(&3 MycoKeys

MycoKeys 109: 187-206 (2024)
DOI: 10.3897/mycokeys.109.123870

Research Article

Three novel Ascomycota (Saccharomycetes, Saccharomycetales)
yeast species derived from the traditional Mexican alcoholic

beverage Pulque

Chunyue Chai'2®, Dan Lu', Jinli Liu’, Eentao Wang?, Xuemei Han*, Fengli Hui?

Bsw N =

School of Life Science, Nanyang Normal University, Nanyang 473061, China

Research Center of Henan Provincial Agricultural Biomass Resource Engineering and Technology, Nanyang 473061, China

Departamento de Microbiologia, Escuela Nacional de Ciencias Bioldgicas, Instituto Politécnico Nacional, Mexico City, Mexico

Ministry of Education Key Laboratory for Ecology of Tropical Islands, Key Laboratory of Tropical Animal and Plant Ecology of Hainan Province, College of Life

Sciences, Hainan Normal University, Haikou 571158, China
Corresponding author: Fengli Hui (fenglihui@yeah.net)

OPEN aACC ESS

Academic editor: Thorsten Lumbsch
Received: 25 March 2024

Accepted: 17 September 2024
Published: 9 October 2024

Citation: Chai C, Lu D, Liu J, Wang

E, Han X, Hui F (2024) Three novel
Ascomycota (Saccharomycetes,
Saccharomycetales) yeast species
derived from the traditional

Mexican alcoholic beverage Pulque.
MycoKeys 109: 187-206. https://doi.
0rg/10.3897/mycokeys.109.123870

Copyright: © Chunyue Chai et al.
This is an open access article distributed under
terms of the Creative Commons Attribution

License (Attribution 4.0 International - CC BY 4.0).

Abstract

The abundant variety of yeasts and their diverse applications have essential roles in tra-
ditional Mexican alcoholic beverage fermentation processes. During our investigation
of yeast diversity associated with Pulque, 41 yeast strains were characterized. Among
them, 31 strains were eight known species belonging to seven genera. According to
morphological and phylogenetic analyses (ITS and LSU rDNA), ten unidentified yeast
strains were identified to be three novel species and proposed: Starmerella elongatum
sp. nov., Kazachstania paragamospora sp. nov. and Pichia teotihuacanensis sp. nov. Our
study has resulted in the isolation of yeast species not previously detected in Pulque,
expanding our knowledge of the diversity of its associated yeast communities.
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Introduction

Alcoholic beverages arose across various geographical regions over the course
of human civilization (McGovern et al. 2004; Mishra et al. 2021), and some tra-
ditional fermentation procedures are still maintained in specific regions, like
sweet fermented rice (mijiu or laozao) in China (Tian et al. 2022) and Pulque in
Mexico (Escalante et al. 2016). Previously, several investigations were conduct-
ed into alcoholic beverages (McGovern et al. 2004), their medical functions (Dut-
field 2010; Egea et al. 2015), their relationships with tradition and ethnic habits
(Mishra et al. 2021) and local culture (Egea et al. 2016), fermentation substrates
and protocols (McGovern et al. 2004). However, studies on the microbiome in
the traditional alcohol beverages are still insufficient (Maicas 2020; Motlhanka
et al. 2020), considering their high diversity and wide geographic distribution.
Pulque is a traditional Mexican alcoholic beverage produced by ferment-
ing fresh sap collected from the hearts of mature, uncooked agave plants, in-
cluding Agave americana, A. atrovirens, A. ferox, A. mapisaga, and A. salmiana
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(Sanchez-Marroquin et al. 1967). This beverage is produced, sold, and con-
sumed in popular districts of Mexico City and surrounding rural areas. To pro-
duce this drink, freshly harvested agave nectar is transported in wood barrels or
bags made of goat skins and then transferred into larger barrels for fermenta-
tion. The Pulque fermentation process is batch non-stirred and conducted under
non-aseptic conditions, varying in duration from a few hours to overnight. The
microorganisms that occur naturally during sap accumulation in the cajete cav-
ity of maguey (agave) plants, along with those acquired during collection, trans-
port, seed preparation, and manipulation (Lappe-Oliveras et al. 2008; Escalante
et al. 2016), also involved in the fermentation process, are diverse and complex.

Studies delving into Pulque-associated microbiota identified an array of as-
sociated bacterial and yeast species. These microorganisms generate three
unique metabolic products during Pulque fermentation: lactic acid, ethanol,
and extracellular polysaccharides (EPS). Regarding the yeast diversity in Pul-
que, Saccharomyces and non-Saccharomyces species have both been found
and proposed as necessary for the production of ethanol, amino acids, vita-
mins, and volatile flavor compounds contributing to the sensory properties
of the beverage (Lappe-Oliveras et al. 2008). Given that the fermentation of
Pulque relies on the natural microbiota, different yeast strains may be present
in Pulque products from different sites. Therefore, the diversity of associated
yeasts is worth investigating.

To investigate the diversity of yeast in Pulque, we collected six Pulque sam-
ples in the autumn of 2015 from Mexico, from which different yeasts were iso-
lated. Based on DNA sequence comparisons and phenetic characteristics, the
majority of isolates were identified as characterized species. Among them, ten
unidentified yeast strains were identified. To examine their taxonomy further,
phylogenetic analyses based on integrated the internal transcribed spacer (ITS)
region and the D1/D2 domain of the large subunit (LSU) rRNA gene sequences
were performed. Both morphological characteristics and molecular evidence
suggest that these yeasts represent three separate species of Kazachstania,
Pichia, and Starmerella genera, which are described in detail in this study.

