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Abstract

Microbes establish very diverse but still poorly understood associations with other
microscopic or macroscopic organisms that do not follow the more conventional modes
of competition or mutualism. Phaffia rhodozyma, an orange-coloured yeast that produces
the biotechnologically relevant carotenoid astaxanthin, exhibits a Holarctic association
with birch trees in temperate forests that contrasts with the more recent finding of a
South American population associated with Nothofagus (southern beech) and with stro-
mata of its biotrophic fungal parasite Cyttaria spp. We investigated whether the associa-
tion of Phaffia with Nothofagus—Cyttaria could be expanded to Australasia, the other
region of the world where Nothofagus are endemic, studied the genetic structure of pop-
ulations representing the known worldwide distribution of Phaffia and analysed the
evolution of the association with tree hosts. The phylogenetic analysis revealed that
Phaffia diversity in Australasia is much higher than in other regions of the globe and that
two endemic and markedly divergent lineages seem to represent new species. The
observed genetic diversity correlates with host tree genera rather than with geography,
which suggests that adaptation to the different niches is driving population structure in
this yeast. The high genetic diversity and endemism in Australasia indicate that the
genus evolved in this region and that the association with Nothofagus is the ancestral
tree association. Estimates of the divergence times of Phaffia lineages point to splits that
are much more recent than the break-up of Gondwana, supporting that long-distance dis-
persal rather than vicariance is responsible for observed distribution of P. rhodozyma.
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Introduction

Microorganisms establish an exceptionally vast array of
interactions with either other microbes or macroscopic
living beings. These diverse interactions range from
mutual benefiting associations to cases of markedly det-
rimental outcomes to one of the partners. Not surpris-
ingly, human, animal and plant diseases caused by
microbes are the targets of most of the studies but a
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myriad of other types of strict or facultative associations
adopted by microbes take place in most, if not all, of
Earth’s ecosystems. Fungi interact with living plants in
a variety of ways, the most frequent being the forma-
tion of mycorrhizae, the mutualistic association between
a fungus and the roots of a vascular plant, and the dif-
ferent kinds of bio- or necrotrophic plant parasitism
(Taylor et al. 2004). However, other types of interactions
that include, for example, exploring the phylloplane
niche without apparent negative effects to the host
(Fonseca & Inacio 2006) have remained much more
obscure.
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Phaffia rhodozyma (synonym Xanthophyllomyces dend-
rorhous) is a basidiomycete yeast that was originally
found in exudates of Betula spp. and a few other decid-
uous trees of the genera Alnus, Cornus and Fagus (Phaff
et al. 1972; Miller et al. 1976). There are a number of
traits that suggest that tree exudates are not a transient
habitat of P. rhodozyma but rather a niche to which this
yeast is well adapted. First, Phaffia is able to ferment
sugars and is Crabtree positive (Reynders et al. 1997),
which means that glucose is fermented even under aer-
obic conditions. The ability to ferment sugars, extremely
rare among basidiomycetous yeasts (Barnett et al. 2000),
is likely to be advantageous in the moist and nutrient-
rich tree exudate niche. Second, in Phaffia, sexual
reproduction does not involve the transition of the uni-
cellular stage to a filamentous one, which is at variance
to what is known for all other basidiomycetous yeasts
and might be related to the adaptive loss of filamentous
structures normally related to the exploitation of solid
substrates. Interestingly, the switch from asexual to sex-
ual reproduction is triggered by polyols such as ribitol,
which are compounds that are present on the tree exu-
dates colonized by P. rhodozyma (Golubev 1995). Phaffia
is an homothallic microorganism and sexual conjuga-
tion occurs between cells of a single strain, usually
between a cell and its bud or, less frequently, between
two independent cells (Golubev 1995), a process that
fits the definition of haploid selfing (Billiard et al. 2012).
Nevertheless, outcrossing is not excluded as conjugation
between cells of distinct strains followed by the devel-
opment of sexual structures has also been observed
(Kucsera et al. 1998).

Phaffia produces astaxanthin, a carotenoid that pro-
tects the cells from oxidative stress like that caused
by photogenerated reactive oxygen species (Schroeder
& Johnson 1995). Astaxanthin was also found to have
anti-inflammatory and neuroprotective  properties
(Naguib 2000; Lee et al. 2011), in addition to antioxi-
dant activity. It is also used in aquaculture for pig-
mentation of fish and crustaceans, being the most
expensive feed ingredient (Johnson & Schroeder 1995).
Current research on P. rhodozyma focuses on the
genetic manipulation of the pathway of astaxanthin
biosynthesis and on improving final yields of this
compound (Gassel et al. 2013; Loto et al. 2012). In the
light of the biotechnological relevance of astaxanthin,
its global market size is expected to be a quarter-
billion dollar by 2015 (Schmidt et al. 2011). In addi-
tion, a photo-inducible UV-absorbing compound has
been recently detected also in P. rhodozyma, which is
known as mycosporine-glutaminol-glucoside (Libkind
et al. 2011a).

