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One sentence summary: The authors highlight the importance of nectar as an underexplored reservoir of yeast diversity and describe two
Wickerhamiella species from South Africa, discussing the ecology and phylogenetic relationships of the clade.

Editor: Cletus Kurtzman

ABSTRACT

Flowers offer favourable microenvironments for yeast growth, and are increasingly recognised as a rich source of novel
yeast species. Independent surveys of yeasts associated with flowers and pollinators in South Africa led to the discovery of
38 strains of two new species. Physiological profiles and analysis of the internal transcribed spacer and the D1/D2 domains
of the large subunit rRNA gene showed that they represent two novel species that belong to the Wickerhamiella clade.

We describe the species as Wickerhamiella nectarea f.a. sp. nov. (type strain EBDCAVSA11-1T, CBS 141627, NRRL Y-637917)

and W. natalensis f.a. sp. nov. (type strain EBDCdVSA7-1T, CBS 141617, NRRL Y-63790T). We extend the known range of
flower-associated Wickerhamiella species to South Africa and discuss the ecology and phylogenetic relationships of the clade
in relation to its host species and biogeography. Examination of growth characteristics supports that the Wickerhamiella
clade exhibits a high degree of evolutionary lability, and that specialisation to different niches may occur rapidly. We review
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the current status of floral yeast biodiversity and nectar as a reservoir of species diversity, and the importance of pollinators
and biogeography. In addition, 18 species formerly assigned to the genus Candida are reassigned formally to the genus

Wickerhamiella.

Keywords: Candida; flower-associated yeasts; nectar; novel species; Wickerhamiella

INTRODUCTION

A high proportion of known yeasts species are associated with
plants, insects or both (Lachance et al. 2001; Ganter 2006; Starmer
and Lachance 2011). Surveys conducted so far suggest that they
are not uniformly distributed across space, but rather exhibit
spatial segregation both at large (biogeographic) and small (mi-
croenvironment) scales, correlated to a large degree with the dis-
tribution and type of insect vectors, host plant species and plant
microhabitat characteristics (Rosa et al. 1995; Lachance et al.
2001; Lachance, Bowles and Starmer 2003; Pozo, Lachance and
Herrera 2012). Plants offer a great variety of favourable microen-
vironments for yeast growth, with substrates that vary enor-
mously in chemical properties. Unique yeast communities ap-
pear associated to the rhizosphere (Grayston and Campbell 1996;
Botha 2006; Mestre et al. 2011), the phyloplane (Indcio et al. 2002;
Fonseca and Inacio 2006), plant exudates (Lachance, Metcalf and
Starmer 1982; Spencer et al. 1996; Pimenta et al. 2009), necrotic
tissues (Rosa et al. 1995; Cadete et al. 2012), fruits (Trindade
et al. 2002; Vadkertiova et al. 2012; Brysch-Herzberg and Seidel
2015) and flowers (Brysch-Hertzberg et al. 2004; Pozo, Herrera and
Bazaga 2011; Glushakova et al. 2014).

Wild flowers remain a comparatively unexplored reservoir
of yeast biodiversity, as suggested by the increasing number of
novel yeast species recovered exclusively from flowers described
in the last years (Lachance and Kurtzman 2011). Different micro-
bial communities have been isolated from floral parts, includ-
ing sepals, petals, pollen or nectar (Pozo, Lachance and Herrera
2012; Aleklett, Hart and Shade 2014). Nectar, a carbohydrate-
rich solution that may also contain lipids, proteins and amino
acids, has been shown to be an important niche for the pro-
liferation of yeasts, and particularly for Ascomycetes (Lachance
2006). Recent studies on the ecology of ephemeral yeast commu-
nities recovered from floral nectar have led to the discovery of
their importance for plant-pollinator interactions. It is now well
known that nectar-inhabiting yeasts, and more specifically some
species of the genus Metschnikowia as the cosmopolitan nec-
tar specialist Metschnikowia reukaufii can alter nectar sugar and
amino-acid composition (Herrera, Garcia and Pérez 2008; Peay,
Belisle and Fukami 2012; de Vega and Herrera 2013), reduce sugar
concentration (Herrera, Garcia and Pérez 2008; de Vega, Herrera
and Johnson 2009; de Vega and Herrera 2012), warm the flowers
(Herrera and Pozo 2010) or affect plant fitness through effects on
insect behaviour (Herrera, Pozo and Mendrano 2013; Vannette,
Gauthier and Fukami 2013; Schaeffer and Irwin 2014; Schaeffer
et al. 2016). Other Ascomycetous yeast species frequently recov-
ered from floral nectar and their associated insects belong to the
genera Starmerella, Kodamaea and Wickerhamiella (Starmer and
Lachance 2011), but their role on plant-pollinator interactions
has not been studied yet.

Wickerhamiella is a genus whose membership has increased
from the single species accepted by Kurtzman (1998) to five
species accepted by Lachance and Kurtzman (2011). The num-
ber of known Wickerhamiella and related Candida species now
includes 35 species. Most Wickerhamiella and related Candida
species show a high degree of nutritional and ecological special-
isation, a narrow carbon assimilation profile, and a strong asso-

ciation with flowers and flower-visiting insects, especially flies
and beetles (Lachance and Kurtzman 2011). Some Wickerhamiella
species exhibit a cosmopolitan distribution, but most appear to
be endemic to continental land masses or have a restricted dis-
tribution, most species having been isolated in the Neotropics
and in Asia, while other regions have remained mostly unex-
plored. The high degree of sequence divergence among many
species in the clade suggests that many unknown species might
exist and remain to be discovered (Lachance and Kurtzman
2011).

