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ABSTRACT

Three strains, YP416', YP421" and Y422, were isolated from soil samples in Pocheon City,
Gyeonggi province, South Korea. The strains belong to two novel yeast species in the genus
Mrakia. Molecular phylogenetic analysis showed that the strain YP416" was closely related to
Mrakia niccombsii. Still, it differed by 9 nucleotide substitutions with no gap (1.51%) in the
D1/D2 domain of the LSU rRNA gene and 14 nucleotide substitutions with 7 gaps (2.36%) in
the ITS region. The strain YP421' differed from the type strain of the most closely related
species, Mrakia aquatica, by 5 nucleotide substitutions with no gap (0.81%) in the D1/D2
domain of the LSU rRNA gene and 9 nucleotide substitutions with one gap (1.43%) in the
ITS region. The names Mrakia terrae sp. nov. and Mrakia soli sp. nov. are proposed, with
type strains YP416' (KCTC 27886") and YP421" (KCTC 27890"), respectively. MycoBank num-
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bers of the strains YP416" and YP421" are MB 836844 and MB 836847, respectively.

1. Introduction

The first Mrakia strains were reported by Di Menna
in 1966 [1] as novel species in the genus Candida:
C. nivalis, C. gelida and C. frigida. However, Fell
et al. [2] reclassified C. stokesii, C. nivalis, C. gelida
and C. frigida as genus Leucosporidium. Later, these
taxa were again reclassified to a new genus, Mrakia,
as M. frigida and M. gelida, relying on the presence
of the CoQ-8 system of these species [3-5]. Mrakia
species were isolated from a variety of cold environ-
ments: Mrakia psychrophila from Antarctic soil [6];
Mrakia cryoconiti (formerly Mrakiella cryoconiti)
isolated from alpine glacier in Austria and a sedi-
ment sample containing mud, spring water and
moss in northern Siberia [7] and Mrakia aquatica
(formerly Mrakiella aquatica) [7]; Mrakia blollopis,
Mrakia robertii and Mrakia niccombsii (formerly
Mrakiella niccombsii) obtained from soil, lichen and
snow samples collected in Antarctica, Alpine sedi-
ments and glacial melting water [8,9]; Mrakia arc-
tica isolated from ice island in the Canadian high
arctic [10]; Mrakia hoshinonis from sediment col-
lected from front of a disappearing glacier in the
Canadian Arctic [11]; Mrakia fibulata isolated from
tree fluxes caused by tree injuries during wintertime

[12]; Mrakia stelviica and Mrakia montana isolated
from soil samples of nival belt and of alpine grass-
land, collected at Italian Alps and Apennines gla-
ciers [4]. Here we describe three yeast strains
isolated from a soil sample collected in Pocheon city
during winter. Based on morphological, physio-
logical tests, and molecular analysis of ITS and the
D1/D2 domain of the LSU rRNA gene, these three
strains were classified as two novel yeast species in
the genus Mrakia, for which the names Mrakia ter-
rae sp. nov. and Mrakia soli sp. nov. are proposed.

2. Materials and methods
2.1. Yeast isolation

Soil samples were collected in Pocheon City,
Gyeonggi province, South Korea (37°47°32.2"N
127°09°54.2"E and 37°54’37.3"N 127°12’53.2"E) dur-
ing winter (Table 1). The soil sample (1g) was sus-
pended in 10ml of sterile normal saline. The soil
suspension was serially diluted to make 1:10 to
1:1000 by sterile normal saline, and then 0.1 ml of
each dilution was spread onto Yeast-Malt agar
(YMA, Difco, Detroit, USA) plate and the plates
were incubated at 25°C for 3-4 days. Colonies were
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Table 1. List of the yeast strains of Mrakia terrae sp. nov. and Mrakia soli sp. nov. examined in the present study and related

species.
GenBank accession number

Species Strain number Isolation source Location D1/D2 ITS
M. terrae YP416" Soil, grass field Pocheon city, Korea MW301660 MW301663
M. soli YP4217 Soil, riverside Pocheon city, Korea MT505693 MT505688

