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Abstract We previously found that Wickerham-
omyces anomalus (formerly Hansenula anomala,
Pichia anomala) was the second most frequently
isolated yeast in Belgian artisan bakery sourdoughs
and that the yeast dominated laboratory sourdough
fermentations. Such findings are of interest in terms
of the advantage of W. anomalus over other com-
monly encountered sourdough yeasts and its potential
introduction into the sourdough ecosystem. Here, we
provide a brief overview of current knowledge on
yeast ecology and diversity in sourdough in the
context of the potential natural habitat of
W. anomalus. Insight into the population structure of
W. anomalus was obtained by comparing internal
transcribed spacer rDNA sequences of selected
sourdough isolates with publicly available database
sequences.
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Introduction

The yeast Wickerhamomyces anomalus (formerly
Hansenula anomala, Pichia anomala) (Kurtzman
et al. 2008) may be encountered in natural environ-
ments and in various fermentations, either in a
beneficial or spoilage role. It is a member of the
normal or transient microbiota of the human skin and
oropharynx (Chakrabarti et al. 2001; Kalenic et al.
2001; Murphy et al. 1986) and it has been reported to
cause rare, but mostly clustered, nosocomial infec-
tions in patients with predisposing factors (e.g.,
Sekhon et al. 1992). The yeast is considered of low
virulence based on the low number of fatal cases
caused by the yeast infection itself and the lack of
pronounced antifungal drug resistance (da Matta et al.
2001). W. anomalus lacks some key capacities of
primary pathogens, such as the ability to enter a host
and the dependency on the host for its own replica-
tion and transmission (Falkow 1997). Nevertheless,
its ability to grow at 37°C makes it as much an
emerging opportunistic pathogen as other yeast
species sharing this characteristic, including Saccha-
romyces cerevisiae (Piarroux et al. 1999).
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The presence of W. anomalus in a variety of niches
and its wide geographical distribution suggest a
generalist character in contrast to endemic microor-
ganisms or microorganisms tightly adapted to a single
ecological niche. Its ability to survive adverse
conditions and to flourish in stressful environments,
even outgrowing well-adapted yeasts and fungi, has
been explained largely by its physiological versatil-
ity, symbolised by the large number of carbon and
nitrogen sources that may be metabolised (Kurtzman
1998). Additionally, the production of killer toxins
(e.g., Polonelli et al. 1983), the ability to grow at low
water activity, osmotic and pH stresses (Fredlund
et al. 2002) as well as in the presence of lactic acid
bacteria (LAB) (Vrancken et al. 2010) contribute to
its overall competiveness. Consequently, this yeast is
attracting increasing interest, although detailed fun-
damental knowledge concerning its biology is
lacking.

In the present paper, we provide a brief overview
of the sourdough microbial ecosystem and the factors
that determine sourdough microbiota, including the
predominance of W. anomalus in Belgian sour-
doughs. The isolation of this species from sourdough
and other cereal-related sources is discussed,
together with an analysis of the population structure
of W. anomalus.

The sourdough ecosystem

The use of sourdough is thought to have originated in
ancient times, being the first form of leavening cereal
dough. Compared to dough raised by pure cultures of
the bakers yeast S. cerevisiae, the use of sourdough
results in bakery products with a prolonged shelf life
and improved sensory qualities. Sourdough develops
by spontaneous fermentation in mixtures of cereal
flour and water (De Vuyst et al. 2009). A stable
microbial community consisting of dominant LAB
and yeasts develops during periodic refreshments of
the flour—water mixture, whose composition corre-
lates with process factors such as temperature,
propagation cycles, and cereal types (Meroth et al.
2003a, b; De Vuyst and Neysens 2005; De Vuyst and
Vancanneyt 2007; De Vuyst et al. 2009; Sterr et al.
2009; Zannini et al. 2009; Coda et al. 2010).