Materials and methods

Yeast isolation

Six homogenized Pulque samples were obtained from two “pulquerias” (Pul-
que stores) in 2015 in two different Mexico regions: Teotihuacan in the State
of Mexico (19°41'N, 98°50'W) with an altitude of 2377 m, and Mexico City in
the State of Distrito Federal (19°28'N, 99°09'W) with an altitude of 2400. Pul-
que samples were fermented for approximately 36 to 48 hours. We removed
approximately 10 mL of each Pulque sample into different sterile plastic bags
using long-handled spoons. Samples were then transported on ice to the labo-
ratory. Yeasts were isolated from Pulque samples using yeast extract-malt agar
(YMA, composed of 1% glucose, 0.3% yeast extract, 0.3% malt extract, 0.5%
peptone, and 2% agar, w/v) supplemented with 0.02% chloramphenicol. Each
Pulque sample was serially diluted into a sterilized saline solution (0.9% w/v;
NaCl). Subsamples of 100 pL were spread on YM plates and incubated at 25 °C
for 3~7 days. The yeast colonies were purified through repeated streaking on
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YM plates followed by incubations at 25 °C. The isolated strains were main-
tained at 4 °C for short-term preservation and at -80 °C as 20% glycerol (w/v)
stocks for long-term preservation.

Morphological and physiological characteristics

Morphological observations and metabolic examinations adhering to the stan-
dard yeast description profile were performed as previously reported (Kurtz-
man et al. 2011). Assimilation tests for carbon and nitrogen sources were
conducted in liquid media. Strains were starved before nitrogen assimilation
tests. All assimilation tests were performed in duplicate, and the results were
recorded following 5 and 21 days of incubation. Strains were examined for as-
cosporulation on agar media prepared as follows: YM, 1% malt extract, 5% malt
extract, corn meal, V8 (1: 9) agar, and yeast carbon base supplemented with
0.01% ammonium sulfate (YCBAS; 1.1% yeast carbon base, 0.01% ammonium
sulfate, and 1.8% agar), individually or by combining strains pairwise and incu-
bating at 17 °C and 25 °C for up to 4 weeks.

Molecular phylogenetic analysis

Genomic DNA was extracted using an Ezup Column Yeast Genomic DNA Purifi-
cation Kit according to the manufacturer’s instructions. The ITS region and the
D1/D2 domain of the LSU rRNA gene were amplified via PCR and sequenced
using the ITS1 and ITS4 (White et al. 1990) or NL1 and NL4 (Kurtzman and
Robnett 1998) primer pairs, respectively. Each 25 pyL PCR mixture included
21 pL PCR-grade water, 1 yL DNA template, 1.5 pM of each primer and 1 pL
PCR Master Mix (2x; 0.05 u pl" of Tag DNA polymerase, reaction buffer, 4 mM
MgCl,, 0.4 mM of each dNTP; Sangon Biotech). PCR reactions were carried
out according to the following conditions: an initial denaturation step of 2 min
at 95 °C, followed by 35 cycles of 30 s at 95 °C, 55 °C for 30 s, 72 °C for 40 s,
with a final extension of 10 min at 72 °C (Lv et al. 2020). PCR products were
directly purified and sequenced by Sangon Biotech Inc. (Shanghai, China). We
determined the identity and accuracy of the newly obtained sequences by com-
paring them to sequences in GenBank and assembled them using BioEdit (Hall
1999). Newly obtained sequences were submitted to GenBank (https://www.
ncbi.nlm.nih.gov/genbank/).

Phylogenetic relationships between the novel species and their close rela-
tives were characterized using a combined ITS and LSU sequence dataset. Sac-
charomyces cerevisiae CBS 11717, Wickerhamiella sorbophila NRRL Y-79217 and
Schizosaccharomyces pombe CBS 356" were utilized as respective outgroups.
Except for the sequences acquired in this study, the reference sequences were
downloaded from GenBank (Suppl. materials S1-S3). Sequences of the individ-
ual loci were initially aligned using MAFFT v 7.273 (https://mafft.cbrc.jp/align-
ment/server/large.html) (Katoh et al. 2019) with the G-INS-I algorithm. Aligned
sequences of the different loci were concatenated using PhyloSuite v. 1.2.2
(Zhang et al. 2020). Alignments were enhanced through manual gap adjust-
ments. Ambiguously aligned regions were disqualified prior to analysis. Phylo-
genetic trees were constructed using the maximum likelihood method in MEGA
7.0 (Kumar et al. 2016). The evolutionary distance was determined using the
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Tamura-Nei model with a gamma rate distribution and invariant sites. MrMod-
eltest 2.3 software was utilized to determine the best-fit evolution model of
the dataset for Bayesian Inference (BI), which was constructed using MrBayes
3.2.5 (Ronquist et al. 2012) with a GTR+I+G model, and 5,000,000 generations.
Trees were sampled every 100 generations; four Markov chains were conduct-
ed over two runs, and the other parameters were established as default values.
We excluded the first 25% of every tree, and the remaining trees were employed
to produce a 50% majority consensus tree to estimate posterior probabilities.
A bootstrap analysis with 1000 replicates was conducted to estimate the con-
fidence of the tree nodes, and a bootstrap percentage (BP) of 50% or Bayesian
posterior probability (BPP) of 0.9 was considered supportive across all con-
structed trees in this study.