The Holarctic distribution of P. rhodozyma, in pre-
dominant association with birch (Betula) in temperate

forests in North America and Japan, was later extended
to Betula spp. in Russia (Golubev et al. 1977). More
recently, the range of P. rhodozyma was considerably
expanded when we reported on a South American pop-
ulation associated with Nothofagus trees (southern
beech) and stromata of its biotrophic fungal parasite
Cyttaria spp. (Libkind et al. 2007). Cyttaria produces
trunk and branch cancers solely on Nothofagus, and its
fructifications (stromata) form annually in spring and
can reach the size of golf balls. Cyttaria stromata have a
distinctive yellow to orange colour and, when mature, a
content of simple sugars of almost 10% (Lederkremer &
Ranalli 1967). The discovery of the South American
population that was geographically well separated from
the previously known populations and the association
with Nothofagus—Cyttaria increased the interest of Phaffia
yeasts as an experimental model for the study of eco-
logical associations, phylogeography and long-distance
migration of saprobe microbes.

In this study, we investigated whether the association
of Phaffia with Nothofagus—Cyttaria observed in South
America could also be found in Australasia, the other
region of the globe, reminiscent of the break-up of
Gondwana, where the Nothofagus—Cyttaria system can
be found (Peterson & Pfister 2010). Besides mapping
the distribution of Phaffia yeasts, we wanted to assess
the degree of genetic divergence within and between
populations, to get insights into population structure at
a continental scale and to analyse in detail the evolution
of the association between Phaffin and trees of the gen-
era Nothofagus and Betula.

Materials and methods

Sampling and isolation procedures

Yeast isolations from Cyttaria stromata were performed
as previously described (Libkind et al. 2007). In parallel
with the conventional malt and soytone yeast isolation
medium (Libkind et al. 2007), a selective medium based
on yeast nitrogen base (YNB; Difco) supplemented with
trehalose (0.8% w/v) was also used (Tognetti et al.
2013). For isolations from Nothofagus leaves, approxi-
mately 10 leaves were placed in 50-mL polypropylene
tubes with 40 mL of sterile water and incubated at
18-20 °C for 1 week. After this step, 100 pL of the sus-
pension was used to inoculate the culture media, and
the subsequent steps were performed in the same man-
ner as in the isolations from Cyttaria. For preliminary
identification of the isolates, the formation of sexual
structures characteristic of Phaffin was checked micro-
scopically using phase-contrast optics on cultures
incubated on ribitol agar media (Golubev 1995) for
1 week at 18-20 °C.
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DNA extraction and sequencing

Genomic DNA was obtained as previously described
(Sampaio et al. 2001). PCR conditions and primers used
to amplify fragments of the genes CRTI, CRTS, IDI,
INV, [41, EPH1, GDHA and rDNA are listed in Table
S1 (Supporting information). For each gene, both
strands of purified PCR products were sequenced. Gene
fragments with heterozygous sites were inserted into
the vector pJET1/blunt, and the cloning protocol of
CloneJET™ PCR Cloning Kit from Fermentas was fol-
lowed using DH5-o Escherichia coli cells. The obtained
clones were sequenced to derive the two original
sequences.

Phylogenetic analysis, population structure and
ancestral state reconstruction

Sequences were aligned using cLusTALW (Thompson
et al. 1994) implemented in sioepiT 7.1 (Hall 1999) and
also with T-Coffee (Notredame et al. 2000; Di Tommaso
et al. 2011). Phylogenetic analyses using maximum par-
simony were performed in MEGA5 (Tamura ef al. 2011).
The close-neighbor-interchange algorithm was used
with search level 1 and random addition of sequences
(10 replicates). Branch lengths were calculated using the
average pathway method (Nei & Kumar 2000). Congru-
ence of the seven individual gene trees was analysed in
rauP (Swofford 2003), using the partition homogeneity
test performed with 1000 replicates. Congruence was
considered to exist if P > 0.05.

Phylogenetic analyses using maximum likelihood
were performed in RAXxML (Stamatakis 2006). In this
case, sequences were aligned using T-Coffee algorithm
(Di Tommaso et al. 2011) as implemented in the
T-Coffee Server (http://tcoffee.crg.cat/apps/tcoffee/
index.html). Reliability of the ML trees was assessed by
bootstrap analysis (Felsenstein 1985) including 1000 rep-
lications. The jModelTest (Posada 2008) was used to
select the most appropriate model of nucleotide substi-
tution under the Akaike information criterion (Akaike
1998) for single-gene concatenated phylogenies.

