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Abstract A novel species in the genus Candida was

obtained from deep-sea hydrothermal fields on the

Mid-Atlantic Ridge. Strains Mo39, MARY089 and

CBS 5307, respectively, isolated from an unidentified

deep-sea coral collected near Rainbow hydrothermal

vent, from water samples near Menez Gwen hydro-

thermal field and from the stomach of a marine fish

are considered as a novel taxon. Sequence similarities

in the D1/D2 region of the 26S rRNA gene indicated

that strains Mo39, MARY089 and CBS 5307 have for

closest neighbors Candida spencermartinsiae, Can-

dida taylorii, Candida atmosphaerica and Candida

atlantica. The strains, respectively, differ from

C. spencermartinsiae, C. taylorii, C. atmosphaerica

andCandida atlantica by 4, 4.3, 4.3 and 4.7% in the

D1/D2 domain. Strains Mo39, MARY089 and CBS

5307 were differentiated from others by differences

in the ability to assimilate D-Gluconate and in the

ability to grow at relatively high temperature. Only

strain Mo39 displays an optimal growth at 3% sea

salts, indicating that this strain is clearly adapted to

live in marine conditions. Sequence similarities

between strains Mo39, MARY089 and CBS 5307

and related species and differences in the ability to

utilize specific carbon compounds revealed that these

strains represent a hitherto unknown species. Sexual

reproduction was not observed in strains Mo39,

MARY089 and CBS 5307. An anamorphic name

Candida oceani sp. nov. is proposed for the type

strain Mo39T (= CBS 11857T = DSM 23777T) and

the two other strains MARY089 and CBS 5307. To

our knowledge, this is the first description of a micro-

eukaryotic organism including a strain isolated from

a deep-sea coral near a hydrothermal ecosystem.
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Introduction

Yeasts are microorganisms that represent a significant

part of the microbiota in all natural ecosystems. Many

studies have reported the occurrence of yeasts in

heterogeneous substrates such as soils, plants, ani-

mals and other organic matter in aquatic and marine

environments including shallow-waters but also

deep-sea waters and sediments (Nagahama 2005).

Recently, a survey was realized in order to better

characterize the yeast communities that occurred at

G. Burgaud (&) � D. Arzur � G. Barbier

Laboratoire Universitaire de Biodiversité et Ecologie
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deep-sea hydrothermal vents (Burgaud et al. 2010).

This work led to the isolation of yeasts from different

type of substrates, from seawater to endemic animals

as Rimicaris exoculata shrimps, Bathymodiolus

azoricus mussels and even deep-sea corals. Most of

the positive cultures were obtained from samples

collected at Rainbow hydrothermal site (Mid-Atlantic

Ridge). More precisely, isolates were cultivated from

deep-sea hydrothermal shrimps and mussels suggest-

ing an association between yeast communities and

hydrothermal fauna. The strain collection established

mainly consists of commonly observed yeasts as

Rhodotorula mucilaginosa and Debaryomyces hanse-

nii, two of the most ubiquitous yeast species known

(Lachance and Starmer 1998), but some correspond

to already known marine endemic species as Rho-

dosporidium diobovatum and Candida atlantica.

Previously, several new yeast species were isolated

from deep-sea samples. These new deep-sea species

were affiliated to the genera Kluyveromyces (Naga-

hama et al. 1999), Cryptococcus (Nagahama et al.

2003a), Rhodotorula (Nagahama et al. 2001, 2003b,

2006) and Dipodascus (Nagahama et al. 2008). Three

yeast strains respectively identified as Mo39,

MARY089 and CBS 5307 were isolated from an

unidentified deep-sea coral near Rainbow hydrother-

mal vent, from water samples near Menez Gwen

hydrothermal field and from the stomach of a marine

fish. These strains showed more than 4% nucleotide

divergence in the D1/D2 domain of the LSU rRNA

from their closest relatives Candida spencermartin-

siae, Candida taylorii, Candida atlantica and

Candida atmosphaerica. These strains also differ

morphologically and in several physiological tests

from related species, suggesting that Mo39,

MARY089 and CBS 5307 represent a new species

in the Candida genus.

Materials and methods

Sample collection, isolation and conventional

characterization

For strain Mo39, samples were collected from Rain-

bow hydrothermal site (36�080N, 34�000W, -2300 m)

during MoMARDREAM-Naut oceanographic cruise

(08/07/2007–19/07/2007) on the Mid-Atlantic Ridge.