YP422 Soil, river side Pocheon city, Korea MT505696 MT505690
M. aquatica JCM54437 Scum on water Malham tarn, UK AF075470 AF410469
M. artica JCM32070" Ice Canadian high arctic LC222845 .
M. blollopis CBS8921" Soil Marine plain, Antarctica AY038814 AY038826
M. cryoconite CBS10834" Glacier cryoconite Alps GQ911524 AJB66976
M. fibulata DSM1039317 Brich Lower Saxony, Germany MK372216 .
M. frigida CBS5270" Snow and soil Scott base, Antarctica AF075463 AF144483
M. gelida CBS5272" Soil Scott base, Antarctica AF189831 AF144485
M. hoshinonis JCM325757 Walker glacier Northern Ellesmere island, Canada LC335798 .
M. montana DBVPG 10736" Soil, alpine grassland Stelvio pass, Italian Alps, Italy MT347769 MT347765
M. niccombsii CBS8917" Lichen Vestvold hills, Antarctica AY029345 AY029346
M. psychrophilia AS2.19717 Soil Fildes peninsula, Antarctica EU224266 EU224267
M. robertii CBS8912" Soil and lichen Mossell lake, Antarctica AY038811 AY038829
M. stelviica DBVPG 107347 Soil, alpine grassland Stelvio pass, Italian alps, Italy MT347768 MT347764

isolated and purified using YM medium (Difco). As
a result, the strains YP416", YP421" and Y422 were
isolated and deposited at the Korea Collection for
Type Cultures, KRIBB, Korea, and at the NITE
Biological Resource Center, NITE, Japan.

2.2. DNA sequencing and phylogenetic analysis

The D1/D2 domain of the LSU rRNA gene and
internal transcribed spacer (ITS) region of the three
strains (YP416T, YP421", and Y422) were amplified
by PCR with NL1/NL4 [13] and ITS1/ITS4 primers
[14], respectively. The sequences were assembled
with the SeqMan program version 7.1.0. Then, pair-
wise sequence comparisons were made using Basic
Local Alignment Search Tool (BLAST) search [15]
and aligned with the sequences of related species
retrieved from GenBank by using the multiple align-
ment program Clustal X 2.0 [16]. The phylogenetic
trees based on the combined sequences of the D1/
D2 domains of the LSU rRNA gene and ITS region
were constructed by the maximum-likelihood (ML)
and neighbor-joining (NJ) method on the MEGA X
[17-19]. The evolutionary distances were calculated
using the general time-reversible (GTR) and kimura
two-parameter model for the ML and NJ analyses,
respectively [20,21]. A bootstrap analysis was con-
ducted with 1,000 replicates [22]. Sequence similar-
ity and nucleotide variations in ITS and D1/D2
sequences between the strains and closely related
species were calculated using the BLAST tool
(https://blast.ncbi.nlm.nih.gov).

2.3. Phenotypic characterization

For the microscopy, the strains were grown on YM
agar at 15°C and observed with a phase-contrast
microscope (DM500, LEICA, Wetzlar, Germany).
Biochemical and physiological characteristics of the
strains were examined following as described

method [23]. Induction of the sexual stage and
spore formation was tested by incubating single or
mixed cultures of each of the two strains on corn-
meal agar (CMA, Difco) at 1 and 10°C for
2months. Basidiospore formation was investigated
by growing the individual strains on potato dextrin
agar (PDA, Difco), CMA, 5% malt extract agar (5%
malt extract and 1.5% agar), yeast extract-peptone
glucose (YPD, Difco) agar (1% yeast extract, 2%
peptone, 2% glucose and 1.5% agar) and YM agar
(1% yeast extract, 2% peptone, 2% glucose and
1.5% agar) at 15 and 25°C for fourweeks.
Diazonium blue B (DBB, Sigma-Aldrich, Darmstadt,
Germany) color reaction was performed by drop-
ping the DBB reagent into the colonies cultured on
YM agar for 3days and observed the color after
2min. Growth at different temperatures (4, 10, 15,
25, 30, 35, 37, 42, and 45°C) was determined by
cultivation on PDA, YPD agar, and YMA for
15days. Growth in YM broth supplemented with
different NaCl concentrations (0-10% in 1% inter-
vals, w/v) was examined for up to five days. To
observe the pseudohyphae and true hyphae forma-
tion, the cells were cultivated on YM agar in slide
culture at 10°C for up to 1month and observed
every week. The ubiquinones were extracted and
analyzed as described by [24].