Phylogenetic networks were constructed using the
neighbor-net model (Bryant & Moulton 2004). For the
calculation of the pairwise homoplasy index (Phi statis-
tics Pw), values of P > 0.05 were interpreted as indicat-
ing the absence of recombination (Bruen et al. 2006).
Both analyses were conducted in spLITSTREE 4 (Huson &
Bryant 2006).

To investigate population structure, the multilocus
sequence data set was analysed in STRUCTURE 2.3
(Pritchard et al. 2000; Falush et al. 2003), which imple-
ments a model-based clustering method to determine
the optimal number of genetic clusters present in a
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population. A burn-in length of 100 000 steps followed
by 10° steps of data collection was used. The ancestry
model used was admixture with correlated allele fre-
quency, and the number of populations (K) tested ran-
ged from 1 to 10 (data set of 40 strains) and 1 to 8 (data
set of 32 strains) with 20 runs per each K-value. The ad
hoc measure of AK, which is based on the rate of change
in the log probability of data between successive K-val-
ues (Evanno et al. 2005), was employed for estimating
the number of clusters of Phaffia rhodozyma. Two distinct
data sets were tested, one including 40 strains (popula-
tions A-F) and another with 32 strains (populations
A-D). Ancestral state reconstruction regarding tree
associations was performed in MesQuIitE (http://mes-
quiteproject.org.). Associations with Nothofagus, Betula
and Cornus trees were considered for the analysis. The
phylogeny of the tree hosts was estimated with maxi-
mum likelihood and followed the procedures indicated
above for this method.

Molecular dating

Using a primary calibration date taken from Coetzee
et al. (2011), we calculated a secondary calibration date
that was used to estimate the divergence times of the
various Phaffia lineages in BEAsT 1.7 (Drummond et al.
2012). We used the data set of Coetzee et al. (2011) to
which Phaffia sequences were added. The first data set
had sequences of the large subunit (LSU) region of the
rDNA operon and corresponded to the Basidiomycota
matrix of Coetzee et al. (2011) that included members of
the Agaricomycotina (to which Phaffin belongs) and
Ustilaginomycotina. The third main lineage of Basidi-
omycota, the Pucciniomycotina, was used as outgroup.
We added five sequences of Cystofilobasidiales, com-
prising Phaffia and its sister genus Cystofilobasidium. Fol-
lowing Matheny et al. (2009) and Coetzee et al. (2011),
we set the prior distribution for the separation of Ustil-
ago from Agaricomycotina to a normal distribution with
a mean of 430 Ma (standard deviation: 50). This
allowed estimating the divergence dates between Cys-
tofilobasidium and Phaffin as well as the divergence of
the three Phaffia species. The estimates obtained with
this data set were then used as calibration points for
the second data set that combined LSU and internal
transcribed spacer (ITS of the rDNA operon) and
included representatives of all the Phaffia lineages.
BEAUTI 1.7 (Drummond et al. 2012) was used to set prior
distributions for the tree nodes, and a relaxed molecular
clock with uncorrelated log-normal rate variation with a
Yule speciation prior was used. The best fitting ML
model for the data set was determined by MoDELTEsT 1.1
(Posada 2008). The remaining priors and operators were
in default settings. A number of 2 x 10° generations of
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Markov chain Monte Carlo were used with sampling
each 1000 steps. Statistical analyses of BEAST results were
performed with Tracer 1.5 (http://tree.bio.ed.ac.uk/
software/tracer/), data were summarized by TREEANNO-
TATOR 1.1 (http://beast.bio.ed.ac.uk/software/TreeAn
notator), and RGTREE 1.3 (http://tree.bio.ed.ac.uk/soft-
ware/figtree/) was used to draw the chronograms.

Results

Phaffia is present in Australasia

Field work was carried out in November and December
of 2009 in Nothofagus woodlands infected with Cyttaria
in Queensland and Tasmania (Australia) and in New
Zealand’s South Island (Fig. 1). Given that in Laming-
ton National Park (Queensland), Cyttaria fruit bodies
mature earlier than in the other locations due to the
warmer climate, they were already absent when the col-
lections were done. Consequently, in this collecting site,
Nothofagus leaves were used instead. We were able to
isolate Phaffia yeasts from all the localities surveyed and
from a total of 32 samples that were collected, 18
yielded positive results (Table 1). Approximately one
hundred Australasian Phaffia isolates were recovered
and preliminarily identified by the detection of typical

Lamington Park
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Fig. 1 Australasian map showing present-day Nothofagus distri-
bution (shadowed areas) and collection localities (arrows).

basidia. The success rate of isolation was considerable
(Table 1), thus suggesting that these yeasts were not
transient in the Cyttaria—Nothofagus system. The isolates
chosen for further analysis were selected so as to mini-
mize the possible inclusion of strains from the same
population. Considering that our study had four sam-
pling sites, 12 isolates were selected for further studies.