During different surveys of yeasts associated with flowers
and insects in the KwaZulu-Natal region of South Africa, 38
strains of two new species were isolated from floral nectar of
five species of Protea and five species of insect pollinators, in-
cluding beetles, bees and flies. The sequences of the internal
transcribed spacer (ITS) region and the D1/D2 domains of the
large-subunit rRNA gene were sufficiently divergent to infer that
these yeasts represent two novel species that belong to the Wick-
erhamiella clade. We now describe the novel species as Wicker-
hamiella nectarea and W. natalensis. Here we discuss the ecology
and phylogenetic relationships of the clade in relation to its po-
tential host species and biogeography, and present evolution-
ary considerations. We also review the current status of floral
yeast biodiversity research with a focus on nectar as a reservoir
of hitherto undescribed species, and the importance of insect
vectors and biogeography. Additionally, 18 species formerly as-
signed to the genus Candida are here reassigned formally to the
genus Wickerhamiella.

METHODS
Collection

We examined 113 nectar samples of the following Protea species:
P. caffra (n = 20), P. dracomontana (n = 16), P. roupelliae (n = 19), P.
simplex (n = 16), P. subvestita (n = 16) and P. welwitschii (n = 26).
Each nectar sample corresponded to a fully dehisced inflores-
cence from a different plant exposed to natural pollinator visi-
tation. Nectar collection was carried out at a number of localities
in KwaZulu-Natal province of South Africa. Sites differed in eco-
logical characteristics including elevation, soil and vegetation
type (for further details, see de Vega, Herrera and Johnson 2009).
Nectar samples were collected from the Garden Castle area
(29°44's 29°12'E, 1820 m asl; P. dracomontana), Sani Pass (29°35'S
29°17'E, 2800 m asl; P. subvestita), Mount Gilboa (29°17’S 30°17'E,
1520 m asl; P. roupelliae, P. simplex and P. caffra) and Winston Park
(29°49'S 30°47'E, 530 m asl, P. welwitschii).

We additionally captured in the field 51 insect specimens
in the process of visiting Protea flowers. They were identified
as Atrichelaphinis tigrina (Coleoptera: Scarabaeidae: Cetoniinae,
n = 10), Cyrtothyrea marginalis (Coleoptera: Scarabaeidae: Cetoni-
inae, n = 10), drosophilid flies (Diptera: Drosophilidae, n = 10),
Heterochelus sp. (Coleoptera: Scarabaeidae: Hopliinae, n = 10),
Trichostetha fascicularis (Coleoptera: Scarabaeidae: Cetoniinae,
n = 2) and Apis mellifera scutellata (Hymenoptera, Apidae, n = 9).
For further details of the insects, see de Vega et al. (2012).
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Strain isolation and characterisation

Five microliters of nectar were collected from each inflorescence
with sterile microcapillaries. Nectar was diluted in 500 ul ster-
ile MilliQ water, and 25 ul of each nectar dilution was streaked
with a sterile loop onto YM agar plates (2.0% agar, 1.0% glucose,
0.5% peptone, 0.3% malt extract, 0.3% yeast, pH 6.0) with 0.01%
chloramphenicol. Yeasts from insects were isolated by allowing
specimens to walk on YM agar plates for 10 min after which
they were removed (and later released to their original popu-
lations). Plates with isolates from floral nectar and insects were
incubated at room temperature (20°C-24°C) for 3-8 days. A rep-
resentative colony of each different yeast morphotype was pu-
rified and preserved at -80 °C on glycerol 30% and using the Mi-
crobank system (Pro-Lab diagnostics).

Cultures were characterised by the standard methods of
Kurtzman et al. (2011). All the strains listed in Table 1 were
tested. Dalmau plates were prepared using Yeast Carbon Base
agar supplemented with 0.01% yeast extract (YCBY) and 1.5%
agar. Mating compatibility was investigated for all isolates by
mixing pairs of cultures on YCBY, Yeast Carbon Base supple-
mented with 0.01% ammonium sulfate and 1.5% agar (YCBAS),
or with dilute (1:9 and 1:19) V8. Cultures were incubated at room
temperature (20°C-24°C) and examined periodically by phase-
contrast microscopy for the formation of zygotes, asci and as-
cospores up to 10 weeks.

DNA sequencing and phylogenetic analysis

The ITS region and the D1/D2 domains of the large-subunit
(26S) TRNA gene were amplified by PCR following the methods
of Kurtzman and Robnett (1998) and Lachance et al. (1999). Am-
plification was performed with yeast cells grown on YM agar for
2 days. A loopful of culture was resuspended in 500 ul of ster-
ile MilliQ water. DNA was obtained by freezing the suspension
in liquid nitrogen for 5 min, followed by a 5 min heat shock at
100°C (Baleiras, Reizinho and Duarte 2005). The primer combi-
nations ITS1 and ITS4 (White et al. 1990) as well as NL1 and NL4
were used in separate reactions. PCR reactions were performed
as in the study by de Vega and Herrera (2012). The amplified DNA
(5 nl) was purified by adding 0.3 ul of Antarctic phosphatase
(New England Biolabs, Ipswich, MA), 0.3 ul of Antarctic phos-
phatase buffer, 0.23 xl of Exonuclease I (New England Biolabs,
Ipswich, MA) and 2.2 ;1 of MilliQ water, and then running these
samples on a thermocycler at 37°C for 45 min and at 80°C for 15
min. Sequencing was performed by Macrogen (Netherlands).
Sequences were assembled and edited using Sequencher 4.9
(Gene Codes). The D1/D2 sequences and ITS sequences were
aligned with type strain sequences of all known described Wick-
erhamiella and related Candida species (retrieved from the NCBI
GenBank database) using Mega 6.06 (Tamura et al. 2013). The
alignments included 63 strains for the D1/D2 sequences and
38 strains for the ITS sequences. The alignments were used
to reconstruct phylogenetic relationships using the neighbour-
joining (NJ) method (Saitou and Nei 1987) with Kimura’s two-
parameter distance correction (Kimura 1980). The final D1/D2
and ITS datasets contained respectively 546 and 524 aligned po-
sitions. Bootstrap values (Felsenstein 1985) were obtained from
1000 random resamplings. The accession of Starmerella bombicola
CBS 6009, NRRL Y-17 069 (HQ111052) was used as outgroup.

RESULTS AND DISCUSSION

The 113 nectar samples and 51 insect specimens yielded 114
yeast isolates, out of which 38 strains were representative of
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Table 1. Origin of strains used in this study.