3. Results and Discussion
3.1. Novel species identification and delineation

A total of 472 vyeast strains were isolated from
35 soil samples collected at the Pocheon city,
Gyeonggi province, South Korea. Of these strains,
69 were classified as Mrakia (taxonomy:
Basidiomycota, Agaricomycotina, Tremellomycetes,
Cystofilobasidiales) by analyzing sequences of the
ITS and the D1/D2 domain of the LSU rRNA gene.


https://blast.ncbi.nlm.nih.gov

Three strains (YP416', YP421" and YP422) were
classified as the new Mrakia species.

The strain YP416" was most closely related to M.
niccombsii, against which 9nt substitutions were
observed in the D1/D2 domain (Table 2). On the

Table 2. Nucleotide substitutions in the sequences of
the D1/D2 domain of the LSU rRNA gene and ITS region of
Mrakia terrae sp. nov. (YP416") and M. species.

YP416"

D1/D2(%) ITS(%)
YP416" - -
M. niccombsii 9 (98) 21 (97)
M. aquatic 10 (98) 16 (97)
M. cryoconiti 10 (98) 46 (92)
M. hoshinonis 11 (98) 11 (97)
M. artica 11 (98) 47 (92)
M. psychrophilia 12 (98) 50 (92)
M. blollopis 12 (98) 53 (92)
M. gelida 13 (98) 48 (92)
M. frigida 13 (98) 49 (92)
M. robertii 14 (98) 54 (91)

Values above the diagonal are a number of nucleotide substitutions in
the D1/D2 domain of the LSU rRNA gene. Values below the diagonal
are the number of nucleotide substitutions and sequence similarity (%,
in parentheses) in the sequences of the ITS region.
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other hand, the sequence of the ITS region in
YP416" contained 14 nt substitutions in comparison
to that of the ITS region in M. niccombsii, with
sequence identities of 98.4%. The phylogenetic trees
obtained by maximum-likelihood and neighbor-join-
ing methods showed that strains YP416%, YP421T
and YP422 were grouped with members of the
genus Mrakia (Figure 1, Figure S1).

Based on these results, YP416" should be consid-
ered a new species, for which the name Mrakia ter-
rae (terrae of the soil) is proposed. Mrakia terrae
YP416" produced starch, grew maximally below
25°C, and reacted with diazonium blue B, consist-
ent with the characteristics of the genus Mrakia
[23,25]. In addition, the type strain YP416" did not
assimilate D-arabinose, glycerol, and Myo-inositol
while M. niccombsii assimilate D-arabinose, glycerol,
and Myo-inositol (Table 3). M. terrae YP416" grew
optimally at 15°C but did not grow above 25°C.
True hyphae with teliospores are formed after
35days of incubation (Figure 2). Ballistoconidia are

not produced on YM and cornmeal agar.

; ; 63 —— Mrakia gelida CBS5272" (AF189831/AF144485)

70

99

77

Mrakia robertii CBS8912T (AY038811/AY038829)

—— Mrakia blollopis CBS8921T (AY038814/AY038826)
74 —— Mprakia psychrophilia AS2.1971T (EU224266/EU224267)
Mrakia firigida CBS5270T (AF075463/AF144483)
Mprakia cryoconite CBS10834T (GQ911524/AJ866976)
Mprakia stelviicaDBVPG 10734T (MT347768/MT347764)
67 I_I/Mrakia artica JCM32070T (LC222845)
59 L Mrakia montana DBVPG 107367 (MT347769/MT347765)
Mrakia terrae YP416T (MW301663/MW301660)
Myrakia aquatica JICM5443T (AF075470/AF410469)
74 84 | Mrakia soli YP422 (MT505688/MT505693)
| Mrakia soli YP421T(MT505690/MT505696)
Myrakia fibulataDSM103931T (MK372216)
Myrakia hoshinonis JCM32575T (LC335798)

———— Mprakia niccombsii CBS8917T(AY029345/AY029346)

Tausonia pullulans CBS5232T (AF105394/AF444417)

Figure 1. Phylogenetic tree based on the concatenated sequences of the D1/D2 region of the LSU rRNA gene and ITS regions
and constructed by the maximum-likelihood method shows relationships between strains of a novel species (YP416', YP421™
and YP422) and closely related species. The novel species described in this manuscript are highlighted in bold. Tausonia pullu-
lans CBS 5232" was used as an outgroup. Bootstrap values greater than 50% (% of 1,000 replications) were shown at branch
points. Accession numbers were shown in parentheses. Bar, 0.02 substitutions per nucleotide position.
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Table 3. Phenotypic characteristics that differentiate Mrakia
terrae sp. nov. and M. soli sp. nov. from their related spe-
cies, M. niccombsii and M. aquatica.