Phylogeny and diversity

To study the phylogenetic relationships of the new iso-
lates, seven genes (Table S1, Supporting information)
were partially sequenced for a set of 40 strains repre-
senting the global geographical and ecological diversity
currently known for this species (Table S2, Supporting
information). Besides the newly found Australasian iso-
lates, this strain data set included isolates from North
and South America, Europe and Asia. First, individual
maximum parsimony gene phylogenies were con-
structed, and their congruence was assessed with the
partition homogeneity test implemented in raur. The
null hypothesis of the absence of congruence between
the seven data sets (corresponding to P < 0.05) could be
rejected because in our study P = 0.421. Moreover, sin-
gle-gene phylogenies constructed using both maximum
parsimony and maximum likelihood were in general
concordant, thus providing additional support for
concatenation (Fig. S3, Supporting information). The
concatenated alignment was used to generate the best
maximum likelihood phylogenetic tree inferred in
RaxML (Fig. 2; the equivalent maximum parsimony tree
is shown in Fig. S3, Supporting information). Six main
clades (A-F) were detected and found to be partially
correlated with the distribution of Phaffia at a continen-
tal scale. While the South American isolates were
grouped in clade A, the Australasian isolates were dis-
tributed in three divergent clades (B, E and F). The Jap-
anese isolates were distributed in clades C and D,
whereas all the North American/Northern European
isolates were placed in clade C. Clade C was subdi-
vided into an Asian/Alaskan subclade (C1) and a
North American/North European subclade (C2). The
divergence of clades E and F from each other and from

Table 1 Sampling localities, number and type of samples and success rates of isolation

Number of Success rate of
Locality Host system samples isolation (%)
Lamington National Park, Queensland, Australia N. mooreii (leaves) 6 100
Mount Field National Park, Tasmania, Australia N. cunninghamii — C. gunnii 13 30
Lewis Pass, New Zealand N. menziesii — C. nigra/C. gunnii 4 50
Hasst Pass, New Zealand N. menziesii — C. nigra/C. gunnii 9 65

C., Cyttaria; N., Nothofagus.

© 2014 John Wiley & Sons Ltd
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Fig. 2 Distribution, phylogeny, host tree association and phylogenetic network of Phaffia. (a) World map showing the distribution of
populations, which are represented by capital letters. (b) Unrooted maximum likelihood phylogeny of Phaffia (left) based on a concat-
enated alignment of partial sequences of seven genes and host trees (right) based on internal transcribed spacer sequences. Bootstrap
values (1000 replicates) higher than 50% are indicated. The geographical origin of the isolates is indicated after strain number (A,
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Squares at internal and terminal tree nodes refer to ancestral state reconstruction (black squares, association with Nothofagus; open
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the remaining clades was remarkable and ranged
between 30% and 33% (nucleotide diversity calculated
using the Jukes and Cantor correction), thus indicating
a marked separation of these two groups. To better
evaluate the divergence of lineages E and F, we con-
structed a broader phylogeny based on ITS sequences
(comprising ITS 1, 5.8 S and ITS 2 of rRNA) that are
used for fungal DNA barcoding (Schoch et al. 2012) and
therefore allow the simultaneous assessment of
sequence divergence of Phaffia lineages and of species
of the sister genus Cystofilobasidium (Fig. S1, Supporting
information). In this analysis, the divergence of lineages
E and F from each other and from the remaining Phaffia
lineages was confirmed. The number of nucleotide sub-
stitutions between the different species currently recog-
nized in the genus Cystofilobasidium ranged between 11
and 26, whereas the nucleotide differences between the
three main Phaffia clades (lineages A-D, E and F) varied
between 25 and 36, representing therefore an equivalent
or higher divergence than that observed for species of
Cystofilobasidium. Therefore, the most comprehensive
Phaffia strain data set analysed to date was resolved into
three main clades that we tentatively assign the rank of
species, primarily because of their degree of sequence
divergence. Clades A-D represent Phaffin rhodozyma,
and clades E and F represent two new Australasian
species of Phaffia. The individual gene phylogenies (Fig.
S3, Supporting information) validate a three-species
phylogenetic concept sensu Taylor et al. (2000) as incon-
gruences between tree topologies were only found
within the three putative species, the delimitation of
their respective clades being always maintained. Assess-
ing levels of reproductive isolation in mating tests
involving representatives of each lineage was not possi-
ble because sexual structures were readily produced by
each strain alone. While the new species represented by
clade E, Phaffia sp. I, had a broad distribution and was
found in Lamington Park (Queensland) and in the two
localities surveyed in New Zealand (Haast Pass and
Lewis Pass), Phaffia sp. I (clade F) was found only in
Tasmania.

