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Abstract The epiphytic yeast diversity in rice phyl-

losphere in Thailand was investigated by a culture-

independent technique based on the RFLP pattern and

the sequence of the D1/D2 domain of the large subunit

rRNA gene. Forty-four samples of rice leaf were

collected randomly from six provinces. The DNA was

extracted from leaf washing samples and the D1/D2

domain was amplified using PCR technique. The PCR

products were cloned and then screened by colony

PCR. Of total 1121 clones, 451 clones (40.2 %)

revealed the D1/D2 domain sequences closely related

to sequences of yeasts in GenBank, and they were

clustered into 45 operational taxonomic units (OTUs)

at 99 % homology. Of total yeast related clones, 329

clones (72.9 %) were identified as nine known yeast

species, which consisted of 314 clones (8 OTUs) in the

phylum Basidiomycota including Bullera japonica,

Pseudozyma antarctica, Pseudozyma aphidis, Spor-

obolomyces blumeae, Sporobolomyces carnicolor and

Sporobolomyces oryzicola and 15 clones (6 OTUs) in

the phylum Ascomycota including Metschnikowia

koreensis, Meyerozyma guilliermondii and Wicker-

hamomyces anomalus. The D1/D2 sequences (122

clones) that could not be identified as known yeast

species were closest to 3 and 14 species in Ascomy-

cota and Basidiomycota, respectively, some of which

may be new yeast species. The most predominant

species detected was P. antarctica (42.6 %) followed

by B. japonica (25.9 %) with 63.6 and 22.7 %

frequency of occurrence, respectively. The results of

OTU richness of each sampling location revealed that

climate condition and sampling location could affect

epiphytic yeast diversity in rice phyllosphere.

Keywords Epiphyte � Yeast � Phyllosphere �
Rice � rRNA gene

Introduction

Rice is a monocotyledonous plant of the family

Poaceae. Rice is one of the most widely produced

and consumed foods in the world, making its
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cultivation of vital global social and economic

importance. In Thailand, rice (Oryza sativa) is the

main economic crop which is mostly cultivated in

north, northeast and central Thailand. During the

period 2013–2014 the rice cultivation area was

approximately 12.64 million hectares and grain pro-

duction approximately 38.24 million tons as reported

by the Department of Rice, Ministry of Agriculture

and Cooperative, Thailand.

Phyllosphere or phylloplane describes the above

ground surfaces of the plant as habitat for microor-

ganisms; the phyllosphere is dominated by the leaves.

The total surface area available for microbial coloniza-

tion has been estimated to be about 2–6 9 108 km2

(Morris 2001; Lindow and Brandl 2003). Microbial

epiphytes including bacteria, yeasts and filamentous

fungi can inhabit the phyllosphere by using leaf surface

nutrients as carbon sources including carbohydrates,

amino acids, organic acids, sugar alcohols and salts

(Tukey 1970; Fiala et al. 1990;Weibull et al. 1990; Dik

et al. 1991; Leveau and Lindow 2001). In addition, the

epiphytes have been reported to produce plant hor-

mones which promote cell wall loosening and release

of saccharides from plant cells as substrates (Fry 1989;

Brandl and Lindow 1998; Lindow and Brandl 2003).

Furthermore, it has been reported that epiphytes may

produce biosurfactants which facilitate wettability and

further enhance the leaching of substrates (Bunster

et al. 1989; Schreiber et al. 2005). The abundance of

available nutrients is dependent on leaf age, plant

species and growing conditions all of which shape

microbial diversity in the phyllosphere. Moreover,

environmental factors including radiation, pollution

and nitrogen fertilization, plus biotic factors including

leaf age and competing microorganisms all affect

microbial diversity (Irvine et al. 1978; Jumpponen and

Jones 2010; Zimmerman and Vitousek 2012).

The diversity of microorganisms in the environment

has been evaluated by culture-dependent methods,

however a major obstacle has been unculturable or

slow growing strains which may lead to exclusion of

important members of the composting microbial com-

munity (Amann et al. 1995; Takaku et al. 2006).