Strain Isolation source  GeneBank no. D1/D2

Wickerhamiella nectarea

EBDCAVSAS5-3 Nectar? KT158587
EBDCAVSA6-1 Nectar® KT158588
EBDCAVSA11-1T Nectar® KT158589
= CBS 141617

= NRRL Y-63791T

EBDCAVSA16-2 Nectar® KT158590
EBDCAVSA20-2 Nectar? KT158591
EBDCAVSA49-3 Nectar® KT158592
EBDCAVSAS55-1 Nectar® KT158593
EBDCAVSA57-1 Nectar® KT158594
EBDCAVSA58-1 Nectar® KT158595
EBDCAVSA59-1 Nectar® KT158596
EBDCAVSA60-1 Nectar® KT158597
EBDCAVSA64-1 Nectar® KT158598
EBDCAVSA78-3 Nectard KT158599
EBDSAF4-3N Nectar® KT158615
EBDSAF5-5N Nectar® KT158616
EBDSAF6-1N Nectar® KT158617
EBDSAF7-1N Nectar® KT158618
EBDSAF9-3N Nectar® KT158619
EBDA7Y?2 Beetle#sp1f KT158600
EBDAS8Y?2 Beetle#sp1f KT158601
EBDB3Y2 Beet KT158602
EBDCA4Y2 Beetle#sp2h KT158603
EBDC5Y1 Beetle#sp2h® KT158604
EBDF2Y?2 Fly! KT158605
EBDF3Y1 Fly! KT158606
EBDF4Y1 Fly! KT158607
EBDM1Y3 Beetle#sp3 KT158608
EBDM3Y3 Beetle#sp3 KT158609
EBDMA4Y3 Beetle#sp3 KT158610
EBDM6Y2 Beetle#sp3 KT158611
EBDM7Y3 Beetle#sp3 KT158612
EBDMS8Y?2 Beetle#sp3 KT158613
EBDM10Y?2 Beetle#sp3 KT158614
Wickerhamiella natalensis

EBDCAVSAS5-5 Nectar? KT158582
EBDCAVSA7-1T Nectar® KT158583
= CBS 141617

= NRRL Y-63790T

EBDC9Y?2 Beetle#sp28 KT158584
EBDC10Y1 Beetle#sp28 KT158585
EBDM2Y2 Beetle#sp3! KT158586

Strain accession numbers are those in the yeast culture collection of the Evo-
lutionary Ecology Department, Dofiana Biological Station, Spanish National Re-
search Council, CSIC (EBD), the Centraalbureau voor Schimmelcultures, Utrecht,
The Netherlands (CBS), and the USDA ARS Culture Collection, Peoria, IL, USA
(NRRL).

2Floral nectar of Protea dracomontana.

PFloral nectar of Protea roupelliae.

CFloral nectar of Protea subvestita.

dFloral nectar of Protea simplex.

Floral nectar of Protea welwitschii.

fAtrichelaphinis tigrina (Coleoptera: Scarabaeidae: Cetoniinae).

8Apis mellifera scutellata (Hymenoptera: Apidae: Apinae).

hCyrtothyrea marginalis (Coleoptera: Scarabaeidae: Cetoniinae).

iDrosophilidae sp.

JHeterochelus sp. (Scarabaeidae: Hopliinae).
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two undescribed species in the Wickerhamiella clade. Each strain
of the two undescribed species was isolated from a different
plant and a different insect individual. Other yeast isolates from
nectar samples of Protea included strains of Metschnikowia pro-
teae, M. drakensbergensis, M. caudata, Hanseniaspora thailandica, H.
uvarum, H. valbyensis, Candida bentonensis, C. corydalis, C. orthop-
silosis, Meyerozyma guilliermondii and Pichia fermentans. In insects,
we isolated strains of M. proteae, M. viticola, M. reukaufii, Lod-
deromyces elongisporus, Lachancea thermotolerans, Meyerozyma guil-
liermondii, Candida bohiensis, C. corydalis and C. orthopsilosis.

Comparisons of the D1/D2 large-subunit rRNA gene and ITS
sequences and physiological profiles assigned 33 isolates to the
novel species Wickerhamiella nectarea f.a. sp. nov. and 5 isolates
to W. natalensis f.a. sp. nov. (Table 1; Table S1, Supporting Infor-
mation). Wickerhamiella nectarea f.a. sp. nov. was recovered from
nectar of Protea dracomontana, P. roupelliae, P. subvestita, P. sim-
plex and P. welwitschii, and from cetoniid and hopliniid beetles,
honey bees and drosophilid flies, all of which are common floral
visitors to most of these Protea species (Table 1). Isolates of Wick-
erhamiella natalensis f.a. sp. nov. were recovered exclusively from
nectar of P. dracomontana, and the two species of beetles that are
the main pollinators of this plant species (Table 1).

Species boundaries and phylogenetic position

Analysis of the ITS region and the D1/D2 region of the LSU
rRNA gene sequence revealed that W. nectarea f.a. sp. nov. joins
a well-supported subclade that contains several species asso-
ciated with flowers and flower-visiting insects, including the
cosmopolitan species C. parazyma and C. azyma, the Brazilian
species C. azymoides, and two unassigned strains (UWOPS 95—
805.2 and UWOPS 95-863.2) isolated from Hibiscus heterophyl-
lus flowers in Australia (Fig. 1, Fig. S1, Supporting Informa-
tion). Wickerhamiella nectarea f.a. sp. nov. showed four D1/D2 in-
traspecific sequence variants. Strain EBDCAVSAC4Y?2 differed in
the D1/D2 complete sequence by one nucleotide, strain EBD-
CdVSAA7Y2 by one nucleotide and one gap, and strain EBDCd-
VSAAB8Y?2 by three nucleotides from all other strains including
the type strain EBDCdVS11-1T, which have identical sequences.
The type strain of W. nectarea f.a. sp. nov. differed in the D1/D2
sequence by 54 substitutions and one gap from C. parazyma, by
42 substitutions and one gap from C. azyma, and by 42 substi-
tutions and two gaps from C. azymoides, which has been consis-
tently interpreted as strong evidence for species separation in
ascomycete yeasts. The ITS sequences of all W. nectarea strains
were identical. The ITS sequences of W. nectarea strains dif-
fered by 46 nucleotides and 21 gaps from its closest relative,
C. parazyma CBS 11563. We therefore propose that the South
African isolates are representative of a novel yeast species that
we describe here as W. nectarea f.a. sp. nov.