Sampling was processed using the manned submersible

Nautile. To prevent any contamination by open water,

we used sterilized insulated boxes filled with sterile

seawater as described by Burgaud et al. (2009). On

board, hydrothermal samples were rinsed several times

with sterile seawater before being plated on culture

media GYPS (Per liter: Glucose, 1 g; Yeast Extract,

1 g; Starch, 1 g; Peptone, 1 g and Sea salts, 30 g).

Yeast isolates were then purified using the same culture

medium. Long-term storage was performed in this

culture medium with 5% DMSO (Dimethyl sulfoxyde)

at -80�C. For strain MARY089, samples were

collected from Menez Gwen hydrothermal site

(37�500N, 31�310W, -825 m) during SEAHMA-1

oceanographic cruise. Yeast isolate was obtained on

MYPssS (0.7% malt extract, 0.05% yeast extract,

0.25% peptone soytone, 3% sea salts (Sigma), 0.605%

PIPES buffer (Sigma), 1% sulfur, and 1.5% agar

supplemented with 0.05% chloramphenicol) as

described by Gadanho and Sampaio (2005). The strain

CBS 5307 was isolated from the stomach of a marine

fish on GYPA culture medium composed of 4%

glucose, 0.5% peptone, 0.5% yeast extract and 1.5%

agar (unpublished data, CBS). Sporulation tests were

performed for the three strains on GYPS, yeast malt

extract agar (YM), potato-dextrose agar, corn meal

agar, acetate agar and malt extract agar at 25�C for

6 weeks. Fermentation of carbohydrates and carbon

assimilation tests were assessed according to standard

methods (Yarrow 1998). Urea hydrolysis was tested on

a solid medium using BBL urea agar slants (Difco)

according to manufacturer’s recommendations.

Specific characterization

Adaptation to marine conditions was assessed using

GYPS broth media with different sea salt concentra-

tions: 0, 1.5, 3, 4.5 and 6%. The effect of temperature

was also determined at 5, 15, 25, 35 and 40�C.

Experiments were done in triplicate. Optical densities

(OD) were measured at 600 nm with a Nanocolor 100D

(Macherey–Nagel) at 17, 22, 25 and 28 h of growth

under each conditions of temperature and salinity.

Sequence analysis

Cells were harvested from a 3-day-old culture on

GYPS medium. DNA was extracted using FastDNA

Spin Kit (MP Biomedicals) specific for fungi and

yeasts. Amplifications of the D1/D2 region of 26S
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rRNA gene, small subunit and internal transcribed

spacers including 5.8S rRNA genes were processed

as described by Gadanho and Sampaio (2005) and

White et al. (1990). All PCR reactions were per-

formed as described earlier (Burgaud et al. 2010).

Amplified DNA fragments were visualized by elec-

trophoresis separation in 0.8% agarose gel (Promega)

in 0.59 Tri-Borate-EDTA (TBE) Buffer at 90 V for

1 h and stained with ethidium bromide. A molecular

size marker was used for reference (Lambda DNA/

EcoR1 ? Hind III Markers, Promega). DNA banding

patterns were visualized under UV transillumination

and picture files were generated using Gel-Doc 2000

(Biorad). Sequences were obtained by ‘‘Big Dye

Terminator’’ technology (Applied Biosystems) real-

ized at ‘‘Ouest Genopole’’ sequencing facility in the

‘‘Station Biologique de Roscoff’’ (www.sb-roscoff.fr

). Chromatograms obtained were translated in

nucleotidic sequences with Sequencher v 4.8 (Gene

Codes). After cleaning, sequences were imported to

MEGA 4.0 software (Tamura et al. 2007). Similari-

ties between sequences were assessed using pairwise

distance calculation with MEGA 4.0. Sequences were

trimmed to ensure that all sequences had the same

start and end-point. Alignments were processed using

ClustalW v.1.83 (Thompson et al. 1994). After visual

checking and manual curation, alignments were

analysed using MODELTEST v.3.7 (Posada and

Crandall 1998), in order to obtain the more realistic

evolutionary model used for phylogenetic analyses.