2 3 4
Growth test
PDA - + + ND
25°C - + - -
NaCl 6% + - —+ ND
NaCl 7% + - + ND
Assimilation

Inulin + + w -
Lactose + + - +
Maltose + - + +
Melezitose + + +
a-methyl-D-glucoside + - w,- -
Soluble starch - + w +
Salicin + n w,+ +
L-Sorbose + + w +
D-Xylose + + w,+ +
L-Arabinose + + w,+ +
D-Arabinose - v w,- -
D-Ribose + v w -
Methanol + - - -
Ethanol + + w +
Glycerol - v - v
Myo-Inositol - - w,+ -
DL-Lactate + - - -
Citrate + + w,+
D-Glucosamine + + w,+ -
N-Acetyl-D-glucosamine + v w,+ -

Strains: 1, M. terrae YP 416"; 2, M. soli YP421"; 3, M. niccombsii CBS
8917"; 4, M. aquatica JCM5443",

All strains were positive for glucose, sucrose, raffinose, melibiose, gal-
actose, trehalose, cellobiose, ribitol, D-mannitol, D-glucitol, on YMA,
YPD, and D-guconate but negative for erythritol and galactitol.

Data for species 1-2 are from the present study, for species 3-4 are
from Liu et al. [26].

Growth reactions: +, positive; w, weak positive; -, negative; v, variable;
n, no data.

Table 4. Nucleotide substitutions in the sequences of the
D1/D2 domain of the LSU rRNA gene and ITS region of
Mrakia soli sp. nov. (YP421" and YP422) and M. species.

YP4217 YP422

D1/D2(%) 1ITS(%) D1/D2(%) ITS(%)
YP4217 - - 2 (99) 0 (100)
YP422 2 (99) 0 (100) - -
M. hoshinonis 5(99) 7 (99) 6 (99) 7 (99)
M. aquatica 5(99) 9 (98) 5(99) 8 (98)
M. niccombsii 12 (98) 8 (98) 12 (98) 8 (98)
M. artica 13 (98) 42 (93) 13 (98) 27 (93)
M. cryoconiti 15 (97) 35 (91) 16 (97) 35 (93)
M. gelida 16 (97) 33 (92) 16 (97) 33 (92)
M. frigida 16 (97) 31 (93) 16 (97) 31 (93)
M. psychrophilia 17 (97) 34 (92) 17 (97) 34 (92)
M. blollopis 17 (97) 36 (92) 17 (97) 36 (92)
M. robertii 17 (97) 38 (92) 17 (97) 38 (92)

Values above the diagonal are number of nucleotide substitutions in
the D1/D2 domain of the LSU rRNA gene. Values below the diagonal
are number of nucleotide substitutions and sequence similarity (%, in
parentheses) in the sequences of the ITS region.

Basidiospore formation is not observed on PDA,
corn meal agar, 5% malt extract agar, YPD agar,
and YM agar at 15 and 25°C for 4 weeks. But in the
case of M. niccombsii, no teliospores were observed
in any media tested [8]. The respiratory quinone is
Q-8.

The strain YP421" was most closely related to M.
aquatica, against which 5nt substitutions were
observed in the DI1/D2 domain (Table 4). In

addition, analysis of the same sequences in YP4217
showed 2nt substitutions against YP422. On the
other hand, the sequence of the ITS region in
YP421" contained 7 and 9nt substitutions in com-
parison to that of the ITS region M. hoshinonis and
M. aquatica, respectively, with sequence identities of
99% and 98%. Based on these results, YP421"
should be considered a new species, for which the
name Mrakia soli (soli of soil) is proposed-

Mrakia soli YP421" assimilated nitrate, produced
starch, grew maximally below 25°C, and reacted
with diazonium blue B, consistent with the charac-
teristics of the genus Mrakia [23,25]. In addition,
the type strain YP421" assimilated inulin and D-glu-
cosamine but did not assimilate maltose and melezi-
tose. In contrast, M. aquatica did not assimilate
inulin and D-glucosamine but did assimilate maltose
and melezitose. Mrakia soli grew optimally at 15°C
but did not grow above 25°C. True hyphae are
formed after 35 days of incubation of strain YP421".
Ballistoconidia are not produced on PDA and corn-
meal agar. Basidiospore formation is not observed
on PDA, corn meal agar, 5% malt extract agar,
YPD agar, and YM agar at 15 and 25°C for 4 weeks.
Teliospore is observed after 35days of incubation.
But in the case of M. hoshinonis, the formation of
teliospores and basidiospores are not observed and
pseudohyphae and true hyphae are not formed [3].
The respiratory quinone is Q-8.