Results

Yeast isolation

From the six samples of pulque aguamiel, forty-one phenotypically distinct col-
onies were chosen, and all were confirmed to be yeasts via microscopic anal-
ysis and uniform yeast colonies grew when plated on YM plates. The D1/D2
domain of the LSU rRNA gene were sequenced to characterize each yeast iso-
late. The nearest relative of each strain was recognized according to a BLAST
search against the GenBank database using the BLASTn tool. The strains were
classified to the species level based on a threshold of > 99% sequence iden-
tity with the type strain of a described species within the ITS region or D1/D2
domain (Kurtzman and Robnett 1998; Fell et al. 2000; Vu et al. 2016). A total
of 41 strains were identified, clustered into 12 species belonging to 11 genera,
the list of the isolated strains is shown in Table 1. Among the species identifi-
cation, two were previously found in Pulque species Kluyveromyces marxianus
and Saccharomyces paradoxus, ten species not previously detected in Pulque,
including seven known species Apiotrichum mycotoxinivorans, Candida boidinii,
Debaryomyces nepalensis, Papiliotrema laurentii, Pichia manshurica, Piskuro-
zyma taiwanensis and Rhodosporidiobolus ruineniae, and three novel species
Kazachstania sp., Pichia sp., and Starmerella sp.

Phylogeny

Among the yeast strains isolated, ten were unidentified as any species because
of their significant difference from any described yeast species in the D1/D2
domain sequence. The ITS sequences of these strains were then determined to
validate their novelty and phylogenetic positions.

Three strains, NYNU 161124, NYNU 161128, and NYNU 161157, isolated
from two samples in Teotihuacan in the State of Mexico (Table 1), possessed
identical sequences in the ITS regions and D1/D2 domain. They clustered with
Starmerella stellata CBS 1577 and S. davenportii CBS 90697 in the Starmerella
clade (Fig. TA). The D1/D2 sequences of the three strains differed from S. stel-
lata CBS 1577 by ~1.0% sequence divergence (4 nucleotide (nt) substitutions
and 1 gap out of 482 bp), differed from S. davenportii CBS 9069™ by ~7.0% se-
quence divergence (31 nt substitutions and 1 gap). In the ITS regions, the three
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Table 1. Strains isolated from samples of the traditional Mexican alcoholic beverage Pulque.

Location Sample Strain (NYNU) Species
| 16111 Apiotrichum mycotoxinivorans
16113
161140
16116 Candida boidinii
161115
161139
161147
16118 Debaryomyces nepalensis
161127
16111'T Kazachstania sp.
161114

161129

a/ b W =2~ N =

W N =W =

—_

16114 Kluyveromyces marxianus
161112

161113

161141

161145

161146

161118 Papiliotrema laurentii
161131

161143

161149

oW NN

—_

161110 Pichia manshurica
161116

161130

161138

16111°T Pichia sp.
161117

161142

161153

161136 Piskurozyma taiwanensis

161150

ok OO0l WIN A ODN

—_

16112 Rhodosporidiobolus ruineniae
161125
161135 Saccharomyces paradoxus
161137
161158
I 1 161162
| 1 1611°T Starmerella sp.
2 161124
161128

o o~ W

Location I: Teotihuacan in the State of Mexico (19°41'N, 98°50'W); Location II: Mexico City in the
State of Distrito Federal (19°28'N, 99°09'W). NYNU, Microbiology Laboratory, Nanyang Normal Uni-
versity, Nanyang, Henan, China; T, type strain.
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A Starmerella etchellsii CBS 1750

Starmerella floris CBS 105937

Starmerella cellae CBS 100867

Starmerella meliponinorum CBS 91177
Starmerella roubikii SRKS4-10
Starmerella kourensis CLIB17077

Starmerella ratchasimensis CBS 106117
Starmerella camargoi UFMG-CM-Y 5957
Starmerella khaoyaiensis CBS 108397

Starmerella bombi CBS 90177

Starmerella vitae CBS 16418
Starmerella neotropicalis MUCL 457217

Starmerella apicola NRRL Y-24817

| 96/1.0 'Starmerella reginensis CLIB 1634
Starmerella aceti CBS 13086"

Starmerella opuntiae MA105.1.1

Starmerella jinningensis YM24410"
Starmerella henanensis NYNU 15766
Starmerella sirachaensis CBS 120947

] Starmerella scarabaei NYNU 158217
Starmerella asiatica NYNU 157827
74/0.92 Starmerella anomalae NYNU 1571457

54/_5 tarmerella caucasica CBS 126507
Starmerella kuoi CBS 7267"

94/0.99 [Starmerella powellii CBS 87957
56/- ——> Starmerella ilheusensis UFMG-CM-Y 596"

Starmerella floricola CBS 72897
Starmerella orientalis SAM09™
Starmerella bombicola NRRL Y-17069T
Starmerella riodocensis CBS 100877
Starmerella batistae CBS 8550"
100/1.0 Starmerella bacillaris CBS 9494"
{ Starmerella davenportii CBS 9069T
Starmerella stellata CBS 1577
9410.9 Starmerella elongatum NYNU 161124
A Starmerella elongatum NYNU 161157
9610.99 | Starmerella elongatum NYNU 161128

Starmerella vitis CBS 164187
MEL—Starmerella sp. JCM 16820
68/0.92 “-Starmerella lactis-condensi DSM 70635

|—Starmerella tilneyi CBS 87947

Starmerella apis CBS 2674
Starmerella sorbisivorans NCYC D29747
Starmerella magnoliae NRRL Y-2024"
Starmerella vaccinii JCM 94467

Starmerella syriaca CBS 139097
Saccharomyces cerevisiae CBS 11717

52/-

98/1.0

54/-

—
0.02

Figure 1. Phylogenetic trees derived from maximum-likelihood analysis based on the concatenated sequences of the ITS
and D1/D2 domain of LSU rRNA, illustrating the positions of the novel yeast species in the genera Starmerella (A), Kazach-
stania (B) and Pichia (C). The tree backbones were developed using MEGA 7.0. The bootstrap support values (BS) = 50%
from ML analysis and Bayesian posterior probabilities (BPP) = 0.90 are depicted on the branches, and a dash (*-") indicates
a value < 0.90 (BPP). Newly described species are indicated in bold. Scale bar, 2% sequence difference. T, type strains.
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B -
Kazachstania spencerorum NRRL Y-179207