The utilisation of maltose as the most abundant
carbohydrate is regarded as a key characteristic of
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microorganisms during sourdough fermentations.
LAB have the ability to produce exceptionally high
amounts of energy through heterolactic fermentation
of carbohydrates, combined with specialised amino
acid catabolism, including the arginine deiminase
pathway and branched-chain amino acid conversions
(Christensen et al. 1999; Fernandez and Zuifiiga
2006; Ginzle et al. 2007; De Vuyst et al. 2009).
Occasionally, the key enzyme maltose phosphorylase
liberates unphosphorylated glucose that can subse-
quently be used by maltose-negative yeasts in the
microbial community (De Vuyst et al. 2009). In turn,
yeasts contribute essential amino acids for LAB
growth (Gobbetti et al. 1994) and may also produce
vitamins that stimulate LAB growth. The metabolic
products of LAB carbohydrate metabolism, lactate
and acetate, contribute to the acidity of the sour-
dough and prevent development of spoilage micro-
organisms. These compounds are also important
flavour volatiles and essential texture-forming com-
ponents. Esters and ornithine from amino acid
metabolism are other key contributors to sourdough
flavour. Yeasts also contribute in this regard by
generating flavour-enhancing fusel alcohols and
carbon dioxide. The latter is supplemented with
LAB carbon dioxide from heterolactic fermentation
causing the dough to rise (reviewed by De Vuyst
et al. 2009).

The microbial composition at the start of the
fermentation is influenced by the dough ingredients,
the production environment, and the ‘“mother
sponge” or starter dough. The fate of the microor-
ganisms during sourdough fermentation is influenced
by technological parameters such as leavening and
storage temperatures, the number and duration of
refreshment steps, the ratio of flour to water (dough
yield), pH and redox potential, the use of starters and/
or bakers yeast, etc. The chemical composition and
enzymatic activities of the flour are additional
determinants of sourdough microbial ecology. The
developing microbial populations are influenced by
the metabolic factors mentioned above, which favour
stress-tolerant species that utilise available nutrients
with high energy gain, while keeping a balanced
reduction/oxidation state. Competitive action, domi-
nance, and symbiotic interactions potentially lead to
the complementary utilisation of different carbohy-
drates and other resources (De Vuyst et al. 2009;
Giénzle et al. 2009).
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An overview of yeast species identified from
sourdough fermentations and a selection of com-
monly found bacteria is given in Fig. 1. The most
frequently found co-occurrences of yeast and LAB
follow a complementary utilisation of maltose. This
disaccharide is not utilised by the yeasts Kazachas-
tania exigua and Candida humilis/milleri, but is
essential for co-isolated Lactobacillus sanfrancisc-
ensis and L. brevis and is facultatively metabolised
by S. cerevisiae and L. plantarum. Based on
frequency and complementary use of maltose, these
microbial associations are considered particularly
stable and favourable for high quality sourdoughs.
Numerous other co-occurrences that follow the
principle of complementarities, but involve faculta-
tive maltose utilisation by the yeasts and/or LAB,
have been observed (Infantes and Tourneur 1991;
Infantes and Schmidt 1992; Gobbetti et al. 1994;
Corsetti et al. 2001; Meroth et al. 2003a, b; Van der
Meulen et al. 2007; Scheirlinck et al. 2007, 2008;

Tacumin et al. 2009; Osimani et al. 2009; Vrancken
et al. 2010).

Wickerhamomyces anomalus in sourdough
and cereals

Vrancken et al. (2010) have analysed the yeast
species composition of artisan bakery sourdoughs and
sourdoughs produced under controlled laboratory
conditions by using flours as the only non-sterile
component added (Scheirlinck et al. 2007; Van der
Meulen et al. 2007). They found W. anomalus as a
major component of the yeast population. The
dominance of S. cerevisiae (68% of the isolates) in
artisan bakery sourdoughs was interpreted by Vranc-
ken et al. (2010) as being caused by the bakery
environment, because no S. cerevisiae was intention-
ally added to these (in some cases 25 years old)
traditionally maintained sourdoughs. However,