3.2. Description of Mrakia terrae Park, Maeng,
and Sathiyaraj sp. nov

Mrakia terrae (ter'rae. L. gen. n. terrae of the soil,
referring to the isolation source of the type strain).

Novel yeast species belonging to phylum
Basidiomycota, subphylum Agaricomycotina, class
Tremellomycetes, order Cystofilobasidiales, fam-
ily Mrakiaceae.

Yeast cells after three days on YM agar at 10°C
are ovoid to the ellipsoid (6-6.5x 1.8-2 um).
Budding is polar budding (Figure 3A). Streak cul-
ture on YM agar for 1week at 10°C produces colo-
nies that are light yellow-colored, convex, round,
shiny, and slimy. True hyphae with teliospores are
formed after 35 days of incubation on PDA at 10°C.
Ballistoconidia are not produced on YM and corn-
meal agar. Basidiospore formation is not observed
on PDA, corn meal agar, 5% malt extract agar,
YPD agar, and YM agar at 15 and 25°C
for 4 weeks.

Glucose, sucrose, raffinose, melibiose, galactose,
lactose, trehalose, maltose, melezitose, soluble starch,
cellobiose, L-rhamnose, D-xylose, D-ribose, ribitol,
xylitol, D-mannitol, D-glucitol, D-gluconate, gluco-
nolactone, D-glucosamine, N-acetyl-D-glucosamine,
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Figure 2. Light microscopic images illustrating the different stages of Mrakia terrae and M. soli sp. nov. (strains YP416" and
YP421") after 35days at 10°C on PDA: true hyphae with teliospores of YP416' (A-C); septum of YP416" (A-C); true hyphae
with teliospores of YP421" (D); true hyphae and septum of YP421'(D-F), Bars, 10 um.

potassium nitrate, sodium nitrate, cadaverine dihy-
drochloride, and L-lysine are assimilated. Inulin is
variable. Methyl-a-D-glucoside, L-sorbose, L-arabin-
ose, D-arabinose, methanol, ethanol, glycerol, eryth-
ritol, galactitol, Myo-inositol, DL-lactate, and citrate
are not assimilated. Growth occurs at 10-25°C
(optimum 15°C) and cells can tolerate up to 6%
NaCl in YM broth. Growth occurs on YM agar,
YPD agar, PDA, and 50% glucose medium. Growth
in the presence of 0.01% of cycloheximide is posi-
tive. Production of starch and diazonium blue B
reaction is positive while and urea hydrolysis is
negative. The respiratory quinone is Q-8.

The holotype, YP416", was isolated from the soil
sample in Pocheon City, Gyeonggi province, South
Korea, and is preserved in a metabolically inactive
state at the Korea Collection for Type Cultures,
KRIBB, Korea as KCTC 27886'. The GenBank/
EMBL/DDBJ] accession numbers for the D1/D2
domain of the LSU rRNA gene and ITS region for
YP416" are MT505691 and MT505695, respectively.
The MycoBank accession number is MB 836844.

3.3. Description of Mrakia soli Park, Maeng, and
Sathiyaraj sp. nov

Mrakia soli (so'li. L. gen. n. soli of soil, referring to
the isolation source of the type strain). Novel yeast
species belonging to phylum Basidiomycota, subphy-
lum Agaricomycotina, class Tremellomycetes, order
Cystofilobasidiales, family Mrakiaceae.

Yeast cells after three days on YM agar at 10°C
are ovoid to the ellipsoid (4-4.25um x 1.8-2 um).
Budding is polar budding (Figure 3B). Streak culture

for 1 week at 10°C are on YM agar produces colo-
nies that are light yellow-colored, round, convex,
shiny, and smooth. True hyphae with teliospores are
formed after 35days of incubation on PDA at 10°C.
Ballistoconidia are not produced on PDA and corn-
meal agar. Basidiospore formation is not observed
on PDA, corn meal agar, 5% malt extract agar,
YPD agar, and YM agar at 15 and 25°C
for 4 weeks.