Hybridization and recombination

The considerable genetic divergence encompassed by
the six Phaffia lineages, the three-species hypothesis and
the peculiar sexuality with predominance of a mode of
reproduction close to haploid selfing led us to assess
the relevance of reticulate events such as hybridization
and recombination between lineages. For CBS 5905, iso-
lated in Japan, we detected heterozygous sites in the
sequences of three genes (CRTS, EPHI and IDI). For
these cases, two haplotypes were separated by cloning
and their sequences were used in the phylogenetic tree

of Fig. 2. Haplotype 1 clustered in clade B that included
the Australasian strains of P. rhodozyma and also a sin-
gle strain from Taiwan, whereas haplotype 2 belonged
to clade C, formed by strains from the Northern Hemi-
sphere, mostly from Betula. As to the remaining genes,
whereas the INV sequence belonged to clade B, the
CRTI, L41 and GDHA sequences clustered in clade C.
For the seven concatenated genes used to build the
phylogeny, the presence of different haplotypes was
only observed for CBS 5905, and in the splits network
based on the multilocus sequence data set depicted
(Fig. 2), we observed a limited number of incompatible
splits that did not affect the marked separation between
lineages. The restricted reticulation involved clades B
(Australasia and Taiwan), C (Europe, North America
and Japan) and D (Japan) and suggested some sort of
genetic contact between these groups. As expected, the
hybrid nature of CBS 5905 contributed to the reticula-
tion observed between clades B and C. The Patagonian
population (clade A) and the divergent Australasian
clades E and F were well isolated and had no reticulate
events with the remaining populations. Besides CBS
5905, another case of possible heterozygosity was found
for the ITS sequence of strain GY13L04. However, as
multiple copies of the rDNA operon are normally pres-
ent, it is possible, although not frequent, that more than
one ITS version is present in the same organism. In the
case of GY13L04, the two sequence versions belonged
to the same clade (Fig. S1, Supporting information). For
a statistical validation of the phylogenetic network
approach, we calculated the pairwise homoplasy index
(Bruen et al. 2006) within and between the populations
of the core group. The results were concordant with the
previous analysis, and the hypothesis of free recombi-
nation in this species could be rejected as recombination
was only detected between populations B and C and
solely when the two haplotypes of CBS 5905 were
included in the analysis (&, higher than 0.05 indicates
the absence of recombination and was 2 x 10> when
CBS 5905 was included and 0.7 when this strain was
excluded). In summary, the reticulation observed for
Phaffia did not cause a marked change in the topology
of the phylogeny proposed in Fig. 2, thus suggesting
limited roles for sexual recombination and hybridiza-
tion between lineages. Finally, we used the quantitative
clustering method implemented in STRUCTURE to analyse
population memberships. Six ancestral clusters (K = 6)
were inferred and found to be coincident with the six
clades mentioned earlier (Fig. 2). The vast majority of
strains were clean lineages, and only two strains
(GY13L04 and CBS 5905) had mixed ancestries, which
is in concordance with the phylogenetic analyses
reported earlier. The method of Evanno et al. (2005)
supported K =4 and K =6, and higher values of K
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failed to reveal additional populations (Fig. S2, Support-
ing information). For K = 4, the divergent Australasian
clades E and F were maintained as clean lineages, and
a mixed ancestry was suggested for clades B and D.
The differences observed between the plots from K = 4
and K =6 might be due to the extreme divergence of
lineages E and F. Removing them from the analysis
yielded four populations that were concordant with the
phylogenetic analysis (Fig. S2, Supporting information).

Tree associations

Nothofagus is an emblematic genus for the study of bio-
geographical processes in the Southern Hemisphere
related to the break-up of Gondwana (van Steenis 1971;
Linder & Crisp 1995; Sanmartin & Ronquist 2004; Cook
& Crisp 2005). This super-continent that once united
Australia, New Zealand, Antarctica, Africa and South
America fragmented gradually between 95 and 30 Ma
(Sanmartin & Ronquist 2004). It is considered that
Australia and New Zealand separated first (80 Ma),
whereas Australia and South America were connected
by Antarctica until 30 Ma (McLoughlin 2001). Likewise,
the Tasman Sea, which separates Tasmania from New
Zealand, reached its present size circa 65 Ma (Coleman
1980; Veevers et al. 1991). Molecular dating of extant
Nothofagus lineages indicates that long-distance dis-
persal played a key role because, in general, the diver-
gence times of several lineages are much younger than
continental split (Cook & Crisp 2005; Knapp et al. 2005).
Moreover, there is no instance of a Nothofagus or Cyttar-
ia species common to both South America and Austral-
asia or present both in Australia and New Zealand
(Hill & Read 1991), (Peterson & Pfister 2010). The bioge-
ography of Phaffin was analysed in the light of the chro-
nology of the break-up of Gondwana and in
comparison with what is known for southern beech and
its fungal parasite. The results obtained for Phaffia are
in sharp contrast with those of Nothofagus or Cyttaria
because the pattern of allopatric isolation and conse-
quent speciation at a continental scale was not
observed. First, a single species, P. rhodozyma, appears
to be associated with South American and Australasian
Nothofagus—Cyttaria systems, and second, this species
and Phaffia sp. 1 were found both in Australia (includ-
ing Tasmania) and New Zealand. To explore this issue
further, we used as template a recently published
relaxed molecular clock estimate of the radiation of the
plant pathogenic mushroom Armillaria (Coetzee et al.
2011) and included in an equivalent analysis, represen-
tatives of the six main lineages of Phaffia. The age of
divergence of the three Phaffia species (clades A-D, E
and F) was estimated to be between 13.3 and 20.7 Ma
(Fig. 3, Table 2), which suggests that, even taking into
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account the considerable incertitude of these methodol-
ogies, speciation occurred after the break-up of Gondw-
ana. Moreover, the estimation of the divergence
between the South American and Australasian popula-
tions of P. rhodozyma (clades A and B) was 0.8 Ma, and
in clade B, isolates from Tasmania and New Zealand
show even more recent divergence which can be
viewed as absence of a separation.