Yeasts (species listed in order of their

Typical co-occurances

Common sourdough associated lactic acid bacteria

frequency)
M HY %
v v v Saccharomyces cerevisiae Lactobacillus brevis ~
+ - Kazachstania exigua Lactobacillus fermentum
-+ - Candida humilis/milleri Lactobacillus fructivorans
-+ v Pichia kudriavzevii Lactobacillus frumenti obligat
+ o+ + Wickerhamomyces anomalus Lactobacillus panis heterofermentative:
+ o+ o+ Torulaspora delbrueckii Lactobacillus pontis Mal essentiel
-+ \% Candida glabrata Lactobacillus reuteri
- v Candida stellata Lactobacillus rossiae
+ 4+ v Saccharomyces pastorianus Lactobacillus sanfranciscensis —’
- v Pichia fermentans
-4y Pichia membranifaciens Lactobacillus alimentarius ™
-y Meyerozyma guilliermondii Lactobacillus casei facultative )
. - . . . heterofermentative:
- - Saturnispora saitoi Lactobacillus paralimentarius Mal, Glu, Fru, ...
-+ W, - Kazachstania unispora Lactobacillus paraplantarum
- + Kazachstania barnettii Lactobacillus plantarum _/
Castelli 193(§; Corsetti.et al. 2001; Fosphino etal. Lactobacillus acidophilus —~
2004; Fqschlno & Galli 1997; Gobbetti e? al. 1994; Lactobacillus amylovorus obligat
Gobbetti, 1998; Gullo et al. 2003; lacumin et al. L - homofermentative:
2009; Infantes & Schmidt 1992; Meroth et al., 2003; Lactobacillius delbrueckii Glu. Fru
Osimani et al. 2009; Pulvirenti et al. 2001; Pulvirenti Lactibacillus farciminis _ ! T

et al. 2004; Rocha & Malcata 1999; Rossi, 1996;
Salovaara & Savolainen 1984; Succi et al. 2003;
Sugihara et al. 1971; Valmorri et al. 2010;
Vernocchi et al., 2004, etc.

reviewed by De Vuyst et al. 2009

Fig. 1 Yeasts and common lactic acid bacteria (LAB) found
in sourdoughs. The lines indicate co-isolations of yeasts and
LAB that are most frequently found, particularly stable and
favorable for a high quality of the end-products. For the yeasts,
their ability to ferment maltose (M), acid tolerance (H*), and

osmotolerance at 50% glucose (%) are indicated by + positive,
— negative, v variable, w weak. Indications followed by an
asterisk are based on 1-11 strain records of the Mycotheéque de
I’Université de Louvain. LAB are grouped according to their
metabolic behavior
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Table 1 Isolation substrates of Wickerhamomyces anomalus
strains in the Centraalbureau voor Schimmelcultures, Utrecht,
The Netherlands, the Northern Regional Research Center of the

United States Department of Agriculture, Peoria, USA, and the
Mycothéque de 1’Université catholique de Louvain, Louvain-
la-Neuve, Belgium

Processed food and food components (55):

Beer (2); brewers yeast, NL, UK (2); compressed yeast, NL; corn silage, Belgium (2); film on cucumbers, USA; film on dry salted
beans, USA; film on sauerkraut, USA; flour, Burundi (2); fruit jelly, Germany; maple syrup®; molasses, NL; miso, Japan ... (4);
orangeade, NL; ragi, Indonesia (2); raw sugar, Cuba; rancid butter, NL; sourdough, Belgium (24), Italy (2), France (2), Germany
(1); sweetened condensed milk, NL; tobacco, Ireland; vacuum-packed pita, Belgium

Natural substrates (26):

Flower, Cuba ... (9); fruit, NL ... (6); soil, USA, Japan (2); crop of pigeon®; freshly tapped rubber, Indonesia; green olive,
Morocco; lake, USA; mushroom®; phylloplane of Quercus robur, Ukraine; termite, Germany; tobacco (2)*

Others (8):

Man, Italy, Norway ... (5); bottle caps; clay, UK; furniture polish, Switzerland

Numbers in brackets indicate multiple isolates, three dots indicate that the country of origin is only known for some of the isolates

from the given substrate

* No information on the country of origin available

W. anomalus was the second most frequent yeast with
26% of the isolates and was detected in two of 21
artisan sourdoughs as the only yeast species. The
dominance of W. anomalus (66% of the isolates) in
laboratory sourdough fermentations was associated
with its osmotolerance and better acid tolerance, in
contrast with the narrower environmental preferences
of S. cerevisiae. W. anomalus was introduced into the

fermentations by the different cereal flours used, a
substrate in which S. cerevisiae is rarely found. The
possibility of dominating W. anomalus populations in
sourdough should assure an interest in the techno-
logical potential of this species including possible
contribution to flavour and other product qualities.
The question of the potential origin of W.
anomalus in sourdough fermentations led us to