Therefore recently culture-independent methods have

been applied to more accurately elucidate microbial

diversity (Su et al. 2012). Over the past 20 years,

molecular ecological methods based on the direct

amplification and analyses of ribosomal RNA genes

have been developed for investigations of microbial

communities in diverse environments such as denatur-

ing gradient gel electrophoresis (DGGE) (Muyzer 1999;

Liu et al. 2002), temperature gradient gel electrophore-

sis (TGGE) (Muyzer 1999), restriction fragment length

polymorphisms (RFLP) (Esteve-Zarzoso et al. 1999),

terminal restriction fragment length polymorphisms (T-

RFLP) (Schutte et al. 2008), random amplified poly-

morphic DNA (RAPD) (Chiocchetti et al. 1999),

amplified fragment length polymorphism (AFLP) (de

Barros Lopes et al. 1999), quantitative PCR (qPCR)

(Hierro et al. 2006) single-strand-conformation poly-

morphism (SSCP) (Peters et al. 2000) and capillary

electrophoresis-single strand conformation polymor-

phism (CE-SSCP) (Martins et al. 2014). Meanwhile,

alternative molecular techniques such as fluorescence

in situ hybridization (FISH) (Moter and Gobel 2000)

and micro arrays (Bodrossy and Sessitsch 2004) have

successfully been used for the identification of envi-

ronmental microorganisms. Moreover, the high-

throughput sequencing in combination with DNA

tagging were utilized efficiently in evaluation of fungal

communities (Jumpponen and Jones 2009).

The most numerous microorganisms colonising

the phyllosphere are bacteria. However yeast and

filamentous fungi are often considered active in-

habitants of leaf surfaces (Vorholt 2012). Most studies

identifying microorganisms in the phyllosphere have

focused on bacteria. In recent years the diversity of

yeast communities in the phyllosphere has been

studied intensively, however most of which were

culture-dependent. Additionally, only a small number

of articles have focused on yeasts that colonize the

phyllosphere of monocotyledonous plants (Nakase

et al. 2001; Limtong and Kaewwichian 2014) and very

few of those investigating the diversity of epiphytic

yeasts from the phyllosphere were undertaken with

samples from Thailand. Therefore, this study is the

first research aimed at investigating the diversity of

epiphytic yeasts of rice phyllosphere in Thailand by

using a culture-independent technique.

Materials and methods

Sample collection

Forty-four samples of rice (Oryza sativa) leaf were

randomly collected from rice fields in six provinces in

Thailand between October 2011 and March 2012
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(Table 1). Leaf samples were put in plastic bags,

sealed and kept in an ice-box before transfering to the

laboratory. The samples were stored at 4 �C until used.

DNA was extracted from the leaf washing of the

samples within a maximum of 7 days post collection.

DNA extraction of epiphytes

Leaf samples (6 g) were cut and submerged in

washing buffer (1X Phosphate buffered saline, Tween

20), sonicated for 7 min using ultrasonic cleaning bath

(Bransonic, USA) to dislodge microbes from sample

surfaces. The leaf washing was centrifuged at

50009g for 5 min and the supernatant was discarded.

For rapid extraction of DNA from cell pellets the

method of Makimura et al. (Makimura et al. 1994)

with slight modification was performed. Briefly, the

cell pellet was suspended in 100 ll of lysis buffer

(100 mM Tris–HCl, pH 7.5, 0.5 % w/v SDS, 30 mM

EDTA) and incubated at 95 �C for 15 min. A 100 ll
of 2.5 M potassium acetate was added and incubated

on ice for 60 min, then centrifuged at 12,0009g for

5 min. The supernatant was transfered to new tube and

DNA precipitated with an equal volume of iso-

propanol, then washed with 70 % ethanol. The

precipitated DNA was air dried, resuspended in

30 ll of TE buffer (10 mM Tris–Cl, 1 mM EDTA,

pH 8.0) and stored at -20 �C.