NJ analysis of the D1/D2 and the ITS regions placed W. na-
talensis f.a. sp. nov. within a less well-supported subclade that
contains mostly plant and insect-associated species (Fig. 1, Fig.
S1), including W. dulcicola and W. cachassae, isolated from sugar-
cane juice and fermentation vats of cachaca production in Brazil
(Badotti et al. 2013). We identified one D1/D2 sequence variant
(EBDCAVSAS5-5) that differed from other conspecifics by one nu-
cleotide. The nucleotide sequence of the ITS region of strains
EBDCAVSAC9Y2 and EBDCAVSAM?2Y?2 differed by one nucleotide
substitutions from all other strains including the type strain.

Accessions with the highest identity to W. natalensis were
Candida sp. UL100 isolated from frugivorous birds in Italy
(Francesca et al. 2012) and Candida sp. EJ3M02, recovered from
plants in Taiwan. The ITS sequences of W. natalensis f.a. sp. nov.

(EBDCAVSA 7-17) differed by 22 nucleotides and seven gaps from
its closest relative, Candida sp. EJ3M02. The type of W. natalensis
differs in the D1/D2 region from the Italian strain by 11 substitu-
tions and two gaps, from the Taiwan strain by 15 substitutions,
from W. dulcicola by 27 substitutions and five gaps, and by 21 sub-
stitutions and one gap from W. cachassae. Sequence divergence
indicates that the two unassigned strains are related but not
conspecific to W. natalensis. The separation of W. natalensis from
described species is well supported by sequence divergence and
phylogenetic structure.

The ascosporic states of the species of the subclades where
W. nectarea f.a. sp. nov. and W. natalensis f.a. sp. nov. are included
were not found. Only species included in the subclade that in-
cludes W. pagnoccae, W. cacticola, W. australiensis, W. lipophila and
W. occidentalis formed ascospores in diluted V8 agar, YCBAS or
glucose-yeast extract (GY) agar medium (Lachance and Kurtz-
man 2011; Barbosa et al. 2012). The more distant W. domercquiae
forms ascospores in potato dextrose agar (Lachance and Kurtz-
man 2011). Allisolates of W. nectarea f.a. sp. nov. and W. natalensis
f.a. sp. nov. were examined after mixing in every possible pair on
dilute V8, YCBAS and YCBY, but no asci or signs of conjugation
were observed. The novel species are thus assigned to the genus
Wickerhamiella according to the new rules of the Melbourne Code
(McNeill et al. 2012), but with the mention f.a. (forma asexualis),
as proposed by Lachance (2012).

Wickerhamiella nectarea f.a. sp. nov. has a similar growth pro-
file to its nearest relative, C. parazyma (Table 2), as assessed
by standard methods used in yeast taxonomy (Kurtzman et al.
2011). In contrast, W. natalensis f.a. sp. nov. differs from described
relatives by several assimilation responses, as well as the ab-
sence of growth at 35°C, which is positive for W. dulcicola and W.
cachassae (Table 2), although it shares the ability to utilise nitrate
and nitrite as nitrogen sources.

Biogeography

Many plant species in phylogenetically disparate angiosperm
families, including Arecaceae, Campanulaceae, Cactaceae, Con-
volvulaceae, Cucurbitaceae, Heliconiaceae, Malvaceae and Vi-
taceae, serve as hosts for yeast species in the Wickerhamiella
clade. Insects, mainly drosophilid flies, beetles and to a lesser
extent, bees act as their main vectors (Lachance et al. 2010;
Lachance and Kurtzman 2011). Since the first descriptions of
Wickerhamiella species, the exploration of their biogeographic
distribution has been extended to include previously unsampled
regions. The present work further contributes to this extension.
Only a limited number of species of Wickerhamiella (including
those here transferred from Candida) appear to be cosmopolitan
(e.g. C. azyma or C. parazyma, C. sorbophila). Most species show a
relatively restricted distribution and have been isolated almost
exclusively from Brazil (C. azymoides, C. sergipensis, C. jalapaonen-
sis, W.pagnoccae, W. cacticola, W. goessi, W. cachassae, W. dulci-
cola, W. slavikovae, W. dulcicola and W. kyanii). Other species have
been found in the Hawaiian archipelago, the Australia-Pacific
Region, Central and South America and neighbouring locali-
ties (C. drosophilae, W. australiensis, W. occidentalis or W. lipophila)
where extensive sampling has been conducted. Most species
listed above have a limited distribution area, and some appear
to be endemic to continental land masses, sometimes associ-
ated with specific plants and endemic insects (Lachance and
Kurtzman 2011). A growing number of species have also been
isolated from plants and insects in China and Thailand (C. alo-
casiicola, C. musiphila, C. kazuoi, C. hasegawae, W. allomyrinae, W.
brachini, W. pterostichi, W. gilinensis, W. siamensis, W. slavikovae). In
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94 Wickerhamiella lipophila CBS 84587 (AF046040)
Wickerhamiella occidentalis CBS 84527 (AF046037)
Wickerhamiella sp. 9E1 (AM946760)
Wicker iella australiensis CBS 8456 (DQ438232)
L Wickerhamiella cacticola CBS 84547 (AF046035)
Candida sp. 9A2 (FM178292)
Candida drosophilae CBS 84597 (EU443387)
Candida jalapaonensis CBS 109357 (EU580139)
Wickerhamiella kiyanii CBS 129057 (JX978398)
Wickerhamiella pagnoccae CBS 121787 (HQ593535)
Candida vanderwaltii CBS 5524 (EU443388)
Candida sp. GE1L05 (FJ527060)
sfl‘EWickerhamiella natalensis EBDCAVSAT7-1T (KT158583)