Phylogenies were then evaluated using three different

methods: (i) Bayesian inference with MrBayes

v.3.1.2 software (Ronquist and Huelsenbeck 2003)

analysis using 2,000,000 generations and the mcmc

method. The tree search included two mcmc searches

with four chains (setting default temperature for

heating the chains) and a sampling frequency of 100

generations. A ‘burnin’ of 5,000 (25% of the

2,000,000 generations/100 sample frequency) was set

in order to exclude the first 5,000 trees generated. (ii)

Maximum likelihood with 100 bootstrap iterations

using PHYML (Guindon et al. 2005) and the

parameters obtained with MODELTEST v.3.7. (iii)

Neighbor-Joining with 2,000 bootstrap iterations

using MEGA4.0 with Maximum Likelihood Com-

posite model. Final phylogenetic tree topology was

realized using MrBayes v.3.1.2 analysis results.

Nodes in the tree show ML and NJ bootstraps and

Bayesian posterior probabilities.

Results and discussion

Deep-sea coral samples were collected near Rainbow

hydrothermal vents during the MoMARDREAM-

Naut oceanographic cruise in 2007. Aseptically

sampled deep-sea corals were used for yeast isolation

on GYPS media. One yeast identified as Mo39 was

isolated from an unidentified deep-sea coral sample.

This isolate has grown directly on coral substrate and

has been purified by streaking.

An initial megablast similarity search in the NCBI

database using D1/D2 domain of the LSU rRNA gene

allowed the identification of similar sequences.

Interestingly, a strain harbouring a close sequence

(one substitution and two indels) was previously

isolated and identified as MARY089 (Gadanho and

Sampaio 2005). These authors reported the occur-

rence and diversity of yeasts in the Mid-Atlantic

hydrothermal fields. Strain MARY089 was isolated

from a water sample collected at Menez Gwen

hydrothermal site. Authors indicated that their isolate

was a new phylotype but no further description has

been published. Recently, Nguyen et al. (2009)

suggested that Candida sp. MARY089 and the strain

Candida sp. CBS 5307, previously described as

Debaryomyces hansenii, were conspecific. CBS 5307

harbours a close sequence to Mo39 (one substitution).

These two strains were integrated in our analyses to

know whether they represent a distinctive species

with Mo39. Regarding the megablast similarity

search, the next most similar published sequences

with valid species names were those of Candida

atlantica (95.3% identity) and Candida atmosphaer-

ica (95.8% identity) strains. According to Kurtzman

and Robnett (1998), nucleotide substitutions[1% are

indicative of separate species. Here, the [4% differ-

ence from the closest sequences suggests that these

deep-sea (Mo39 and MARY089) and marine (CBS

5307) isolates represent a hitherto undescribed taxon.

The chromosomal regions coding for the small

subunit 18S rRNA gene, ITS1, 5.8S and ITS2 were

also sequenced for strain Mo39. This strain differs

from C. atlantica and C. atmosphaerica, respectively,

by 1.2 and 1.3% in the SSU rRNA and 9.1 and 8.2%

in the internal transcribed spacer region. Recently,

two novel species close to Candida atlantica and

Candida atmosphaerica were described (Statzell-

Tallman et al. 2010). Candida spencermartinsiae

and Candida taylorii were isolated from seawater at a
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water depth of 10 m adjacent to corals at Looe Key

Reef, Florida, USA. Sequence similarities of D1/D2

region of the 26S rRNA gene between the three

strains Mo39, MARY089 and CBS 5307 and

C. spencermartinsiae and C. taylorii were, respectively,

96 and 95.6%. The chromosomal region coding for the

internal transcribed spacers was also analyzed. Strain

Mo39 differs from C. spencermartinsiae and C. taylorii,

respectively, by 9.9 and 32.3%.

To determine the phylogenetic position, one

phylogenetic tree was designed from D1/D2 region

of the 26S rRNA gene sequences of the isolates Mo39

and MARY089, the most similar sequences and

members of the Yamadazyma clade as defined by

Kurtzman and Suzuki 2010 (Fig. 1). This phyloge-

netic tree shows that Mo39, MARY089 and the

conspecific strain CBS 5307 are close to C. taylorii,

C. spencermartinsiae, C. atlantica and C. atmospha-

erica, supporting the fact that strains are members of

the Candida genus. Significant bootstrap values

indicate that strains Mo39, MARY089 and CBS

5307 form a distinct taxon in the Candida genus. All

these phylogenetic results confirm that the isolates,

respectively, obtained from an unidentified deep-sea

coral (Mo39), from water sample (MARY089) near

Rainbow and Menez Gwen hydrothermal vents and

from the stomach of a marine fish (CBS 5307)

represent a new species.