Table 2 Wickerhamomyces anomalus isolated from sourdough and associated substrates such as cereals and flours

Country of  Flour Author or isolator Substrate, remark on quantity
origin
Italy Unspecified Castelli (1933) Home-baked sourdough
USA Wheat Kurtzman et al. (1970) Wheat flour
Finland Rye Salovaara and Savolainen (1984)  Two out of 11 home-baked sourdoughs, non-dominant
France Unspecified De la Cerve, deposited at BCCM/ Industrial sourdough, three strains
MUCL in 1986*
Belgium, Unspecified Jouniaux, deposited at BCCM/ Leaven, three strains
Germany MUCL in 1992
Burundi Unspecified Robert, deposited at BCCM/MUCL  Flour collected at flour mill, two strains
in 1992
France Unspecified Infantes and Schmidt (1992) Sole yeast species in 1 out of 12 sourdoughs/bakeries
Italy Wheat Gobbetti et al. (1994) One out of 24 sourdoughs
Portugal Rye, maize Rocha and Malcata (1999) Second most frequently isolated yeast after S. cerevisiae from
sourdoughs, also found in flour
Belgium Wheat, Vrancken et al. (2010)* Most frequent in laboratory fermentations, second most frequent in
spelt, rye artisan bakery sourdoughs

BCCM/MUCL: Belgian Coordinated Collections of Microorganisms/Mycothéque de 1I’Université catholique de Louvain

# Molecular methods used for species identification
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evaluate selected and well-documented strains of
this species, available from culture collections.
Considering 89 strains from the CBS, ARS-NRRL,
and BCCM/MUCL collections, widely diverse sub-
strates were seen, indicating a generalist nature for
W. anomalus (Table 1). However, when categorising
the substrates into processed food and food compo-
nents (55 strains), natural substrates (26 strains), and
others (8 strains), a high frequency of food-related
substrates was noted. W. anomalus was also asso-
ciated with natural sources, including flowers, fruits,
other plant surfaces and exudates, animals, and
mushrooms. Geographically, the collection strains
originated mostly from Europe, but also from
America, Asia, and Africa. This evaluation is only
indicative, as deposits in culture collections are
biased by the scope of the collection and the
motivation of the depositors. A true analysis of the
ecological niche of the species would imply long-
term collecting efforts throughout diverse environ-
ments and locations.

Focussing on culture collection strains and
published reports of W. anomalus isolated from
sourdough and associated substrates such as cereals
and flours, the species was found in these habitats
on ten different occasions (Table 2). Kurtzman
et al. (1970) isolated yeasts from wheat and wheat
flour from six regions in the USA and showed that
basidiomycetous yeasts dominated in grain samples.
W. anomalus was isolated from flours, but not from
grains, from three regions of the “wheat belt” area
in the USA. This species was shown to outgrow
other yeasts and established itself as dominant
species (68% of isolates) in ensiled high-moisture
corn. This was most likely due to its ability to
assimilate lactate produced by LAB, another dom-
inating group of microorganisms typically present
in silage (Burmeister and Hartman 1966). Similar
findings were made in rice stored in a sealed bin
(Teunisson 1954) and during storage of high-
moisture wheat grain where it inhibited the growth
of moulds (Bjonberg and Schniirer 1993). There-
fore, the yeast species W. anomalus appears to be
associated with the natural microbiota of cereals
and this yeast possesses characteristics that confer
an advantage over other yeasts in co-culture with
LAB. However, the exact nature of the link
between W. anomalus and cereals remains
unknown.