PCR amplification of D1/D2 domain of large

subunit (LSU) rRNA gene

PCR amplification of D1/D2 domain of LSU rRNA

gene was performed using the following primers: NL-

1 (50-GCA TATCAATAAGCGGAGGAAAAG-30)
and NL-4 (50-GGT CCG TGT TTC AAG ACG G-30)

(Kurtzman and Robnett 1998). The amplification was

carried out in 25 ll of the reaction mixture containing

10–100 ng of genomic DNA, 1X PCR buffer (Vivan-

tis, USA), 1.5 mM MgCl2 (Vivantis, USA), 100 lM
of each dNTP (Vivantis, USA), 20 pmol of each

primer, and 1 U of Taq DNA polymerase (Vivantis,

USA). The PCR reactions were performed on a

Geneamp PCR system 2400 (Perkin Elmer, USA).

The reaction conditions were 94 �C for 5 min; 35

cycles of 45 s at 94 �C, 30 s at 52 �C, and 45 s at

72 �C; and a final extension at 72 �C for 10 min. PCR

products with expected size of 600 bp were visualized

on 1 % agarose gel (w/v) and purified by Nucleic Acid

Extraction Kit (Vivantis, USA).

PCR cloning and screening

The purified PCR products were ligated into pTG19-T

cloning vector (Vivantis, USA) performed using

manufacturer’s recommended protocol, and trans-

formed into E.coli DH5a competent cells. The

recombinant clones were screened by colony PCR

using the primers described above. The reaction

mixture was manipulated as described above except

that cell suspension (2 ll) was used as template. The

reaction conditions were 94 �C for 10 min; 35 cycles

of 45 s at 94 �C, 30 s at 52 �C, and 45 s at 72 �C; and
a final extension at 72 �C for 10 min. PCR products

with expected size of 600 bp were visualized on 1 %

agarose gel (w/v).

RFLP analyses

PCR products of the expected size were analyzed

using RFLP after enzymatic digestion with the

Table 1 Rice leaf samples collected from six provinces in Thailand

Region Province Location Sampling

period

No. of

samples

Average

atmospheric

temperature (�C)

Average

rainfall

(mm.)

East Chachoengsao 13�4101500N, 101�401300E Dec 2011 6 28.1 3.4

Central Nakhon Nayok 14�1204400N, 101�120600E Dec 2011 3 25.1 0.8

Nakhon Pathom 13�4901400N, 100�304500E Jan 2012 13 27.3 19.9

Suphanburi 14�280300N, 100�70100E Mar 2012 9 30.0 29.9

North-East Sisaket 15�701200N, 104�1901800E Oct 2011 10 26.4 182.5

Surin 14�5204800N, 103�2902400E Oct 2011 3 26.4 182.5

Antonie van Leeuwenhoek (2015) 107:1475–1490 1477
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restriction enzymes, HaeIII, HinfI and CfoI. The

restriction fragment patterns were visualized using a

2 % agarose gel (w/v). The RFLP patterns were

clustered and the representatives of the PCR products

of each pattern from each clone libraries were further

purified and sequenced.

Sequencing and phylogenetic analyses

TheDNA sequencingwas performed bySanger dideoxy

sequencing with four colour fluorescence using NL1

primer and an ABI Prism 3730XL DNA sequencer

(Applied Bioscience, USA) at the DNA sequencing

services, Bio Basic Inc. (Ontario, Canada). The se-

quences of theD1/D2 domainwere sumitted toBLASTn

homology search (Altschul et al. 1997). The collection of

taxonomically related type sequences and relatedmatch-

es were obtained from GenBank for further analyses.

The sequences were aligned with related species using

CLUSTALW (Thompson et al. 1994). The GenBank

accession numbers of related yeast type strain sequences

are AF444760 (Bullera japonica), AF075525 (Crypto-

coccus cellulolyticus), AF189834 (Cryptococcus curva-

tus), AB035042 (Cryptococcus flavescens), AF075497

(Cryptococcus flavus), DQ00317 (Cryptococcus

heimaeyensis), AF075525 (Cryptococcus laurentii),

AF189884 (Hannaella sinensis), AJ965480 (Hannaella

zeae), AF189977 (Sporidiobolus pararoseus),

AB279628 (Sporobolomyces carnicolor), AF189990

(Sporobolomyces oryzicola), AJ235302 (Pseudozyma

antarctica), AB089363 (Pseudozyma aphidis),

DQ008953 (Pseudozyma hubeiensis), AF296438

(Metschnikowia koreensis), U45709 (Meyerozyma guil-

liermondii) and U74592 (Wickerhamomyces anomalus).