Glucose, inulin, sucrose, raffinose, melibiose, gal-
actose, lactose, trehalose, soluble starch, cellobiose,
soluble starch, cellobiose, L-sorbose, D-xylose,
L-arabinose, ethanol, ribitol, xylitol, D-mannitol,
D-glucitol, citrate, D-gluconate, gluconolactone,
D-glucosamine, potassium nitrate, sodium nitrate,
cadaverine dihydrochloride, and L-lysine are assimi-
lated. L-rhamnose, D-arabinose, D-ribose, glycerol,
and N-acetyl-D-glucosamine are variable. Maltose,
melezitose, methyl-o-D-glucoside, methanol, erythri-
tol, galactitol, Myo-inositol, and D,L-lactate are not
assimilated. Growth occurs at 10-25°C (optimum
15°C) and cells can tolerate up to 7% NaCl in a
YM broth medium. Growth occurs on YM agar,
YPD agar, and PDA but not on a 50% glucose
medium. Growth in the presence of 0.01% of cyclo-
heximide is positive. Production of starch and
diazonium blue B reaction is positive, while and
urea hydrolysis is negative. The respiratory quinone
is Q-8.

The holotype, YP421" was isolated from the soil
sample in Pocheon City, Gyeonggi province, South
Korea, and is preserved in a metabolically inactive
state at the Korea Collection for Type Cultures,
KRIBB, Korea as KCTC 27890'. The GenBank/
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Figure 3. Mrakia terrae sp. nov. and M. soli sp. nov. (A) The polar budding cells of M. terrae YP416" and (B) M. soli YP421" on
YM agar after three days at 10°C; (C) and (E), colonies of YP416' on YM agar after three days at 10°C; (D) and (F), colonies

of YP421" on YM agar after three days at 10°C.

EMBL/DDBJ accession numbers for the DI1/D2
domain of the LSU rRNA gene and ITS region for
YP421" are MT505690 and MT505696, respectively.
The MycoBank accession number is MB 836847.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education
(2017R1D1A1B03035583) and a grant from the National

Institute of Biological Resources (NIBR), funded by the
Ministry of Environment (MOE) of the Republic of Korea
(NIBR202028201). This research was supported by the
MIST (Ministry of Science, ICT), Korea, under the
National Program for Excellence in SW), supervised by
the IITP (Institute of Information & communications
Technology Planing & Evaluation) in 2021 (2016-
0-00022).

ORCID

Junsang Oh () http://orcid.org/0000-0002-0811-2491
Gi-Ho Sung (® http://orcid.org/0000-0002-1861-5543
Sathiyaraj Srinivasan (©) http://orcid.org/0000-0001-
6019-7421



References

(1]

(2]

(10]

(11]

(12]

Di Menna ME. Three new yeasts from Antarctic
soils: Candida nivalis, Candida gelida and Candida
frigida. Antonie Van Leeuwenhoek. 1966;32:25-28.
Fell JW, Statzell AC, Hunter IL, et al. The hetero-
basidiomycetous stage of several yeasts of the
genus Candida. Antonie Van Leeuwenhoek. 1969;
35:433-462.

Tsuji M, Kudoh S, Tanabe Y, et al
Basidiomycetous yeast of the genus Mrakia. In:
Tiquia-Arashiro S., Grube M, editors. Fungi in
extreme environments: ecological role and biotech-
nological significance. Cham: Springer; 2019.
Turchetti B, Sannino C, Mezzasoma A, et al.
Mrakia stelviica sp. nov. and Mrakia Montana sp.
nov., two novel basidiomycetous yeast species iso-
lated from cold environments. Int J Syst Evol
Microbiol. 2020;70(8):4704-4713.

Margesin R, Fauster V, Fonteyne PA.
Characterization of cold active pectate lyases from
psychrophilic Mrakia frigida. Lett Appl Microbiol.
2005;40:453-459.

Xin M-X, Zhou P-J, Xin M, et al. Mrakia psychro-
phila sp. nov., a new species isolated from
Antarctic soil. J Zhejiang Univ Sci B. 2007;8(4):
260-265.