95
100

70

86 Candida sp. UL100 (HQ641271)
Candida sp. EJ3MO02 (EF653941)
70 Wickerhamiella cachassae CBS 125877 (JQ180256)
99 Candida sp. UWOPS 03-446.4 (EU443389)
72 Wickerhamiella dulcicola CBS 125887 (JQ180255)
89 Candida sp. LCF-01 NN12L02 (HQ623501)

Wickerhamiella nectarea EBDCdVSA11-1T (KT158589)
Candida parazyma CBS 115637 (EF601044)
Candida sp. UWOPS 95-863.2 (EF601041)
Candida sp. UWOPS 95-805.2 (EF601043)
Candida azymoides CBS 105087 (DQ985171)
Candida azyma CBS 68267 (EF536346)
Candida azyma UWOPS 95-693.4 (EF601042)
Wickerhamiella goesii CBS12419T (JN790617)
Candida alocasiicola CBS 107027 (EU284106)
’7 Candida sp. UWOPS 00-102.1 (AF313351)

100 Candida cf. pararugosa EVN1238 (FR853155)
81 E Candida pararugosa CBS 10107 (U62306)
100" Candida sp. CBS 2275 (AY536215)

Wickerhamiella pterostichi CBS 141777 (KU128723)
Wickerhamiella gilinensis CBS139297 (KM510227)
Candida kazuoi CBS 120887 (AB306509)
Wickerhamiella fructicola CBS 129027 (JX978400)
Candida hasegawae CBS 12089 (AB306510)
Candida sp. BG99-8-18-1-3-1 (AY242245)
Candida galacta CBS 69397 (U45820)
Candida sp. BG02-7-21-004C-1-1 (AY520293)
100[ Candida versatilis CBS 17527 (U45834)
L Candida cf. versatilis SB132-1 (AB568337)
82 Candida bombiphila CBS 97127 (AJ620185)
: Wickerhamiella domercgiae CBS 43517 (DQ438240)
99 {Candida sp. UWOPS 00-192.1 (AF313368)
100 Candida sp. UWOPS 00-107.1 (AF313369)
Wickerhamiella slavikovae CBS 124177 (FJ463264)
791 Candida sergipensis CBS 95677 (AF397405)
Candida sp. EVN 1240 (FR853162)
Wickerhamiella brachini CBS 141767 (KU128726)
Candida spandovensis CBS 68757 (U62309)
Wici iella allomyrinae CBS 131677 (KJ152751)
Candida sp. BG02-7-18-027A-1-2 (AY520352)
Candida sp. BG01-7-26-006A-1-1 (AY242275)
Candida musiphila CBS 10697 (EU284104)
Candida sp. UWOPS 00-136.3 (AF313356)
Wickerhamiella siamensis CBS 133317 (AB915236)
Candida sp. SN-102 (EF621560)
941 Candida sp. SJ-1 (EF653272)
Candida sp. 107 (EF141077)
Candida infanticola CBS 79227 (DQ438230)
Candida sorbophila CBS 67397 (U45852)
Starmerella bombicola CBS 6009 (HQ111052)

89

—
0.05

Figure 1. Phylogeny of W. nectarea f.a. sp. nov., W. natalensis f.a. sp. nov. and related species based on NJ analyses of the D1/D2 domain of the large-subunit rRNA gene.
Starmerella bombicola CBS 60097 was used as outgroup. Branch lengths are scaled to the expected number of nucleotide substitutions per site; bar, 0.05 nucleotide
substitutions per site. Numbers above branches show NJ bootstrap support. Only bootstrap values >70% are shown. GenBank accession numbers are indicated after
the strain name. T, type strain.
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Table 2. Growth characteristics of W. nectarea f.a. sp. nov., W. natalensis
f.a. sp. nov. and related species.
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Sucrose S + - + +
Galactose S +/S - + 4
Trehalose S + - + +
Maltose S + - + +
Melezitose S + - + +
Ribitol S/IW - - + v
Xylitol + + W + +
Galactitol W/vV W/V - _ _
Mannitol S + W + +
Glucitol + VW + +
Citric - \Y% W - _
Gluconic - - wW/v + +
Nitrate - - + + -
Nitrite - - + + +
Glucose 50% - \Y W/V - _
CTAB 10 ppm - - +
4°C - - -
31°C-32°C % + s + +
33°C - v + ¥ 4
34°C - - AVA + +
35°C - - - i +
Ring/pellicle +/V W/ - _ _

All the strains of the new species listed in Table 1 were tested. +, Positive; —,
negative; S, slow; V, variable; W, weak. Invariant responses in all five species:
fermentation of glucose is negative. Assimilation of glucose, sorbose, ethanol
(slow), 1-propanol (slow), glycerol (weak and variable), succinic acid and 2-
ketogluconic acid (weak) are positive; assimilation of inulin, raffinose, melibiose,
lactose, methyl-a-D-glucoside, starch, cellobiose, salicin, L-rhamnose, xylose
(rarely weak), L-arabinose, D-arabinose, ribose, methanol, 2-propanol, 1-butanol,
erythritol, inositol, lactic acid, glucono-A-lactone, glucosamine, N-acetyl glu-
cosamine, acetone, ethyl acetate and hexadecane is negative. Utilisation of ethy-
lamine, lysine and cadaverine is positive. Growth in the absence of vitamins is
negative, and in the absence of amino acids positive. Growth in the presence of
10% NaCl is weak, and 15% negative. Growth in the presence of 1000 ppm cyclo-
heximide is positive. Growth in the presence of 0.5% acetic acid or 6% ethanol
is negative. Growth at 6°C and 30°C is positive, and 35°C negative. Starch pro-
duction and the diazonium blue B reaction are negative. Results for previously
described species are from the original descriptions.

Europe, despite an extensive sampling effort conducted in
recent years to assess the biodiversity of yeasts associated
with flowers and flower-visiting insects, only one member of
the Wickerhamiella clade, C. bombiphila, has been isolated from
bumblebees and honey, and only twice (Brysch-Herzberg and
Lachance 2004). This could suggest that Mediterranean and
other temperate plant species are not suitable hosts for Wick-
erhamiella species, or that in this region there are no effec-
tive species of insects (probably drosophilid flies and beetles)
that can act as their vectors, but more experiments are needed
to obtain a clearer understanding of factors affecting their
distribution.