Strain diversity

To track the possible origins of W. anomalus
populations, molecular tools are needed. The study
of Belgian bakery and laboratory sourdoughs pro-
vided numerous isolates from different fermentations
that were used as a starting material to search for
strain-specific markers. One hundred and seventy-
seven W. anomalus isolates were identified by
PCR-fingerprinting with the mini-satellite specific
primer M13, of which a selection was characterised
by physiology and morphology, as well as by sequence
analysis of the D1/D2 LSU rDNA, the ITS1/5.8S/
ITS2 rDNA and partial sequences of the ACT1 gene
(Vrancken et al. 2010). PCR-fingerprinting revealed
two profiles distinguished by the presence or absence
of one bright band of approximately 1,800 bp. To
investigate intra-species variation, 27 isolates that
represented different bakery and laboratory sour-
doughs as well as both PCR-fingerprint profiles were
sequenced with respect to their ITS region and the
ACT1 gene. The ACT1 gene showed up to seven
heterogeneous nucleotide positions, in which the
electropherograms showed peaks of two different
nucleotides at the same position at similar signal
strength. Consequently, these positions could not be
identified by direct sequencing of PCR products and,
hence, cannot be used for potential strain distinction
without prior cloning. Also, ITS sequences did not
yield significant variation among most isolates, with
the exception of isolate R7-24hl (MUCL 51241)
from a laboratory sourdough fermentation that dif-
fered by six substitutions and three insertions or
deletions from the type strain of W. anomalus and all
other sourdough isolates. A BLAST search showed
that four identical sequences had been determined by
other researchers, while another 44 ITS sequences,
highly similar to the type strain, were present in the
databases. Among the four strains with ITS sequences
identical to R7-24h1 (MUCL 51241), the assignment
of MTCC 462 to the species W. anomalus was
confirmed by sequencing of the intergenic spacer
(IGS) region (Sutar et al. 2004). The deviating
ITS sequences formed a cluster that was well
separated from the cluster containing the type strain,
including even more variable sequences, all of which
were distinct from closely related species such as
Wickerhamomyces subpelliculosa, Wickerhamomyces
ciferrii, Wickerhamomyces edaphicus, and a yet
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<« Fig. 2 Similarity tree of 103 internal transcribed spacer IDNA

sequences of W. anomalus and closely related species. The tree
was derived by neighbour joining using p-distances after
pairwise deletion of gaps in the software MEGA. These options
were chosen to preserve a maximum of information that might
be lost by more restrictive sequence evolution models. The
alignment consisted of 534 sites. Bootstrap proportions over
70% after 1,000 repetitions are given above branches.
Terminals are labelled with the sequence accession number if
available, followed by the abbreviated species denomination as
shown in the sequence database entry (Pa: Pichia anomala,
Pcif: Pichia ciferrii, Psp: Pichia sp., Psub: Pichia subpellicul-
osa, Wa: Wickerhamomyces anomalus, Wedaph: Wickerham-
omyces edaphicus, Wsp: Wickerhamomyces sp., Ssp:
Saccharomycete, Saccharomycetales sp., Scsp: Saccharomy-
codaceae sp.) and the strain number if available. Sourdough
isolates from Vrancken et al. (2010) are underlined. Type
strain sequences are in bold fonts. The partial sequence
alignment shows the ITS1 motif that distinguished group B
of W. anomalus isolates from the majority forming group A,
represented in the alignment only by the three independently
determined type strain sequences and one sourdough isolate.
Sequence FJ605112 does not seem to represent a strain of W.
anomalus. Dots indicate nucleotides identical to the first line

undescribed Wickerhamomyces species (Fig. 2). This
cluster was characterised by a shared motif in the
ITS1 region, a fact that raised our interest in a search
for potential sequential sequence evolution in this
subgroup of W. anomalus.