Kazachstania jinghongensis CBS 152327

60/-
Kluyveromyces hubeiensis AS 2.1536T

9/0.92 Kazachstania rosinii NRRL Y-17919T
Kazachstania piceae NRRL Y-17977"

Kazachstania zonata CBS 103267

Kazachstania hellenica CBS 10706"

Kazachstania gamospora NBRC 110567
Kazachstania paragamospora NYNU 1611117

— 81/0.95

Kazachstania paragamospora NYNU 161129
Kazachstania paragamospora NYNU 161114
—Kazachstania lodderae NRRL Y-8280"
_|:Kazachstania africana NRRL Y-8276"
Kazachstania psychrophila DSM 262307
Kazachstania ichnusensis CBS 118597

67/0.92—— Kazachstania intestinalis CBS 118397
] Kazachstania bromeliacearum CBS 7996"
\;PKazachstania martiniae CBS 63347
Kazachstania viticola NRRL Y-27206"

93/0.99 | Kazachstania humilis CBS 5658"
65/0.92 Kazachstania surinensis TBRC 150537
Kazachstania pseudohumilis CBS 11404T
Kazachstania serrabonitensis UFMG-CM-Y273"
Kazachstania saulgeensis CBS 143747
81/0.95_|Kazachstania exigua CBS 135NT

Kazachstania turicensis NRRL Y-27345"
[ Kazachstania rupicola CBS 12684"

Kazachstania bulderi NRRL Y-27203"
52I- L gazachstania barnettii NRRL Y-27223T
Kazachstania kunashirensis NRRL Y-27209"
Kazachstania yasuniensis CLQCA 20-132
Kazachstania unispora NRRL Y-1556T
— Kazachstania servazzii NRRL Y-12661T
Kazachstania solicola CBS 6904"
Kazachstania aerobia CBS 99187
Kazachstania taianensis CBS 114057
] | Kazachstania naganishii CBS 87977
99/1.0 “Kazachstania sinensis NRRL Y-272227
— Kazachstania slooffiae NRRL YB-4349T

83/0.95

56/-

5 /__|—_Kazachstania bovina NRRL Y-7283"
99/1.0 Kazachstania telluris NRRL YB-43027
s6.. O Kazachstania heterogenica NRRL Y-27499T
Kazachstania pintolopesii NRRL Y-27500"

Kazachstania aquatica CBS 101027
SGLKazachstania siamensis CBS 103617
Kazachstania menglunensis CBS 160547
56/ [~ Kazachstania transvaalensis NRRL Y-17245T
99/1.0 Kazachstania jiainica CBS 105877
Kazachstania humatica 1IFO 10673

63/0.92
Kazachstania yakushimaensis IFO 1889"

_Ii Kluyveromyces wickerhamii NRRL Y-8286
Wickerhamiella sorbophila NRRL Y-79217

0.02
Figure 1. Continued.
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C Pichia teotihuacanensis NYNU 1611197

Pichia teotihuacanensis NYNU 161153
96/1.0) pichia teotihuacanensis NYNU 161117
Pichia teotihuacanensis NYNU 161142
Pichia cf. ethanolica UCDFST: 81201
Pichia sp. YMX009865

Pichia ethanolica NRRL Y-12615T

98/1.0 | ' Pichia deserticola CBS 71197

Pichia manshurica NRRL Y-17349
Pichia californica NRRL Y-27254
Pichia chibodasensis NBRC 1115697
Pichia membranifaciens NRRL Y-2026"
Pichia sp. NRRL Y-27259

Pichia sp. NRRL YB-4149
Pichia sp. NRRL Y-27261

\— Pichia thaimueangensis CBS 10360"

Pichia nanzhaoensis CBS 153467

Pichia cecembensis CBS 104457

Pichia kudriavzevii CBS 51477

78/0.95

94/1.0

70/0.92

100/1.0
Pichia jaroonii S-757
—— Pichia pseudocactophila NRRL Y-17239"

I ﬂPichia norvegensis NRRL Y-7687"

54/ Pichia inconspicua NRRL Y-2029T
92/0.98 “Pichia cactophila NRRL Y-10963"

— Pichia pseudolambica CBS 20637
Pichia sporocuriosa NRRL Y-27347T
Pichia fermentans NRRL Y-16197
Pichia terricola NRRL YB-4310"
Pichia cabralensis CBS 116797
Pichia occidentalis CBS 54597

Pichia rugopelliculosa CBS 63777

Pichia exigua NRRL Y-10920"
—Pichia paraexigua CBS 152377
Pichia bovicola DMKU-MP6-4T
Pichia phayaonensis CBS 123197
Pichia sp. NRRL Y-12830
Pichia scutulata CBS 66707
Pichia sp. NRRL Y-12827
— Pichia sp. NRRL-Y 12824
— Pichia dushanensis CBS 139127
Pichia heedii NRRL Y-10967
Pichia barkeri NRRL Y-17350"
Pichia nakasei NRRL Y-7686"
Pichia cephalocereana NRRL Y-17225T
Pichia eremophila NRRL Y-17224"
Pichia kluyveri NRRL Y-11519T

78/0.95 >

82/0.95

54/-
80/0.95

68/0.90

64/-

Schizosaccharomyces pombe CBS 3567

0.02
Figure 1. Continued.
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strains displayed ~5.0% sequence divergence (16 nt substitutions and 5 gaps
out of 433 bp) from S. stellata, exhibited ~10.0% mismatches (34 nt substitu-
tions and 11 gaps) with S. davenportii. Thus, the three strains represent a novel
Starmerella species, for which the name S. elongatum sp. nov. is proposed.