As strains Mo39, MARY089 and CBS 5307 were

isolated from marine samples, one aim was to know

whether these isolates display specific adaptations to

marine conditions. Clear establishment of endemism

or ubiquity of marine yeasts is a difficult task. The

physiological properties of yeasts generally do not

give clues as to whether they are marine or terrestrial

species. Almost all yeast species can grow well in

media with NaCl concentrations exceeding those

normally present in the sea (Kohlmeyer and Kohlmeyer

1979). Figure 2 clearly indicates that strain Mo39

displays an optimal growth at 3% sea salts indicating

that this yeast is adapted to live in marine conditions.

Moreover, to date, strain Mo39 and close isolates are

confined to marine habitats as Mo39 and MARY089

were harvested only in deep-sea ecosystems and

Candida sp. CBS 5307 was retrieved from the

stomach of a fish. Candida taylorii CBS 8508 and

Candida spencermartinsiae CBS 10894 were har-

vested in seawater near corals. All those results

Fig. 1 D1/D2 rRNA

phylogenetic tree of

Candida oceani sp. nov

Mo39T and related

reference taxa in the

Yamadazyma clade

(Kurtzman and Suzuki,

2010). Node support values

are given in the following

order: PHYML 100

bootstrap values/MrBayes

posterior probabilities/

Neighbor-Joining 2000

bootstrap values. Values

below 50% are represented

with a minus sign. GenBank

accession numbers of all

sequences are indicated

after strain name.

Schizosaccharomyces
pombe was used as

outgroup
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indicate that these yeasts are forming a cluster of

marine species. However, only Mo39 displays a clear

adaptation to marine conditions as strains MARY089

and CBS 5307 were able to grow with sea salts but

growth rates were lower with increasing sea salt

concentrations (data not shown). Based on the

definition of obligate marine yeasts, that are those

yeasts that, thus far, have never been collected

anywhere but in the marine environment (Kohlmeyer

and Kohlmeyer 1979), strains Mo39, MARY089 and

CBS 5307 can be considered as obligate marine

yeasts. Regarding Mo39, this is the first report of an

obligate marine yeast with a physiological depen-

dence on NaCl.

Microscopic observations of Mo39 (Fig. 3a),

C. atlantica CBS 5263 (Fig. 3f) and C. atmosphaer-

ica CBS 4547 (Fig. 3g) allowed clear distinction

between the three strains. Cells of C. atlantica are

defined as globose to ovoidal with multipolar buds

(Meyer et al. 1998) but microscopic observations

allowed to visualize elongated cells forming primi-

tive pseudohyphae. Cells of C. atmosphaerica are

globose to elongated and multilateral buds can also

be visualized. Main differences between strain Mo39

and the two others are the cellular size and shape.

Cell morphology of Mo39 is close to Candida sp.

MARY089 (Fig. 3b), Candida spencermartinsiae

(Fig. 3c) and Candida taylorii (Fig. 3d) except for

the pseudohyphae formation. Cells of Candida sp.

CBS 5307 (Fig. 3e) are globose and no ovoidal cells

were visualized.

Physiological data regarding Candida atlantica

CBS 5263 and Candida atmosphaerica CBS 4547

indicate that these two yeasts are not able to grow at

35�C. Maximal growth were thus at temperatures

comprised between 30 and 35�C unlike Mo39,

MARY089 and CBS 5307 which are able to growth

at 35�C (Table 1). Considering their physiological

characteristics Candida sp. Mo39, Candida sp.

MARY089 and Candida sp. CBS 5307 are rather

close to Candida taylorii and Candida spencermar-

tinsiae but Candida sp. Mo39, Candida sp.

MARY089 and Candida sp. CBS 5307 are not able

to assimilate D-gluconate.

The phenotypic and molecular data presented

above suggest that the strains Mo39, MARY089

and CBS 5307 are divergent enough from all known

species in the genus Candida. Therefore, we propose

the name Candida oceani sp. nov. for these strains

and designate strain Mo39T as the type strain of novel

species.

Latin diagnosis of Candida oceani Burgaud

and Barbier sp. nov

In medio liquido GYPS post 3 dies ad 35�C, cellulae

exiguus (2–3 lm 9 4–5 lm), ovoideae vel ellipsoidae,

singulae aut binae. Flosculi sunt polares. Post 21 dies

ad 25�C in agaro GYPS, exigua colonia (0.5-1 mm)

albida vel cremea, rotundas et marginis integer.