The recombinant clones of the D1/D2 domain

sequences were clustered into operational taxonomic

units (OTUs) at 99 % homology using the furthest

neighbour approach of mothur v.1.10 (Schloss et al.

2009). The sequence analysis regarding to the number

of the nucleotide substitution compared to the D1/D2

sequences of yeast type strains were also considered

(Kurtzman and Robnett 1998; Fell et al. 2000).

A phylogenetic tree was constructed from the evo-

lutionary distance data usingKimura 2-parametermodel

(Kimura 1980) and the neighbor-joiningmethod (Saitou

and Nei 1987) performed with MEGA 6 (Tamura et al.

2013). All positions containing gaps were eliminated.

Confidence level of the clades was estimated using

bootstrap analysis (1000 replicates).Yeast related

sequence data have been submitted to the GenBank

database under accession numbers KJ937682,

KJ937684-KJ937698,KJ937700-KJ937728,KJ937730-

KJ937750, KJ937752-KJ937781, KM078919-KM07

8921 and KM999142-KM999219.

Data analyses

Diversity indices were calculated using the Shannon–

Wiener index (H0) and Shannon equitability (EH);

H0 ¼ �
XS

i¼0

PiðlnPiÞ

where Pi is the ratio of the number of clones of the ith

OTU to the total number of clones.

EH ¼ H0=lnS

where S is the total number of OTUs in the total

samples of rice phyllosphere.

Equitability assumes a value between 0 and 1. A

value close to 1 means that the sample is diverse, while

a value close to 0 means that the sample is not diverse.

Relative frequency (%) was calculated as the

number of clones of a particular OTU as a propotion

of the total number of clones.

Frequency of occurance (%) was calculated as the

number of samples, where a particular OTU was

observed, as a propotion of the total number of

samples.

Statistical data analyses

Comparisons of multiple means with standard de-

viations (SDs) obtained from OTU richness, the

number of OTUs of each sample, in association with

different provinces were performed by StatPlus v2009

(AnalystSoft Inc., USA), with one-way analysis of

variance (ANOVA) and Fisher LSD tests at appropri-

ate significant level of P = 0.05 or lower.

Results and discussion

Yeast identification and phylogenetic analyses

Genomic DNA from the cell pellets of leaf washings

of 44 samples of rice phyllospheres was successfully

1478 Antonie van Leeuwenhoek (2015) 107:1475–1490
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isolated. The amplified PCR products of the D1/D2

domain of LSU rRNA gene were cloned. A total of

1121 clones were obtained from 44 clone libraries.

The representative sequences (621 sequences) of each

library as a result of restriction analysis were se-

quenced. Among 1121 clones, 53.3 % (405 sequences,

598 clones) were related to filamentous fungi, 40.2 %

(176 sequences, 451 clones) were related to yeasts and

6.4 % (40 sequences, 72 clones) were of unknown

origin, the sequences with no or low significant

similarly found in database. For the purposes of this

study we focused on yeasts present in the rice

phyllosphere samples.

Ascomycetous yeasts were identified by analysis of

areas of homology for the D1/D2 domain of LSU

rRNA gene sequences and those of type strains.

Sequences showing greater than 1 % nucleotide

substitutions (6 nucleotides) in the ca. 600-nucleotide

D1/D2 domain are likely to be of different species and

that strains with 0-3 nucleotide differences are either

conspecific or sister species (Kurtzman and Robnett

1998). According to the suggestion of Fell et al. (2000)

for basidiomycetous yeasts, strains that differ by two

or more nucleotides in the D1/D2 region, represent

different taxa. Therefore to identify yeasts species

present in this study the numbers of nucleotide

substitutions within the D1/D2 domain were also

considered according to ascomycetous and basid-

iomycetous yeast identification suggested above.