Three strains, NYNU 1611117, NYNU 161114, and NYNU 161129, with iden-
tical ITS and D1/D2 sequences, were located in the Kazachstania clade and
closely associated with K. gamospora NBRC 110567, K. zonata CBS 10326, and
K. hellenica CBS 10706" in the tree derived from the combined ITS and D1/D2
sequences (Fig. 1B). The D1/D2 sequences of the three strains differed by 4
nt substitutions and 2 gaps (~1.0%) from K. gamospora, by 10 nt substitutions
and 1 gap (~2.0%) from K. hellenica, and also by 10 nt substitutions and 1 gap
(~2.0%) from K. zonata out of 573 bp. The ITS sequences of the three strains
demonstrated a ~7.0-16% sequence divergence (29-64 nt substitutions and
19-55 gaps out of 712 bp) from K. gamospora NBRC 110567, K. hellenica CBS
107067, and K. zonata CBS 103267, respectively. The findings suggest that the
three strains represent a novel species in the Kazachstania genus, for which the
name K. paragamospora sp. nov. is proposed.

Four strains, NYNU 161119, NYNU 161117,NYNU 161142, NYNU 161153, iso-
lated from four samples (Table 1). The four strains and two unpublished strains
labeled as Pichia cf. ethanolica UCDFST: 81-201 and Pichia sp. YMX009865
contained identical sequences in the D1/D2 domains, and the latter two strains
had one nucleotide substitution with the four trains in the ITS regions, which in-
dicated that they are conspecific. The closest relative of the six strains is P. eth-
anolica NRRL Y-12615" (Fig. 1C), but differed from the strain of the latter by 5 nt
substitutions out of 559 bp (~1%) in the D1/D2 domains and 19 nt substitutions
and 7 gaps out of 398 bp (~7.0%) in the ITS regions. They also exhibited a close
relationship with P deserticola CBS 71197 in the tree (Fig. 1C), they differed
from the strain of the latter by 7 nt substitutions and 3 gaps (~2.0%) in the D1/
D2 domains but had 20 nt substitutions and 10 gaps (~8.0%) mismatches in
the ITS regions. Therefore, a novel species, Pichia teotihuacanensis sp. nov., is
proposed to accommodate the six strains.

Taxonomy

Starmerella elongatum C.Y. Chai & F.L. Hui, sp. nov.
MycoBank No: 841210
Fig. 2A, B

Etymology. The specific epithet elongatum refers to the elongate vegetative
cells of this yeast.

Type. MEXICO - State of Mexico, Teotihuacan, in the traditional Mexican alco-
holic beverage Pulque, autumn of 2015, F.L. Hui, NYNU 16115 (holotype CICC
332627 preserved in a metabolically inactive state, culture ex-type CBS 15224).

Description. After 3 days growth in YM broth at 25 °C, the cells are mostly el-
lipsoidal to elongate (2.2-3.4 x 3.9~-7.3 pm) and occurred singly or in pairs. Bud-
ding is multilateral (Fig. 2A). Sediment is formed after one month, but no pellicle
is observed. After 6 days culture on YM agar at 25 °C, colonies are white-cream
in color, butyrous, smooth, and convex with complete margins. After 2 weeks
in Dalmau plate culture on corn meal agar at 25 °C, pseudohyphae are present,
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Figure 2. Morphological characteristics of Starmerella elongatum sp. nov. NYNU 161115" A budding yeast cells, three
days, YM broth, 25 °C B pseudohyphae grown on CM agar after 14 d at 25 °C. Kazachstania paragamospora sp. nov.
NYNU 1611117 C budding yeast cells in YM broth after 3 d, 25 °C. Pichia teotihuacanensis sp. nov. NYNU 1611197
D budding yeast cells, three days, YM broth, 25 °C E simple pseudohyphae and F pseudohyphae grown on CM agar over
14 days at 25 °C. Scale bars: 10 pm.

but no true hyphae are observed (Fig. 2B). Asci or signs of conjugation are not
seen on sporulation media. Glucose, sucrose, raffinose, and inulin (weakly) are
fermented, while trehalose, galactose, maltose, melibiose, lactose, cellobiose,

MycoKeys 109: 187-206 (2024), DOI: 10.3897/mycokeys.109.123870 196




Chunyue Chai et al.: Yeast diversity associated with Pulque, and three novel species were identified

melezitose, methyl a-D-glucoside, soluble starch, or xylose are not. Glucose,
sucrose (weakly), raffinose (weakly), inulin (weakly) and soluble starch (weakly)
are assimilated. No growth occurred using as sole carbon source of melibiose,
galactose, lactose, L-sorbose, L-rhamnose, L-arabinose, D-arabinose, D-ribose,
methanol, ethanol, erythritol, galactitol, myo-inositol, DL-lactate, D-gluconate,
xylitol, D-glucuronate, D-glucono-1,5-lactone, L-arabinitol, trehalose, maltose,
melezitose, methyl a-D-glucoside, cellobiose, salicin, D-xylose, glycerol, ribitol,
mannitol, glucitol, succinate, citrate, D-glucosamine, 2-keto-D-gluconate, arbu-
tin, or 5-keto-D-gluconate. With respect to the assimilation of nitrogen com-
pounds, L-lysine (weakly), cadaverine (weakly) and D-tryptophan (weakly) were
assimilated, whereas nitrate, nitrite, ethylamine, creatine, creatinine, glucos-
amine and imidazole were not assimilated. Growth is observed at 30 °C but not
at 35 °C. Growth is observed in the presence of 10% NaCl plus 5% glucose, 1%
acetic acid, and vitamin-free medium, but not in the presence of 0.1% cyclohexi-
mide or 0.01% cycloheximide. Starch-like compounds are not produced. Urease
activity and diazonium blue B reactions are also negative.

