHHIO IX O IPOAYKYBaHH: 06i0€TaHOY APYroro IMOKOMIHH 3 MTirHOLEMI0N03H, abo
AK 6e3rmocepenHbOr0 y4aCHMKA MpoLlecy Ha cTafii pepmMenTanii, abo sIK mpKepera TeHiB A/ IHTPORYKUl B iHImi
MIPOMUCIOBI IITaMM APDKIPKIB. Y3arasbHEHO JaHi IO/[0 OCTaHHIX [OCTIIKEeHb TOTEHIITHOTO 610T€XHOMOTiYHOTO
3aCTOCYBaHHA L€l TPy ApDKKIB, Y TOMY YMCI i K IPOAYLEHTIB 6araroaToMHUX cimpTiB. OTKe, MOMIYK IpU-
POIHMX IPDKIKIB, 3aTHUX [0 GepMeHTallil IeHT03, 0COOIMBO B €KOMOTIYHMX HilllaX, 1[0 [TOB’sA3aHi 3 JIIrHOLeTIo-
JIO3HMMIM CYOCTpaTaMi, B paHiliie HeFOCTIIKEHNX a60 MATOLOC/IIPKEHNX reorpadivHIX TOKALiSIX € IPIOPUTEeTHUM
HAITIPSMKOM, SIKUIT JO3BOIUTD He TUIbKYU POSLIMPUTI 3HAHHS PO 610piSHOMAHITTS Ta TeHETUYH] CHCTEMN L€l Tpy-
M APDKIXKIB, ajie it BUABUTHU epeKTUBHIX IIPOAYIIEHTIB s 610TeXHOIOTIYHOTO 3aCTOCYBaHHL.

Kntouosi cnosa: opixcosci, hepmenmauis neHmos, exonoeis, 3acmocy8amnts 0pioxucie.
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