The Betulaceae are distributed in temperate regions of
the Northern Hemisphere (Chen et al. 1999). It has been
proposed that the Betulaceae arose in Central China
65 Ma, in the Late Cretaceous and Early Tertiary (Chen
et al. 1999), long after the radiation of Nothofagus, and
then colonized Eurasia and North America. At that
time, migration to North America was possible from
the east via the Bering land bridge and from the west
via the Greenland North Atlantic land bridge (Tiffney
1985), and it is considered that Betula expansion fol-
lowed these routes. With respect to tree associations in
Phaffia, the ancestral state reconstruction performed in
MESQUITE supported that the association with Nothofagus
is the ancestral state and that transitions to other hosts
occurred independently and at least twice, one to Cor-
nus (clade D) and one to Betula (clade C) (Fig. 2). More-
over, according to the relaxed molecular clock
estimates, the transition from Nothofagus to Betula
occurred around 3.1 Ma (Fig. 3), therefore well after
Betula colonized Eurasia and North America.

The ITS molecular phylogeny of Phaffia main tree
hosts, Nothofagus, Betula and Cornus, was compared
with that of Phaffia (Fig. 2 and Fig S4, Supporting infor-
mation). As Nothofagus and Betula are more related and
belong to the order Fagales, Cornus appears as out-
group. Interestingly, an equivalent topology was
obtained for Phaffia lineages A-D that represent the spe-
cies P. rhodozyma, the strains associated with Cornus
being external to their Nothofagus and Betula relatives. It
is also remarkable that the two P. rhodozyma lineages
associated with Nothofagus, one South American (clade
A) and the other Australasian (clade B), form a mono-
phyllum that correlates with the two terminal nodes of
the southern beech phylogeny representing the South
American and Australasian Nothofagus (Fig. 2). There-
fore, besides the dominance of the Nothofagus associa-
tion, this comparison suggests a correlation between the
phylogeny of the main lineages of Phaffin and that of
the trees to which they are associated.

Discussion

Australasia as a diversity hot spot

The field of fungal phylogeography is less developed
than that of animal or plant phylogeography, and few
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Table 2 Estimated divergence dates, node heights and
confidence intervals of Phaffia lineages

Date Median 95% HPD
Node estimate node height (L — H)
Phaffia rhodozyma
Divergence of clades 0.82 0.52 0-2.6
A and B
Divergence of clade C  3.11 2.76 0.5-6.4
Divergence of clade D 5.28 4.92 1.5-9.8
Phaffia sp. 1 13.4 13.4 13.3-13.5
Phaffia sp. 11 20.7 20.7 20.6-20.8
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Fig. 3 Molecular dating of the divergence of Phaffin lineages
and of its sister genus Cystofilobasidium, based on concatenated
large subunit and internal transcribed spacer sequences. Esti-
mated divergence times are indicated at the tree nodes.

studies have addressed the topic of the global distribu-
tion of fungi in space and through time (Thorsten et al.
2008). Among the several reasons that account for the
poor development of evolutionary studies of fungal bio-
geography, the difficulty in delimiting and recognizing
species, the high sampling effort associated with sound
ecological studies and the puzzling vast distribution of
some taxa over continents should be highlighted
(Berbee & Taylor 2010). Second, the study of ecological
phenomena in microbes is intrinsically complex because
it involves multiple and elaborated interactions that can
only be elucidated with detailed investigations carried
out at the molecular level. In a previous study, we char-
acterized a South American population of Phaffia rhodo-
zyma in Patagonia and reported, for the first time, the
occurrence of this species in the Southern Hemisphere
(Libkind et al. 2007, 2011b). The Patagonian population
represented a third lineage within the species, the other
two being a clade that included several strains isolated
from Betula in Finland, Russia and Alaska and a minor
group of markedly divergent strains isolated in Japan
from Cornus brachypoda (Libkind et al. 2007). In the