Additional strains examined. Mexico - Teotihuacan in the State of Mexico
(19°41'N, 98°50'W), in the traditional Mexican alcoholic beverage Pulque sam-
ples, autumn of 2015, F.L. Hui, NYNU 161124, and NYNU 161128.

GenBank accession numbers. Holotype CICC 332627 (ITS: MF136069, D1/
D2: MF136061); additional strains NYNU 161124 (ITS: OM669948, D1/D2:
O0M669942) and NYNU 161128 (ITS: 0OM669943, D1/D2: OM670017).

Note. Starmerella elongatum sp. nov. can be physiologically differentiated
from their nearest phylogenetic neighbor, S. stellata (Krumbholz 1931), on the
basis of their ability to grow in the presence of 10% NaCl plus 5% glucose, 1%
acetic acid, and vitamin-free medium, and their ability to assimilate inulin, solu-
ble starch, and cadaverine (Table 2).

Table 2. Physiological characteristics differentiating three novel species from closely related species.

Species

S. stellatal®

S. elongatum sp. nov.

K. gamosporal®

K. zonatal

K. hellenical®

K. paragamospora sp. nov.
P. ethanolica'®

P. deserticolall

P, teotihuacanensis sp. nov.

Fermentation Assimilation reactions and other characteristics
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kel Data from Foschino et al. (2004); <! Data from Imanishi et al. (2007); ¥ Data from Nisiotou and Nychas (2008); ! Data from Rybarova et
al. (1980); " Data from Kurtzman et al. (2008). +, Positive; -, negative; w, weakly positive; s, slow positive; d, delayed positive; v, variable.

MycoKeys 109: 187-206 (2024), DOI: 10.3897/mycokeys.109.123870 197


http://www.ncbi.nlm.nih.gov/nuccore/MF136069
http://www.ncbi.nlm.nih.gov/nuccore/MF136061
http://www.ncbi.nlm.nih.gov/nuccore/OM669948
http://www.ncbi.nlm.nih.gov/nuccore/OM669942
http://www.ncbi.nlm.nih.gov/nuccore/OM669943
http://www.ncbi.nlm.nih.gov/nuccore/OM670017

Chunyue Chai et al.: Yeast diversity associated with Pulque, and three novel species were identified

Kazachstania paragamospora C.Y. Chai & F.L. Hui, sp. nov.
MycoBank No: 841211
Fig. 2C

Etymology. the specific epithet paragamospora, like gamospora, referring to its
phylogenetic closeness to Kazachstania gamospora.

Type. MEXIcoO - State of Mexico, Teotihuacan, in the traditional Mexican alco-
holic beverage Pulque, autumn of 2015, F.L. Hui, NYNU 161111 (holotype CICC
332747 preserved in a metabolically inactive state, culture ex-type CBS 15233).

Description. After 3 days culture in YM broth at 25 °C, the cells are spherical
or ovoid (3-6.2 x 3.3—-7.5 ym) and occurred singly or in pairs (Fig. 2C). Budding
is multilateral. Sediment is formed after one month, but no pellicle is observed.
After 3 days cultured on YM agar at 25 °C, the streak culture is butyrous, white,
raised with a smooth surface, and has a complete margin. Asci or signs of con-
jugation are not observed on sporulation media. Glucose, sucrose, raffinose,
and inulin are fermented, while trehalose, galactose, maltose, melibiose, lac-
tose, cellobiose, melezitose, methyl a-D-glucoside, soluble starch, or xylose
are not. Glucose, sucrose (weakly), raffinose (weakly), inulin, glycerol (weakly),
L-arabinitol (weakly), 5-keto-D-gluconate (weakly), D-gluconate, D-glucosamine
(weakly), succinate (weakly), methanol (weakly) and soluble starch (weakly)
are assimilated. No growth occurred in the presence of melibiose, galactose,
lactose, L-sorbose, L-rhamnose, L-arabinose, D-arabinose, D-ribose, ethanol,
erythritol, galactitol, myo-inositol, DL-lactate, xylitol, D-glucuronate, D-glu-
cono-1,5-lactone, trehalose, maltose, melezitose, methyl a-D-glucoside, cello-
biose, salicin, D-xylose, ribitol, mannitol, glucitol, citrate, 2-keto-D-gluconate, or
arbutin. With respect to the assimilation of nitrogen compounds, cadaverine
(weakly) and D-tryptophan are assimilated, whereas L-lysine, nitrate, nitrite,
ethylamine, creatine, creatinine, glucosamine, and imidazole are not. Growth
is observed at 30 °C but not at 35 °C. Growth in the presence of vitamin-free
medium is positive, but growth in the presence of 10% NaCl plus 5% glucose,
1% acetic acid, 0.1% cycloheximide, and 0.01% cycloheximide are negative.
Starch-like compounds are not produced. Urease activity and diazonium blue B
reactions are also negative.

Additional strains examined. Mexico « Teotihuacan in the State of Mexico
(19°41'N, 98°50'W), in the traditional Mexican alcoholic beverage Pulque sam-
ples, autumn of 2015, F.L. Hui, NYNU 161114 and NYNU 161129.

GenBank accession numbers. Holotype CICC 332747 (ITS: MF136070, D1/
D2: MF136062); additional strains NYNU 161114 (ITS: OM669944, D1/D2:
0M669945) and NYNU 161129 (ITS: OM669946, D1/D2: OM669947).