A total of 176 sequences of 451 clones related to

yeasts were classified into 45 OTUs by 99 % similarity

cut off. The sequences under the same OTUs that had

different number of nucleotide substitutions were

distinguished and identified (Table 2). The basid-

iomycetous yeasts (96 %) were the major components

of the clone libraries, in contrast to only 4 % of the

ascomycetous yeasts. The total clones were classified

into 4 yeast subphylum, three were under phylum

Basidiomycota (Agaricomycotina, Pucciniomycotina

and Ustilaginomycotina) and one under phylum As-

comycota (Saccharomycotina). The majority of yeast

related clones were in subphylum Ustilaginomycotica

(60.0 %) followed by Agaricomycotina (33.7 %). The

number of clones classified in Saccharomycotina and

Pucciniomycotina were only 4.0 and 2.2 %, respec-

tively. As can be seen, some sequences under the same

OTUs had different identification results according to

the number of nucleotide substitutions (see OTU1,

OTU23, OTU31). The sequences that differ by more

than 1 nucleotide substitution in the case of basid-

iomycetous yeasts and 6 nucleotide substitutions in the

ascomycetous yeasts were treated as different species in

this study. 329 out of 451 clones (72.9 %) were

precisely identified into nine known yeast species in six

genera. Of these total, 314 clones (under 8 OTUs) were

identified as basidiomycetous yeasts including B.

japonica, P. antarctica, P. aphidis, Sporobolomyces

blumeae, S. carnicolor and S. oryzicola. Other 15

clones (under 6 OTUs) were identified as known

ascomycetous yeast species includingM. koreensis,M.

guilliermondii and W. anomalus.

The sequences (119 clones) of basidiomycetous

yeasts that could not have been identified to species

level regarding to the substitution numbers were

closest to 14 yeast species. These included B.

japonica, C. cellulolyticus, C. curvatus, C. flavescens,

C. flavus, C. heimaeyensis, C. laurentii, H. sinensis,

Hannaela zeae, P. antarctica, P. aphidis, P. hubeien-

sis, S.pararoseus and S. carnicolor. For their identi-

fication to species level further study such as ITS

sequence analysis is needed. Some of these sequences

may represent the sequences of new yeast taxa. The

sequences (3 clones) of ascomycetous yeasts which

differed by more than 6 nucleotide substitutions

represented new yeast species closest toM. koreensis,

M. guilliermondii and W. anomalus.

The most frequently detected OTU from the clone

libraries was OTU23 (47.2 %, 213 clones) closest to

P. antarctica followed by OTU1 (27.5 %, 124 clones)

closest to B. japonica and OTU31 (8.2 %, 37 clones)

closest to P. aphidis (Table 2). Other OTUs were

detected within the clone libraries but showed low

relative frequencies (0.2–1.8 %). The relative fre-

quencies of the total number of clones from all OTUs

identified as P. antarctica and B. japonica were

42.6 % (192 clones) and 25.9 % (117 clones),

respectively.

Phylogenetic trees based on analysis of the D1/D2

domain sequences of subphylum Agaricomycotina

(Fig. 1), Pucciniomycotina (Fig. 2), Ustilaginomycoti-

na (Fig. 3) and Saccharomycotina (Fig. 4) were con-

structed. The phylogenetic tree of OTUs in the

subphylum Agaricomycotina illustrated that the se-

quences with high number in substitutions (differ by 6

nucleotides) such as OTU3, OTU4, OTU5, OTU6,

OTU7, OTU8, OTU9, OTU11, OTU12, OTU13,

OTU15, OTU16, OTU19 and OTU20 were confirmed

of long distance relation to the closest strains. These
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Table 2 Yeast identification for 45 OTUs based on BLAST analysis and their frequency of occurrence (%) from rice phyllospheres

OTU No. of

clones

Closest yeast species Nucleotide

substitution

(gap)a

Identity

(%)

Identification Frequency

of occurrence

(%)

Phylum Basidiomycota

Subphylum Agarinomycotina

1 40 Bullera japonica CBS 2013T

(AF444760)

0 (0–2) 99.7–100 Bullera japonica 13.6

77 Bullera japonica CBS 2013T

(AF444760)

1 (0–3) 99.5–99.8 Bullera japonica 18.2

3 Bullera japonica CBS 2013T

(AF444760)

2 (0, 3) 99.1–99.6 Closest to Bullera japonica 6.8

4 Bullera japonica CBS 2013T

(AF444760)