Sequential sequence evolution should be under-
stood as mutational steps that connect pairs of
sequences. It may be hypothetically reconstructed
by parsimony network analysis of sequences of
closely related strains (Templeton et al. 1992;
Crandall and Templeton 1993). In contrast to
tree-building methods, it assumes the inclusion of
the ancestral haplotype in the sample, it allows for
recombining sequences, and the result may include
cyclic networks. The detection of sequential sequence
evolution is important in this context, as it may
confound species assignment by counting the simple
number of nucleotide differences to the type strain of
the species. Parsimony network analysis has been
used to reconstruct the potential connection of strains
with higher than expected numbers of nucleotide
differences to the type strain via intermediately
observed or unseen haplotypes (Lachance et al.
2010). In the present paper, the analysis of ITS
sequences, following the methodology of Lachance
et al. (2010), indicated that the type strain of
W. anomalus, determined independently in three
laboratories, was present in the most populated

haplotype A, to which also the majority of the
sourdough isolates were assigned (Fig. 3). Seven
other haplotypes were part of the reconstructed
network, meaning that they should be considered as
members of the same species based on the analysed
data. The sequence of a strain isolated from the
lacewing Chrysoperla sillemi collected from cotton in
the Nagpur district of the Maharashtra state of India
(FJ605112), while included into the W. anomalus
cluster by the ITS similarity tree with high bootstrap
support but on a long branch, was not accepted into
the network. Its species assignment should conse-
quently be reconsidered.

The ancestral haplotype can be defined as the most
common one and the one that led to most diversifi-
cation, two conditions which are expected to coincide
(Crandall and Templeton 1993). In the present study,
this coincidence was not observed. While the most
populated haplotype A was only connected to two
other haplotyes, haplotype B gave rise to five other
haplotypes (Fig. 3). The question is why haplotype B,
which had apparently more time for diversification,
was far less frequently found than haplotype A? It
will not be possible to answer this question based on
the biased sampling of database sequences and the
restricted data originating from a single sequence
locus. A potential explanation may be that the
underlying assumption for the prediction of ancestry,
a geographically structured population with limited
gene flow, has not been met. The potential cause of
killer activity by mycocins in a particular haplotype
seems to be unlikely, as strains in both haplotypes A
and B have been specified to possess killer activity. It
should be noted that haplotypes A and B have been
found in the same environment, for example in a
study of clinical and environmental isolates (Reyes
et al. 2004) or in laboratory sourdough fermentation
R7 (Vrancken et al. 2010). One and the same
sourdough sample yielded the only sourdough isolate
of haplotype B as well as a second isolate of W.
anomalus belonging to haplotype A. The study of 23
sequences of Belgian sourdough isolates can thus be
considered as a representative sample of this partic-
ular and locally determined environment, which
showed the strong overrepresentation of haplotype
B in the sample. However, more markers that provide
information on the strain level may contribute to a
better resolution of populations within the species
W. anomalus.
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A

D07WR01T02-1
D07WR01T02-4
D07WR01T02-5
D07WR02T01-1
D07WR02T01-3
D0O7WR02T01-5
D07WR02T01-6
D0O8WWO01T01-3
D08WW01T01-4
D08WW01T01-5
FN394000 R7-24h2
R9-24h3

R9-24h4

R9-240h2
EN394003 R11-72h4
R11-96h3

R12-72h1
R12-168h1
R12-240H1

R15-72h

FN394001 R15-96-5
FN394002 R15-192h

EU343844 MUCL 30392, leaven, Germany
EU409802 Band 8, sorghum fermentation (Qu), China
EU798696 NN27030, rice wine, Thailand
EU330185, rice wine fermentation, China
GQ280811 EG2, barley solution, South Korea
FJ176542 FS2 2 12, starter of Fen liquor, China
AY231606 MTCC 237, fermenting cassawa, Nigeria
AY231608 MTCC 3033, spoiled sweet potato, India
AY231612 MTCC 3815, starter of marcha, India
GU133332 ZMS4, ethanol production, Egypt
FM173090 TT055, compost, Finland

AM711382 AP17, compost, Finland

AY349451 A1, orange juice, killer, Brazil

AY349452 A3, orange juice, Brazil

EU380207 0732-1, leaf, China

AF270936, FY-102, apple skin, antagonistic to B. cinerea

FJ713067 E7A, estuarine mud, UK

DQ534406 YFO7b, Ascidiacea (sea squirt), killer, China
FJ515180 SM19, sea water, Taiwan