Note. Kazachstania paragamospora sp. nov. can be differed from the related
three species K. gamospora, K. zonata and K. hellenica by its inability to assimi-
late trehalose (Table 2). Unlike K. hellenica, the novel species was able to ferment
raffinose and grow at 30 °C but was not able to ferment galactose. Likewise, the
novel species did not assimilate maltose and D-galactose. The novel species
differed from K. zonata by its inability to assimilate ethylamine, ethanol, and
DL-lactate. It differed from K. gamospora in its ability to assimilate L-arabinitol
and cadaverine (weakly), and inability to grow in the presence of 10% NaCl plus
5% glucose. In all cases, identification by sequencing was the best approach.
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Pichia teotihuacanensis C.Y. Chai & F.L. Hui, sp. nov.
MycoBank No: 841212
Fig. 2D, E, F

Etymology. The specific epithet teotihuacan of or belonging to the State of
Mexico, the geographical origin of the type strain of the isolated species.

Type. MExico - State of Mexico, Teotihuacan, in the traditional Mexican al-
coholic beverage Pulque sample, autumn of 2015, F.L. Hui, NYNU 161119 (ho-
lotype CICC 33275" preserved in a metabolically inactive state, culture ex-type
CBS 15277).

Description. After 3 days culture in YM broth at 25 °C, the cells are ovoid
(2.5-7.0 x 3.7-9.5 pm) and occurred singly or in pairs. Budding is multilateral
(Fig. 2D). After 6 days cultured on YM agar at 25 °C, colonies are cream col-
ored, butyrous and rough, with filamentous margins. After 2 weeks in Dalmau
plate culture on corn meal agar at 25 °C, pseudohyphae formed but true hy-
phae did not (Fig. 2E, F). Ascospores are not observed on YM, 5% malt extract,
cornmeal, and YCBAS agar media in pure and mixed cultures at 17 °C and
25 °C for up to 4 weeks. Sugar fermentation is absent. Glucose, D-glucos-
amine, inulin (weakly), soluble starch (weakly), glycerol (weakly), DL-lactate
(weakly), succinate (weakly), citrate (weakly), and methanol (weakly) are as-
similated. No growth occurred using as sole carbon of melibiose, sucrose,
raffinose, L-arabinitol, 5-keto-D-gluconate, D-gluconate, galactose, lactose,
L-sorbose, L-rhamnose, L-arabinose, D-arabinose, D-ribose, ethanol, erythri-
tol, galactitol, myo-inositol, xylitol, D-glucuronate, D-glucono-1,5-lactone, tre-
halose, maltose, melezitose, methyl a-D-glucoside, cellobiose, salicin, D-xy-
lose, ribitol, mannitol, glucitol, 2-keto-D-gluconate, or arbutin. With respect to
the assimilation of nitrogen compounds, L-lysine, glucosamine (weakly), and
D-tryptophan were assimilated, whereas nitrate, nitrite, ethylamine, creatine,
adaverine, creatinine, and imidazole were not. Growth is observed at 37 °C
but not at 40 °C. Growth in the presence of vitamin-free medium, 10% NaCl
plus 5% glucose, and 1% acetic acid are positive, while growth in the presence
of 0.1% cycloheximide or 0.01% cycloheximide is negative. Starch-like com-
pounds are not produced. Urease activity and diazonium blue B reactions are
also negative.

Additional strains examined. Mexico - Teotihuacan in the State of Mexico
(19°41'N, 98°50'W) and Mexico City in the State of Distrito Federal (19°28'N,
99°09'W), in the traditional Mexican alcoholic beverage Pulque samples, au-
tumn of 2015, F.L. Hui, NYNU 161117, NYNU 161142 and NYNU 161153.

GenBank accession numbers. Holotype CICC 33275" (ITS: MF136068, D1/
D2: MF136064); additional strains NYNU 161117 (ITS: OM670016, D1/D2:
OM670012), NYNU 161142 (ITS: OM670015, D1/D2: OM670013) and NYNU
161153 (ITS: OM670079, D1/D2: OM670014).

Note. Pichia teotihuacanensis sp. nov. can be physiologically differentiated
from P ethanolica in terms of positive assimilation of inulin, D-glucosamine,
soluble starch, citrate, methanol, and glucosamine, and an inability to assim-
ilate ethanol, ethylamine, and cadaverine. P. teotihuacanensis differed from
P. deserticola, in terms of their ability to assimilate D-glucosamine, inulin, and
soluble starch, and grow in vitamin-free medium (Table 2).
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Discussion

As previously described, Pulque is a critically important, traditional, non-dis-
tilled alcoholic beverage produced in the central states of Mexico. Pulque is the
focus of research across numerous laboratories, not only due to its nutritional
properties but also to the complex microbial diversity responsible for fermen-
tation, a complex procedure that has proven recalcitrant to industrialization.
While various microbial studies regarding Pulque have been performed over
the last 100 years, the complex yeast found within the beverage has remained
uncharacterized. Recently, several yeast species have been identified in Pulque,
such as Candida valida, C. zemplinina, C. stellata, C. parapsilosis, Clavispora Iu-
sitaniae, Debaryomices carsonii, Geotrichum candidum, Hanseniaspora uvarum,
Kazachstania lactis, Kluyveromyces marxianus, Pichia guilliermondii, P mem-
branifaciens, Rhodotorula mucilaginosa, Saccharomyces cerevisiae subsp. che-
valieri, S. cerevisiae subsp. capensis, S. bayanus, S. paradoxus, Torulaspora del-
brueckii and so on (Ruiz Oronoz 1953; Lappe and Ulloa 1993; Estrada-Godina
et al. 2001; Lappe-Oliveras et al. 2008; Escalante et al. 2016; Rocha-Arriaga et
al. 2020). However, a large number of undescribed yeast taxa in Pulque remain.