In this study, we have extended the known range of Wick-
erhamiella species associated to flowers and associated insects
to the KwaZulu-Natal region of South Africa. Three species in
the Wickerhamiella clade were previously isolated from South
Africa. Candida sorbophila is a cosmopolitan species associated to
plant vats, soil, animals or even water. The other two species, W.
domercqiae and C. vanderwaltii are rare, and appear mainly asso-
ciated to substrates linked to grapes, suggesting an association
with fruit flies (drosophilids). The new species described here
were exclusively isolated from Protea flowers visited by beetles
and flies or from the insects themselves. They were not found in
more than 40 additional angiosperm species of 16 families, col-
lected in KwaZulu-Natal and the Cape region, pollinated mainly
by bees, birds and butterflies, in which the dominant yeasts
were small-spored Metschnikowia species. This fact is consistent
with the hypothesis of a close association of most members of
the Wickerhamiella clade with the microhabitat provided by spe-
cific insect-flower interaction partners (Lachance and Kurtzman
2011). The hypothesis that yeasts act by enriching the diet of in-
sects, converting floral resources such as nectar into a nutrition-
ally richer biomass (Lachance and Kurtzman 2011), is more than
likely, although it deserves further studies.

Evolutionary considerations

It has been noted previously that members of the Wickerhamiella
clade possess a number of characteristics that some have re-
garded as primitive or ancestral (van der Walt and Liebenberg
1973; Lachance et al. 1998). This includes lack of fermenta-
tive activity, narrow range of carbon utilisation, small cell size,
unusual cell ultrastructure and low chromosome numbers. Sin-
gle gene phylogenies (Kurtzman and Robnett 1998) first sug-
gested an early emerging position for the clade within the Sac-
charomycotina and featured unusually long branches indicative
of a higher rate of substitution. More recent multigene studies
(Kurtzman and Robnett 2007, 2013) point to an affinity with other
unusual, specialist genera such as Starmerella or Trichomonascus
(Kurtzman 2011), but sustain the notion of higher substitution
rates. Lachance et al. (1998) speculated on whether nutritional
specialisation should be regarded as a recent adaptation to spe-
cific plant-insect niches as opposed to an ancestral condition.
An examination of the distribution of growth characteristics of
the broader taxon sampling exemplified in Fig. 1 may support
instead the alternative view that members of the Wickerhamiella
clade exhibit a high degree of evolutionary lability, where spe-
cialisation to different niches can occur rapidly. The two novel
species described here are a good example, where members of
the same subclade differ substantially in the utilisation of galac-
tose, four glycosides, four alditols, citric acid, nitrate and nitrite
as well as in a few non-standard growth tests such as resis-
tance to 0.5% tannin, 10 ppm CTAB or 0.5% deoxycholic acid.
Many of these growth tests are fairly constant in other yeasts
found in similar habitats, as for example flower-insect interface-
associated yeasts of the Metschnikowia or Kodamaea clades.

Nectar as an underexplored reservoir of yeast diversity

The yeast biota of flowers contains a broad variety of yeast
species, most of which are Ascomycetes in the order Saccha-
romycetales. Flowers and nectar are increasingly recognised as
a rich source of novel yeast species, and the discovery of more
than 50 new species of Wickerhamiella, Metschnikowia, Starmerella,
or Kodamaea recovered from this particular ecological niche has
been reported in the last 10 years. Several yeast genera have
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Figure 2. Phase-contrast micrographs of cells of W. nectarea f.a. sp. nov. (A) and W. natalensis f.a. sp. nov. (B) on YM agar. Scale bars, 10 um.

been recovered repeatedly from nectar, which can be indica-
tive of an adaptive strategy. To become a predictable component
of the nectar yeast community, species need first to be intro-
duced to the flower by floral visitors, mainly insects. Once in the
nectar, the yeasts must be capable of proliferating successfully
in this particular environment, where the high sugar concen-
tration usually favours osmotolerant and fermentative species
(Lachance 2006) capable of withstanding the presence of an-
timicrobial substances frequently produced by flowers (Manson,
Lachance and Thomson 2007; Pozo, Lachance and Herrera 2012).
Several yeast species have been recovered in great numbers from
nectar, sometimes more than 10° cells per microliter (de Vega,
Herrera and Johnson 2009; Herrera et al. 2009; de Vega and Her-
rera 2012), which increases their likelihood of being dispersed
when a pollinator carries them to a new flower when foraging
for nectar. This is a dynamic process, and if this cycle is stable
the structure of the yeast community will continue (Lachance
2011). Several studies have revealed that the same yeast species
can be repeatedly recovered from nectar in successive years in
the same place (de Vega et al. 2012; Herrera, Pozo and Bazaga
2014; Mittelbach et al. 2015) suggesting an equilibrium in the
community (Lachance 2011). In fact, W. nectarea has been iso-
lated from nectar of different Protea species and from different
insect species in different localities in the years 2008, 2011 and
2015 (Table S2, Supporting Information).

The establishment of a specific yeast community in floral
nectar may be restricted by several biochemical and physiologi-
cal factors, but always requires that the flower be visited by pol-
linators (Lachance, Bowles and Starmer 2003; Herrera et al. 2010;
de Vega and Herrera 2012; Schaeffer and Irwin 2014). Bees, bee-
tles and flies are the main vectors of yeasts to nectar, and each
of these different groups of insects may carry its own unique
yeast biota (Spencer and Spencer 1997; Lachance et al. 2001;
Brysch-Herzberg 2004; de Vega et al. 2012). As each insect type
visits a specific set of flowers, yeast dispersal is limited and
nectar of plants pollinated by a specific group of pollinators is
bound to exhibit non-random or even unique microbial com-
munities. Indeed, plants pollinated by beetles tend to harbour
a yeast biota with affinities in the genera Wickerhamiella and Ko-
damaea, or the large-spored Metschnikowia clade (Lachance, An-
derson and Starmer 2006; Lachance et al. 2008, 2011; de Vega
et al. 2012). These yeast communities generally do not overlap
with those recovered from plants pollinated by bees or butter-
flies, which harbour mainly yeasts related to the small-spored
Metschnikowia clade and the Starmerella clade (Brysch-Herzberg
2004; Pozo, Herrera and Bazaga 2011; Golonka and Vilgalys 2013).