3 (1) 99.1–99.3 Closest to Bullera japonica 4.5

2 1 Bullera japonica CBS 2013T

(AF444760)

4 (0) 99.3 Closest to Bullera japonica 2.3

3 1 Bullera japonica CBS 2013T

(AF444760)

19 (4) 96.1 Closest to Bullera japonica 2.3

4 1 Bullera japonica CBS 2013T

(AF444760)

20 (1) 96.4 Closest to Bullera japonica 2.3

5 1 Bullera japonica CBS 2013T

(AF444760)

35 (10) 92.0 Closest to Bullera japonica 2.3

6 1 Cryptococcus cellulolyticus

CBS 8294T (AF075525)

52 (4) 90.1 Closest to Cryptococcus cellulolyticus 2.3

7 1 Cryptococcus curvatus

CBS570T (AF189834)

6 (2) 98.6 Closest to Cryptococcus curvatus 2.3

1 Cryptococcus curvatus

CBS570T (AF189834)

7 (2) 98.5 Closest to Cryptococcus curvatus 2.3

1 Cryptococcus curvatus

CBS570T (AF189834)

8 (1) 98.5 Closest to Cryptococcus curvatus 2.3

8 2 Cryptococcus curvatus

CBS570T (AF189834)

6 (1–2) 98.6 Closest to Cryptococcus curvatus 2.3

9 1 Cryptococcus flavescens CBS

942T (AB035042)

3 (1) 99.3 Closest to Cryptococcus flavescens 2.3

10 8 Cryptococcus flavus CBS 331T

(AF075497)

3 (0–1) 99.1–99.5 Closest to Cryptococcus flavus 9.1

11 1 Cryptococcus heimaeyensis

CBS 8933T (DQ00317)

48 (11) 89.8 Closest to Cryptococcus heimaeyensis 2.3

12 2 Cryptococcus laurentii

CBS139T (AF075525)

23 (10) 94.4 Closest to Cryptococcus laurentii 4.5

13 1 Hannaella sinensis

CBS7238T(AF189884)

50 (15) 88.6 Closest to Hannaella sinensis 2.3

14 1 Hannaella zeae HB 1207T

(AJ965480)

7 (0) 98.8 Closest to Hannaella zeae 2.3

1 Hannaella zeae HB 1207T

(AJ965480)

8 (0) 98.6 Closest to Hannaella zeae 2.3

1 Hannaella zeae HB 1207T

(AJ965480)

9 (1) 98.2 Closest to Hannaella zeae 2.3

15 1 Hannaella zeae HB 1207T

(AJ965480)

53 (6) 88.7 Closest to Hannaella zeae 2.3

16 1 Hannaella zeae HB 1207T

(AJ965480)

54 (13) 87.7 Closest to Hannaella zeae 2.3
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Table 2 continued

OTU No. of

clones

Closest yeast species Nucleotide

substitution

(gap)a

Identity

(%)

Identification Frequency

of occurrence

(%)

Subphylum Pucciniomycotina

17 1 Sporidiobolus pararoseus

CBS491T (AF189977)

3 (2) 99.1 Closest to Sporidiobolus pararoseus 2.3

18 3 Sporidiobolus pararoseus

CBS491T (AF189977)

5 (0–1) 98.9–99.1 Closest to Sporidiobolus pararoseus 2.3

19 1 Sporobolomyces blumeae CBS

9094T (AB279628)

0 (0) 100 Sporobolomyces blumeae 2.3

20 2 Sporobolomyces carnicolor

CBS 4215T (AY070008)

1 (0) 99.8 Sporobolomyces carnicolor 2.3

1 Sporobolomyces carnicolor

CBS 4215T (AY070008)

2 (0) 99.6 Closest to Sporobolomyces carnicolor 2.3

21 1 Sporobolomyces carnicolor

CBS 4215T (AY070008)

5 (1) 98.8 Closest to Sporobolomyces carnicolor 2.3

22 1 Sporobolomyces oryzicola

CBS7228T (AF189990)

0 (1) 99.7 Sporobolomyces oryzicola 2.3

Subphylum Ustilaginomycotina

23 117 Pseudozyma antarctica CBS

214.83T (AJ235302)