present study, we investigated whether the Nothofagus—
Cyttaria association previously detected in South Amer-
ica could be extended to Australasian Nothofagus
infected with Cyttaria. Besides detecting Phaffia lineages
in Australasia, we observed that those lineages repre-
sent the widest divergence so far reported for these
yeasts. This divergence is illustrated by the presence in
Australasia, but not in other regions, of three Phaffia
species. Therefore, Australasia exhibits a much higher
diversity of Phaffin yeasts than South America or the
Holarctic region and can be therefore viewed as a
diversity hot spot. New variation found in this
restricted group of astaxanthin-producing yeasts might
reveal stocks with increased biotechnological interest. In
addition, gaining new insights into the ecology of these
yeasts will foster our ability to understand the biologi-
cal roles of astaxanthin in natural systems.

Reproductive modes and diversifying selection

The genetic diversity that we detected in P. rhodozyma
correlates with the observed association with the tree
genera, Betula, Cornus and Nothofagus, rather than with
geography. Populations A and B, from South American
and Australasian Nothofagus, respectively, are phyloge-
netically related in spite of being separated by more
than 10 000 Km. In contrast, population C1 from Betula
in Japan and Alaska is geographically close to the
Australasian-Taiwanese population B from Nothofagus,
or even in contact given the hybrid nature of CBS 5905,
but the two groups show a genetic divergence higher
than that observed between populations A and B
(Fig. 2). Finally, the most divergent group within P. rho-
dozyma (population D, from Cornus) is from Japan, but
clearly distinct from population C1 from Betula (and
Fagus, see CBS 5908) also from Japan. A factor promot-
ing this niche-dependent assortment of Phaffin geno-
types could be diversifying selection. Kassen & Rainey
(2004) have argued that diversifying selection can con-
tribute to maintain diversity in nonuniform environ-
ments that are composed of distinct niches. The
diversifying selection hypothesis proposes that different
genotypes within a species may be favoured in each
niche and, as a consequence, diversity within the
species is promoted. Such a scenario has been recently
confirmed for a flower-living yeast species for which
plant microsite-dependent divergent selection was
found to influence local genetic diversity (Herrera et al.
2011). Phaffia seems to represent an extreme case of
diversifying selection in which distinct niches,
represented by Betula, Cornus and Nothofagus, act as dif-
ferential filters of genotypes and function as drivers of
genetic diversity. Because of the disjunct distributions
of the host trees, Betuls and Cornus are typically
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Holarctic taxa (Xiang & Thomas 2008), whereas Nothofa-
gus is restricted to the Southern Hemisphere; divergent
selection in P. rhodozyma has implications not only for
population biology (e.g. the sympatric occurrence of Be-
tula and Cornus lineages in Japan), but also for biogeog-
raphy and vicariance as distinct genetic lineages can be
found in allopatry, like in the case of Betula and Nothof-
agus lineages.

At this stage, it is not clear how selection acting on
genes relevant to niche adaptation would have contrib-
uted to the observed genetic diversity seen on genes that
are not obvious candidates for such selective pressures.
We hypothesize that the life cycle of Phaffia facilitates
divergence between lineages, at the genome scale, for
two main reasons. First, it is dominated by mitotic asex-
ual reproduction, similar to what has been found in
other fungal systems (Campbell et al. 2005; Billiard et al.
2012). Asexual reproduction in the form of bud forma-
tion is likely to promote selection for local adaptation to
different host trees as recombination, which would
break down advantageous allelic combinations, is
absent. Phaffia sexual reproduction looks much less
frequent than mitotic divisions and depends on the sea-
sonal presence of chemical triggers originating from the
host trees. Haploid selfing sensu Billiard ef al. (2011)
appears to be the most frequent mode of sexual repro-
duction and is accompanied by probably rare outcross-
ing events. Although changes in ploidy levels have not
yet been confidently measured, conjugation between
two cells of the same strain or even between a cell and
its bud occurs immediately before the development of
the basidium, the sexual structure that undergoes meio-
sis and forms the meiospores. Heterothalism (outcross-
ing) has also been shown to occur experimentally
(Kucsera et al. 1998). The second reason is linked to
assortative (nonrandom) mating and is likely to play a
key role. Host factors, namely polyols present in tree
fluxes, are known to trigger the development of the sex-
ual cycle (Golubev 1995). Therefore, sexual reproduction
only occurs in the different host trees that the different
lineages are adapted to. Such habitat-dependent repro-
ductive mode should promote the genetic differentiation
observed for the various lineages (Giraud et al. 2010).