Our sampling in South Africa also indicates that differentiation
of nectar yeast community composition may be attributable to
the activity of different animal flower visitors. Whilst we found
nearly monospecific populations of M. koreensis, M. reukaufii or
C. rancensis in more than 40 plant species pollinated mainly by
bees and butterflies, we found that the nectars of plant species
pollinated by beetles were dominated by the recently described
large-spored Metschnikowia species and Wickerhamiella species
(de Vega et al., unpublished). We therefore suspect that differ-
ent yeast genera have evolved intimate symbiotic relationships
with different plants and insects, although the fundamental na-
ture of the interaction remains an open question.

The future of floral yeast ecology relies on conducting sur-
veys of new habitats in new regions of the world and the de-
scription of new species found in those habitats. We propose
that sampling of nectar is a simple and effective approach for as-
sessing microbial diversity associated with the flower-insect in-
terface worldwide. The advantages of sampling nectar for study-
ing yeast diversity are numerous: nectar collection is easy, fast,
cheap and non-destructive. Nectar can be directly diluted in
sterile saline solution or even in water and yeast cells remain
viable for years (de Vega, personal observation). In contrast,
pollinator sampling is subject to more imponderables such as
weather conditions that can reduce insect activity and capture,
low abundance or visitation rates, nocturnal activity, or difficulty
to maintain aseptic conditions.

Evaluating the biogeographic diversity of nectar yeast com-
munities remains an elusive task because of lack of sampling
in many regions. A large-scale survey in different continents
to assess the key biological drivers of nectar microbial diver-
sity is necessary. We predict that nectar yeast biodiversity will
be higher in habitats with a higher phylogenetic diversity of
plants and a higher diversity of functional pollinator guilds. The
study of all potential factors that regulate, restrict or facilitate
microbial biodiversity in nectar is expected to yield important
new insights into the evolutionary dynamics of plant-pollinator-
microbe interactions.

Description of Wickerhamiella nectarea de Vega,
Albaladejo & Lachance f.a. sp. nov

On YM agar after 3 days at 25°C, the cells are spheroidal to ovoid
1.5-5 x 2-5 um (Fig. 2A). Budding is multilateral but primarily
at the poles. A ring is formed in fermentation medium after 2
days, which later develops into a fragile pellicle. Colonies are
white, convex or umbonate, glossy. Neither pseudohyphae nor
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true hyphae are formed. Asci have not been observed in pure or
mixed cultures on common sporulation media after 10 weeks of
incubation.

Growth characteristics are given in Table 2.

The habitat is nectar of Protea spp. inflorescences and associ-
ated insect visitors in South Africa. The holotype of W. nectarea
f.a. sp. nov. isolated from nectar of P. dracomontana has been de-
posited in the yeast collection of the Westerdijk Fungal Biodi-
versity Institute, Utrecht, the Netherlands, as strain CBS 141627,
where it is maintained in a metabolically inactive state. Strains
deposited in the Evolutionary Ecology Department, Dofiana Bi-
ological Station, Spanish National Research Council, CSIC (EBD)
(EBDCAVSA11-1T) and in the USDA ARS Culture Collection, Peo-
ria, IL, USA (NRRL Y-63791") are ex-types. The MycoBank acces-
sion number is MB 812938.

Etymology: the epithet nectarea (nec.ta.re’a) L. fem. adj.
nectarea, from nectar, referring to the substrate from which the
species has been isolated.

Description of Wickerhamiella natalensis de Vega,
Albaladejo & Lachance f.a. sp. nov.

On YM agar after 3 days at 25°C, the cells are spheroidal to
ovoid, 2-4 x 4-6 um (Fig. 2B). Budding is multilateral. Only a sed-
iment is formed in fermentation medium. Colonies are white,
convex or umbonate, semi-glossy. Neither pseudohyphae nor
true hyphae are formed. Asci have not been observed in pure or
mixed cultures on common sporulation media after 10 weeks of
incubation.

Growth characteristics are given in Table 2.

The habitat is nectar of Protea spp. inflorescences and asso-
ciated insect visitors in South Africa. The holotype of Wicker-
hamiella natalensis f.a. sp. nov. isolated from nectar of P. dracomon-
tana has been deposited in the yeast collection of the Westerdijk
Fungal Biodiversity Institute, Utrecht, the Netherlands, as strain
CBS 141617, where it is maintained in a metabolically inactive
state. Strains deposited in the Evolutionary Ecology Department,
Donana Biological Station, Spanish National Research Council,
CSIC (EBD) (EBDCAVSA7-1T) and in the USDA ARS Culture Collec-
tion, Peoria, IL, USA (NRRL Y-637907) are ex-types. The MycoBank
accession number is MB 812939.

Etymology: the epithet natalensis (na.ta.len’sis) L. fem. adj.
natalensis, of Natal, referring to the province of KwaZulu-Natal,
where the species has been isolated.

Transfer of Candida species to Wickerhamiella

In accordance to the requirements of the International Code of
Nomenclature for algae, fungi and plants (2012), the following
new combinations are proposed. The transfers are predicated on
the conclusion that the species included in Fig. 1 form a mono-
phyletic assemblage that is sufficiently cohesive to be treated as
a single genus. Although the internal structure of the clade may
vary in reliability, membership in the clade is not in question.
As to integrity, each of the two subclades of the Wickerhamiella
clade contains one or more species that share similar sexual life
cycles.

Wickerhamiella alocasiicola (F.-Y. Bai & S.-A. Wang) de Vega &
Lachance comb. nov.

Basionym: Candida alocasiicola F.-Y. Bai & S.-A. Wang (2008)
Antonie van Leeuwenhoek 94: 261.