Pseudohyphae et hyphae non formantur. Ascosporae

non fiunt.

Glucosum (lente) fermentantur, at non, galacto-

sum, sucrosum, maltosum, lactosum, trehalosum

raffinosum. D-glucosum, D-galactosum, L-sorbosum,

sucrosum, maltosum, cellobiosum, trehalosum,

melezitosum, D-xylosum, L-arabinosum, D-arabino-

sum (lente), D-ribosum (lente), L-rhamnosum,

Fig. 2 Growth pattern of

Candida oceani sp. nov.

Mo39T on GYPS media

with increasing sea salt

concentrations. Legend:

Incubation time (17, 22, 25

and 28 h of culture on

GYPS broth media at 35�C

in a rotary shaker at

120 rpm). NB Experiments

were done in triplicate
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D-glucosaminum (lente), N-acetyl-glucosaminum,

ethanolum, glycerolum, erythritolum, ribitolum,

D-mannitolum, D-glucitolum, methyl-a-D-glucosidum,

salicinum, acidum succinicum (lente et exigue),

acidum citricum, acidum 2-keto-D-gluconicum

(lente), acidum 5-keto-D-gluconicum, xylitolum,

L-arabinitolum, arbutinum (lente et exigue) assimi-

lantur at non lactosum, melibiosum, raffinosum,

inulinum, methanolum, galactitolum, acidum D-glu-

conicum, acidum DL-lacticum, hexadecanum, nitra-

tum, nitritum, acidum saccharicum. Ad crescentiam

vitaminae additae necesseriae sunt. Creatininum non

assimilantur. Crescit in 10% NaCl/5% D-glucoso.

Non crescit in 0.01% et 0.1% cycloheximido.

Diazonium caeruleum B non repondens. Ureum non

hydrolysatur. Maris sales accretionem meliorem

faciunt. Typus Mo39T (= CBS 11857T = DSM

23777T) in altissimo mari ab altis corallis divisa est.

Isolatus depositus in collectione zymotica

Centraalbureau voor Schimmelcultures, Utrecht, The

Netherlands et Deutsche Sammlung von Mikroorganis-

men und Zellkulturen, Braunschweig, Germany.

Description of Candida oceani Burgaud

and Barbier sp. nov

Candida oceani (o.ce.a’ni. L. gen. n. oceani, of an

ocean, referring to its optimal growth under marine

conditions).

In GYPS broth, after a 3 days culture at 35�C,

cells are small (2–3 lm wide 9 4–5 lm long), ovoid

to ellipsoid and occur often singly or seldom in

parent-bud pairs (Fig. 3a). Budding is lateral and only

single bud per cell was observed. After 3 weeks on

GYPS agar, colonies (0.5–1 mm) are creamy-white,

smooth, round, convex and have an entire margin.

No pseudomycelium or true hyphae are formed.

Fig. 3 a Candida oceani sp. nov. Mo39T (= CBS 11857T =

DSM 23777T). b Candida oceani sp. nov. MARY089,

c Candida spencermartinisae CBS 10894 (Taken from

Statzell-Tallman et al. 2010 with permission from Jack Fell),

d Candida taylorii CBS 8508 (Taken from Statzell-Tallman

et al. 2010 with permission from Jack Fell), e Candida oceani

sp. nov. CBS 5307, f Candida atlantica CBS 5263, g Candida
atmosphaerica CBS 4547. Cells visualized after 3 days at in

GYPS medium a, b, e, f, g, after 3 days in malt extract broth

(c) and after 7 days on cornmeal agar (d). (Bars 5 lm except

c and d 10 lm)
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No sporulation was observed. The physiological

characteristics presented in Table 1 show that C.

oceani and the most closely related species differ in

numerous properties, which allow their differentia-

tion by conventional taxonomic tests associated with

one complementary test as the growth rate under

increasing sea salt concentrations. Significant differ-

ences are the inability of C. oceani to assimilate D-

gluconate and one strain displays an optimal growth

at 3% sea salts in culture medium.

The type strain is Mo39T (= CBS 11857T = DSM

23777T), which was isolated from an unidentified

deep-sea coral collected near Rainbow hydrothermal

site at Mid-Atlantic Ridge (2300 meters depth),

Atlantic Ocean, while two other strains (MARY089

and CBS 5307) of this species were found respec-

tively in water samples from Rainbow hydrothermal

site and from the stomach of a fish.
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