Origin and radiation of Phaffia

We have shown that Australasia has the highest diver-
sity and the greatest level of endemism, which suggests
that the genus Phaffia evolved originally in this region.
The association with Cyttaria—Nothofagus seems to be an
ancestral trait in the genus and is present in the three
species known. Moreover, the distribution of P. rhodo-
zyma has to be explained by long-distance dispersal
rather than by vicariance. Given our estimate of the
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recent Phaffia radiation, long-distance dispersal is the
most likely explanation for the presence of the same
species in Australia and New Zealand and also in Aus-
tralasia, South America and the Holarctic region. Within
the long-distance dispersal scenario common to the
other examples already mentioned (Armillaria, Cyttaria
and Nothofagus), molecular dating suggested that the
divergence of Phaffia lineages was considerably more
recent than that of the other genera, even taking into
account the level of incertitude associated with these
approaches. The origin of Cyttaria was proposed to
range between 112 and 148 Ma (Peterson & Pfister
2010), Nothofagus early divergence to be of 80 Ma
(Knapp et al. 2005) and the deepest divergence of Armil-
laria was estimated to be 50 Ma (Coetzee et al. 2011).
Therefore, taking into consideration that the divergence
and possible migration of the populations of P. rhodo-
zyma took place <5.5 Ma (Fig. 3), such a recent dispersal
process could be the reason why speciation has not yet
occurred, although the different populations are becom-
ing gradually more genetically isolated from each other.

Betula and Nothofagus belong to the order Fagales,
and Nothofagus is viewed as the ancestral lineage in the
order (Li et al. 2004). Based on the fossil pollen record,
it has been hypothesized that a Cretaceous Fagalean
complex existed in the South-East Asian—Australian
region (Hill 1992). Migrations southwards might have
originated the Nothofagus group, whereas this complex
might have given rise to the Betulaceae north of the
equator, in South-East Asia. Our findings on Phaffia sug-
gest that the three species originated in Australasia in
association with Nothofagus, a radiation that started
about 21 Ma. More recently, some lineages of P. rhodo-
zyma shifted their ancestral association with Cyttaria—
Nothofagus to associations with Cornus and Betula, while
other lineages remained associated with Nothofagus—
Cyttaria. The most recent divergence documented in our
study is the one between the South American and Aus-
tralasian populations that are associated with the Not-
hofagus—Cyttaria system (clades A and B). The topology
and dating of the divergence of Phaffia lineages shown
in Fig. 3 suggest that P. rhodozyma has been perma-
nently associated with Nothofagus and that, at different
time points, some populations become independently
associated with Cornus and with Betula as supported by
the ancestral state analysis performed in this study
(Fig. 2). The relatively lower divergence between the
Patagonian and the Australasian populations suggests
that although geographically well apart, these two pop-
ulations are not completely genetically isolated.

For the Phaffia lineage associated with Betula (clade
C), a statistically well-supported subdivision was
observed (Fig. 2). Subclade C1 corresponded to isolates
found in Japan and western North America (Alaska),
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whereas subclade C2 corresponded to European and
eastern North American isolates. The detection in North
America of western and eastern lineages that encom-
pass Japanese and European strains, respectively, sug-
gests that colonization involved two independent
migration routes and that the longitudinal separation
provided by the Rocky Mountains might have contrib-
uted to maintain the eastern and western populations
differentiated. Interestingly, the two possible migration
routes of Phaffin proposed here correspond to the two
Betula migration routes: one from Central Asia to wes-
tern North America, across the Bering land bridge; and
another one from Central Asia to Europe and then to
eastern North America via the North Atlantic land
bridge (Milne 2006).

Among the Phaffia lineages associated with Nothofagus,
the genetic resemblance of the Patagonian and Austral-
asian populations of P. rhodozyma contrasts with the dif-
ferentiation observed for the Australasian lineages
(P. rhodozyma and Phaffia sp. 1 and Phaffia sp. 1I). The
Australasian lineages seem to be in apparent sympatry,
and in three of the four localities surveyed, more than
one Phaffin species was found (Table S2, Supporting
information). One example is Phaffia sp. I that, in New
Zealand, was isolated from mature Cyttaria stromata
that had fallen on the ground, whereas in the same col-
lection sites, P. rhodozyma was isolated from stromata
still attached to Nothofagus. This suggests a process of
ecological speciation and it would be interesting to
know what the precise ecological niches of the three spe-
cies are, as it is possible that they have evolved distinct
ecological adaptations to avoid competitive exclusion.
Another interesting question with relevance to the field
of evolutionary microbial ecology is the identification of
the factors that promoted the long-distance distribution
and the colonization of new niches in P. rhodozyma but
not in the other two species revealed in this work. How-
ever, before such questions can be addressed, basic
aspects of Phaffia life cycle must be clarified, especially
the precise identification of ploidy transitions during
sexual cycle, the apparent haploid selfing reproductive
mode and its coexistence with a heterothallic system.
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