AB467305 TL0903, sea water, Taiwan

AB467306 TL1002, sea water, Taiwan

AB467307 TL0202, sea water, Taiwan

AY168783 ST3-1d, CCRC 22921, river water, Taiwan

FM178296 WM 2194, clinical, Australia
EF568036 WM 1039

AY349447 P1, clinical, killer, Brazil
AY349450 P2, clinical, killer, Brazil
AY349445 P6, clinical, Brazil

AY349443 P7, clinical, killer, Brazil
AY349448 P10, clinical, Brazil

AY349446 P15, clinical, Brazil

AY349444 P16, clinical, killer, Brazil
AY349449 P19, clinical, Brazil

AY939800 ST3352/2-03, clinical, Germany
GQ376075 HCPF 2654, clinical, Greece
GQ376076 HCPF 2681, clinical, Greece
DQ249195 WM 825, CBS 605, clinical, Italy
AY231611 MCCL 209, clinical, India
AY231610 MCCL 1569, clinical, India
AY231609 MCCL 13, clinical, India
AB469881 FL08-0094, clinical, Japan

DQ249196 CBS 5759 NT, killer K4
CBS 5759 NT, killer K4
AY046221 NRRL Y-366 NT, USA

AY231607 MTCC 462, molasses, India
EU862187 CTSPF 5, soy fermentation, China
FJ865436 M10, dye polluted environment, Argentina

AF321543, spontaneously fermentin@

AY796125 jbra 607, vineyard, New Zealand

FEN393999 R7-24h1

DQ432637, oily soil, China

AY349437 P3, clinical, Brazil
AY349440 P4, clinical, Brazil

AY349441 P9, clinical, Brazil

AY349442 P13, clinical, Brazil
AY349438 P14, clinical, Brazil

EF449518 ZY4, grapevine, Greece
O
AB331898 PY1 fermented food, Thailand

AY349435 P5, clinical, killer, Brazil

AY349436 P12, clinical, killer, Brazil

EF151441 F16, rice wine?, China
EF175900 band F4, rice wine, China

Fig. 3 Parsimony network analysis following the methodol-
ogy of Lachance et al. (2010), including the same internal
transcribed spacer rDNA sequences as in Fig. 1, but showing
only those 87 sequences identified by this analysis as members
of the species W. anomalus. Labels include the sequence
accession number, strain number, substrate, and country of
origin if available. Sourdough isolates from Vrancken et al.
(2010) are underlined and type strain sequences are in bold

@ Springer

AY349439 P18, clinical, killer, Brazil
FJ224365 Tcy1, insect from rose, India
FJ599744 Tcy2, insect from rose, India

fonts. Lines indicate single nucleotide changes and small
circles between them represent missing intermediate haplo-
types. Ovals and the square include identical haplotypes (after
gap deletion), the square signifying the ancestral haplotype as
deduced by the software. The shaded boxes A and B were
distinguished by a specific ITS1 sequence motif shown in
Fig. 2. Additional single nucleotide changes were distributed
throughout the alignment
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Conclusions

Wickerhamomyces anomalus is well-adapted to the
sourdough microbial ecosystem, where it is encoun-
tered as the only yeast or in an inter-yeast species
community. It was introduced into laboratory sour-
dough fermentations via cereal flours as the only non-
sterile component added. Although W. anomalus is
associated with a wide geographic distribution and
can be isolated from diverse substrates, it has
repeatedly been reported from sourdoughs and other
cereal-related sources, suggesting a link between this
yeast and cereals. Its broad distribution appears to be
due to its competitiveness under stressful environ-
mental conditions, even if initially present in low cell
numbers in mixed microbial populations of sponta-
neous fermentation systems. The W. anomalus ITS
sequence-based population structure showed one
large and homogenous haplotype and seven far
smaller haplotypes, one of which was deduced to
take a more central role in the evolution of the species
than the quantitatively dominating major haplotype.
The major haplotype may form a particularly suc-
cessful population without regard to geography
and with uninterrupted gene flow, coherent with
W. anomalus being of generalist character.

Reliable strain typing methods are urgently needed
for W. anomalus to further investigate the origins and
routes of transfer, competiveness, and other factors.
These are especially needed in view of the value of this
yeast in food and feed preservation, and its recognition
as a potential emerging opportunistic pathogen.
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