Type: YFOET (AS 2.3484T, CBS 107027)

The MycoBank number is MB 815718.

Wickerhamiella azyma (van der Walt, E. Johannsen & Yarrow)
de Vega & Lachance comb. nov.

Basionym: Torulopsis azyma van der Walt, E. Johannsen &
Yarrow (1978) Antonie van Leeuwenhoek 44: 100.

Type: CBS 6825.

The MycoBank number is MB 815719.

Wickerhamiella azymoides (Rosa, Morais, Lachance & Trindade)
de Vega & Lachance comb. nov.

Basionym: Candida azymoides Rosa, Morais, Lachance &
Trindade (2006) Lundiana 7: 85.

Type: UFMG-R287T (CBS 10508T)

The MycoBank number is MB 815720.

Wickerhamiella bombiphila (Brysch-Herzberg & Lachance) de
Vega & Lachance comb. nov.

Basionym: Candida bombiphila Brysch-Herzberg & Lachance
(2004) Int J Syst Evol Microbiol 54: 1857.

Type: CBS 97127 (NRRL Y-27640T, MH2687)

The MycoBank number is MB 815721.

Wickerhamiella drosophilae (Lachance, Rosa, Starmer, Schlag-
Edler, Barker & Bowles) de Vega & Lachance comb. nov.

Basionym: Candida drosophilae Lachance, Rosa, Starmer,
Schlag-Edler, Barker et Bowles (1998) Int J Syst Evol Microbiol 48:
1440.

Type: UWOPS 91-716.3T (CBS 84597).

The MycoBank number is MB 815722.

Wickerhamiella galacta (Golubev & Bab’eva) de Vega &
Lachance comb. nov.

Basionym: Torulopsis apis var. galacta Golubev & Bab’eva (1977)
Int J Syst Bacteriol 27: 165.

Type: IBPhM Y-708T (CBS 69397)

The MycoBank number is MB 815723.

Wickerhamiella hasegawae (Nakase, Jindamorakot, Limtong,
Am-in & Imanishi) de Vega & Lachance comb. nov.

Basionym: Candida hasegawae Nakase, Jindamorakot, Lim-
tong, Am-in & Imanishi (2007) ] Gen Appl Microbiol 53: 243.

Type: ST-315T (BCC 117947, NBRC 102 566 T, JCM 12 559 7).

The MycoBank number is MB 815724.

Wickerhamiella infanticola (Kurtzman) de Vega & Lachance
comb. nov.

Basionym: Candida infanticola Kurtzman (2007) Antonie van
Leeuwenhoek 92: 223.

Type: NRRL Y-17858T (CBS 79227).

The MycoBank number is MB 815725.

Wickerhamiella jalapaonensis (Rosa, Morais, Lachance & Pi-
menta) de Vega & Lachance comb. nov.

Basionym: Candida jalapaonensis Rosa, Morais, Lachance &
Pimenta (2009) Int J Syst Evol Microbiol 59: 1235.

Type: UFMG-03-T210T (CBS 109357, NRRL Y-484777).

The MycoBank number is MB 815733.

Wickerhamiella kazuoi (Nakase, Jindamorakot, Limtong, Amin
& Imanishi) de Vega & Lachance comb. nov.

Basionym: Candida kazuoi Nakase, Jindamorakot, Limtong,
Amin & Imanishi (2007) ] Gen Appl Microbiol 53: 241.

Type: ST-297T (BCC 11 780 T, NBRC 1025657, JCM 12558T).

The MycoBank number is MB 815734.

Wickerhamiella musiphila (F.-Y. Bai & S.-A. Wang) de Vega &
Lachance comb. nov.

Basionym: Candida musiphila F.-Y. Bai & S.-A. Wang (2008)
Antonie van Leeuwenhoek 94: 264.

Type: YWZH3CT (AS 2.34797, CBS 107027).

The MycoBank number is MB 815735.

Wickerhamiella pararugosa (Nakase, Komagata & Fukazawa) de
Vega & Lachance comb. nov.

Basionym: Candida pararugosa Nakase, Komagata & Fukazawa
(1978) ] Gen Appl Microbiol 24: 24.

Type: AJ 46457 (IFO 09667).

The MycoBank number is MB. 815736.
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Wickerhamiella parazyma (Lachance) de Vega & Lachance
comb. nov.

Basionym: Candida parazyma Lachance (2010) Antonie van
Leeuwenhoek 97:163.

Type: UWOPS 91-652.17T (CBS 115637, NRRL Y-486697).

The MycoBank number is MB 815737.

Wickerhamiella sergipiensis (Trindade, Resende, Lachance &
Rosa) de Vega & Lachance comb. nov.

Basionym: Candida sergipiensis Trindade, Resende, Lachance
& Rosa (2004) Antonie van Leeuwenhoek 86: 28.

Type: UFMG-R188T (CBS 95677).

The MycoBank number is MB 815738.

Wickerhamiella sorbophila (Nakase) de Vega & Lachance comb.
nov.

Basionym: Torulopsis sorbophila Nakase (1975) Antonie van
Leeuwenhoek 41: 202.

Type: AJ 4997 (IFO 1573).

The MycoBank number is MB 815739.

Wickerhamiella spandovensis (Henninger & Windish) de Vega &
Lachance comb. nov.

Basionym: Torulopsis spandovensis Henninger & Windish
(1976) Arch Microbiol 107: 206.

Type: DSM 70 866.

The MycoBank number is MB 815740.

Wickerhamiella vanderwaltii (Vidal-Leiria) de Vega & Lachance
comb. nov.

Basionym: Torulopsis vanderwaltii Vidal-Leiria (1966) Antonie
van Leeuwenhoek 32: 447.

Type: IGC 3671.

The MycoBank number is MB 815741.

Wickerhamiella versatilis (Etchells & T.A. Bell) de Vega &
Lachance comb. nov.

Basionym: Brettanomyces versatilis Etchells & T.A. Bell (1950)
Farlowia 4: 106.

Type: CBS 1752.

The MycoBank number is MB 815742.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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