Margesin R, Fell JW. Mrakiella cryoconiti gen.
nov., sp. nov., a psychrophilic, anamorphic, basi-
diomycetous yeast from alpine and arctic habitats.
Int J Syst Evol Microbiol. 2008;58:2977-2982.
Thomas-Hall SR, Turchetti B, Buzzini P, et al.
Cold-adapted yeasts from Antarctica and the
Italian alps-description of three novel species:
Mrakia robertii sp. nov., Mrakia blollopis sp. nov.
and Mrakiella niccombsii sp. nov. Extremophiles.
2010;14(1):47-59.

Tsuji M, Yokota Y, Shimohara K, et al. An appli-
cation of wastewater treatment in a cold environ-
ment and stable lipase production of Antarctic
basidiomycetous yeast Mrakia blollopis. PLOS One.
2013;8(3):€59376.

Tsuji M, Tanabe Y, Vincent WEF, et al. Mrakia arc-
tica sp. nov., a new psychrophilic yeast isolated
from an ice island in the Canadian high arctic.
Mycoscience. 2018;59:54-58.

Tsuji M, Tanabe Y, Vincent WF, et al. Mrakia
hoshinonis sp. nov., a novel psychrophilic yeast
isolated from a retreating glacier on Ellesmere
island in the Canadian high arctic. Int J Syst Evol
Microbiol. 2019;69(4):944-948.

Yurkov AM, Sannino C, Turchetti B. Mrakia fibu-
lata sp. nov., a psychrotolerant yeast from

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

MYCOBIOLOGY 475

temperate and cold habitats. Antonie Van
Leeuwenhoek. 2020;113(4):499-510.

Kurtzman CP, Robnett CJ. Identification and phyl-
ogeny of ascomycetous yeasts from analysis of
nuclear large subunit (26S) ribosomal DNA partial
sequences. Antonie Van Leeuwenhoek. 1998;73:
331-371.

White TJ, Bruns T, Lee S, et al. Amplification and
direct sequencing of fungal ribosomal RNA genes
for phylogenetics. In Innis MA, Gelfand DH,
Sninsky JJ, White TJ, editors. PCR protocols: a
guide to methods and applications. New York:
Academic Press; 1990. pp.315-322.

Altschul SF, Madden TL, Schiffer AA, et al
Gapped BLAST and PSI-BLAST: a new generation
of protein database search programs. Nucleic
Acids Res. 1997;25:3389-3402.

Larkin MA, Blackshields G, Brown NP, et al
Clustal W and clustal X version 2.0.
Bioinformatics. 2007;23:2947-2294.

Felsenstein J. Evolutionary trees from DNA
sequences: a maximum likelihood approach. ] Mol
Evol. 1981;17:368-376.

Kumar S, Stecher G, Li M, et al. MEGA X:
Molecular evolutionary genetics analysis across
computing platforms. Mol Biol Evol. 2018;35:
1547-1549.

Saitou N, Nei M. The neighbor-joining method: a
new method for reconstructing phylogenetic trees.
Mol Biol Evol. 1987;4(4):406-425.

Kimura MA. A simple method for estimating evo-
lutionary rate of base substitutions through com-
parative studies of nucleotide sequences. ] Mol
Evol. 1980;16:111-120.

Nei M, Kumar S. Molecular evolution and phylo-
genetics. New York: Oxford University Press; 2000.
Felsenstein J. Confidence limits on phylogenies: an
approach using the bootstrap. Evolution. 1985;39:
783-791.

Kurtzman CP, Fell JW, Boekhout T, et al
Methods for isolation, phenotypic characterization
and maintenance of yeasts. In: The yeast, a taxo-
nomic study. Fifth Edition, Elsevier; 2011. p.
87-110.

Prillinger H, Lopandic K, Suzuki M, et al
Chemotaxonomy of yeasts. In: The yeasts. Fifth
Edition, Elsevier; 2011. p. 129-136.

Fell JW. The yeasts. Chapter 123 - Mrakia Y.
Yamada & komagata (1987). Fifth Edition,
Elsevier; 2011. p. 1503-1510.

Liu XZ, Wang QM, Goker M. et al. Towards an
integrated phylogenetic classification of the
Tremellomycetes. Stud Mycol. 2015;81:85-147.