In this study, we collected six Pulque samples from two “pulquerias” (Pulque
stores) in two different regions in Mexico. From these samples, we extracted
forty-one yeast strains, clustered into 12 yeast species belonging to 11 genera.
Of the total isolates, there were nine representatives of previously known spe-
cies, like Apiotrichum mycotoxinivorans, Candida boidinii, Debaryomyces nep-
alensis, Kluyveromyces marxianus, Papiliotrema laurentii, Pichia manshurica,
Piskurozyma taiwanensis, Rhodosporidiobolus ruineniae and Saccharomyces
paradoxus. In addition to known species, we recovered ten strains belonging to
3 yeast species distinct from any previously described, including Kazachstania
sp., Pichia sp., and Starmerella sp. Three more comprehensive separate phylo-
genetic placements of the genera Kazachstania, Pichia, and Starmerella accord-
ing to the combined ITS and LSU rDNA sequences are provided. Each phyloge-
netic tree includes almost all GenBank representatives and newly generated
sequences, potentially serving as the references for the three fields. Thereafter,
we described these novel species as Starmerella elongatum sp. nov., Kazach-
stania paragamospora sp. nov., and Pichia teotihuacanensis sp. nov. based on
molecular phylogenetic and morphological evidence.

According to the details previously reported, yeast plays an important role in
the fermentation of Pulque, producing ethanol, amino acids, vitamins, and vol-
atile compounds. Among the total isolates, two known species, Klu. marxianus
and S. paradoxus were found to occur in Pulque, Klu. marxianus can excrete
enzymes and be found within Pulque, can ferment at high temperatures (45 °C),
use complex sugars such as inulin and hemicellulose, and has been used to
generate bioethanol with a broader substrate range and higher temperature
tolerance (Sofia et al. 2015). Additionally, Saccharomyces paradoxus, a native
microorganism in the Pulque, was used successfully for endoinulinase synthe-
sis for agave fructooligosaccharide (FOS) production (Sandoval-Gonzélez et
al. 2018). The remaining seven known species (A. mycotoxinivorans, C. boidinii,
D. nepalensis, Pap. laurentii, P manshurica, Pis. taiwanensis and Rho. ruineni-
ae), alongside three novel species (K. paragamospora, P. teotihuacanensis and
S. elongatum) had not been reported in Pulque previously, the biochemical role
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of the ten newly isolated species from the Pulque fermentation process re-
mains unknown. These species may be responsible for Pulque fermentation
through specific biological characteristics. For instance, Candida boidinii can
excrete alcohol oxidase (Ciani et al. 2000). Papiliotrema laurentii produces
extracellular B-glucosidase, amylase, protease, lipase, phytase, and xylanase
(Vieira et al. 2020). We isolated two Pichia yeast species, including P mans-
hurica and the novel species P. teotihuacanensis sp. nov. Yeasts of the Pichia
genus are associated with fermentation processes, and are considered to be
wine-related yeasts, producing alcohol, organic acids, and esters (Pang et al.
2018; Tan et al. 2019). P. manshurica is a common yeast identified in fermented
animal feed and foods, including fermented maguey juice, a traditional bev-
erage in Burkina Faso, wines, Ishizuchi-kurocha, and silages (Toyotome et al.
2019), with important roles in fermentation and decomposing plant materials.
P. ethanolica, the closest relative of P. teotihuacanensis sp. nov., is an endoge-
nous yeast of the Agave plant. This study increases the number of described
Pichia species identified in pulque. Apiotrichum mycotoxinivorans exhibits cel-
lulase and amylase production capabilities, which have been isolated in the
Iguacu National Park and used for the production of xylanolytic enzymes to be
used for ethanol synthesis (Carvalho et al. 2021). Kazachstania species have
been isolated from fermented fermented foods and silage (Ke et al. 2019), i.e.,
K. solicola—vinegar and solvents; K. hellenica—spirits and cheeses; and K. aero-
bia—imparting a fruity and floral flavor (llise et al. 2017). K. gamospora, the
closest relative of the novel species K. paragamospora sp. nov., is associated
with producing alcohols, ketones, certain aldehydes, and acetate esters. Some
of the Starmerella species are particularly associated with sweet, botrytized,
wine fermentations; for example, S. bacillaris, S. cerevisiae and S. uvarum are
frequently isolated from wine-related sources (Magyar and Téth 2011). S. stel-
late, the closest relative of the novel species S. elongatum sp. nov., is often
found in wine fermentations and may be used as a yeast starter for beverage
production. However, the biochemical role of the novel species in the pulque
fermentation remains unclear. Debaryomyces nepalensis, an osmotolerant
yeast isolated from rotten apples, uses both hexoses and pentoses generates
industrially relevant metabolites, such as ethanol, xylitol, and arabitol (Himabin-
du et al. 2013). There are limited reports about P, taiwanensis, notably only doc-
umented by Satianpakiranakorn et al. (2020) as an antagonistic yeast strain.
Its documentation in so few reports suggests that it occurs at low frequency.
R. ruineniae was reported by Ramirez-Castrillén et al. (2019) and Maciel et al.
(2013), which was isolated from coconut water and reconstituted juices from
Belo Horizonte, Brazil. Despite the limited number of yeast strains identified in
our survey, they may still be responsible for Pulque fermentation through their
unique biological characteristics.

This study reports on the isolation of yeast species not previously identified
in Pulque, extending our understanding of the genetic diversity of its associat-
ed yeast communities. To date, alongside the three newly isolated species in
this study, more and more yeast species have been isolated from Pulque. Al-
though the yeast taxonomy of Pulque has been a focus of research in the past,
the native microbial community is likely related to the traditional non-aseptic
conditions used during the collection, transportation, and fermentation; there
are still some species that require discovery in Pulque in the future studies.
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