0 (0–2) 99.6–100 Pseudozyma antarctica 54.5

70 Pseudozyma antarctica CBS

214.83T (AJ235302)

1 (0–2) 99.5–99.8 Pseudozyma antarctica 34.1

21 Pseudozyma antarctica CBS

214.83T (AJ235302)

2 (0–2) 99.3–99.6 Closest to Pseudozyma antarctica 25.0

5 Pseudozyma antarctica CBS

214.83T (AJ235302)

3 (0–3) 98.9–99.3 Closest to Pseudozyma antarctica 6.8

24 1 Pseudozyma antarctica CBS

214.83T (AJ235302)

1 (17) 96.7 Pseudozyma antarctica 2.3

25 4 Pseudozyma antarctica CBS

214.83T (AJ235302)

1 (2) 99.5 Pseudozyma antarctica 2.3

26 1 Pseudozyma antarctica CBS

214.83T (AJ235302)

2 (0) 99.6 Closest to Pseudozyma antarctica 2.3

27 1 Pseudozyma antarctica CBS

214.83T (AJ235302)

2 (2) 99.3 Closest to Pseudozyma antarctica 2.3

28 1 Pseudozyma antarctica CBS

214.83T (AJ235302)

5 (1) 99.0 Closest to Pseudozyma antarctica 2.3

29 1 Pseudozyma antarctica CBS

214.83T (AJ235302)

7 (0) 98.9 Closest to Pseudozyma antarctica 2.3

30 2 Pseudozyma antarctica CBS

214.83T (AJ235302)

7 (1) 98.6 Closest to Pseudozyma antarctica 2.3

31 1 Pseudozyma aphidis JCM

10318 (AB089363)

1 (0) 99.8 Pseudozyma aphidis 2.3

21 Pseudozyma aphidis JCM

10318 (AB089363)

2 (1) 99.5 Closest to Pseudozyma aphidis 4.5

5 Pseudozyma aphidis JCM

10318 (AB089363)

3 (0, 2) 99.1–99.4 Closest to Pseudozyma aphidis 6.8

10 Pseudozyma aphidis JCM

10318 (AB089363)

4 (1) 99.1 Closest to Pseudozyma aphidis 4.5

32 1 Pseudozyma aphidis JCM

10318T (AB089363)

6 (1) 98.8 Closest to Pseudozyma aphidis 2.3
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sequences may represent the sequences of new yeast

taxa. Other OTUs with lower numbers of substitutions

such as OTU1, OTU2, OTU9 and OTU10 with 2-4

substitutions were closely related to the type strains

seen in the phylogenetic tree however OTUs could not

have been identified by only one region in DNA. The

similar interpretation could be described for the phy-

logenetic results in subphylum Pucciniomycotina

(Fig. 2), Ustilaginomycotina (Fig. 3) and Saccharomy-

cotina (Fig. 4).

Frequency of occurrence and diversity of epiphytic

yeasts

The frequency of occurrence of yeast OTUs within the

44 rice samples (Table 2) showed that OTU23, which

was identified as P. antarctica, was commonly found

in rice samples followed by OTU1 identified as B.

japonica. Other OTUs occurred but at lower frequen-

cies of occurrence. Of the yeast species detected P.

antarctica and B. japonica were the most common

Table 2 continued

OTU No. of

clones

Closest yeast species Nucleotide

substitution

(gap)a

Identity

(%)

Identification Frequency

of occurrence

(%)

33 4 Pseudozyma aphidis JCM

10318T (AB089363)

41 (5) 91.8 Closest to Pseudozyma aphidis 2.3

34 3 Pseudozyma aphidis JCM

10318T (AB089363)

44 (7) 91.0 Closest to Pseudozyma aphidis 2.3

35 1 Pseudozyma aphidis JCM

10318T (AB089363)

45 (3) 91.4 Closest to Pseudozyma aphidis 2.3

36 1 Pseudozyma hubeiensis CBS

10077T (DQ008953)

4 (1) 99.2 Closest to Pseudozyma hubeiensis 2.3

Phylum Ascomycota

Subphylum Saccharomycotina

37 1 Metschnikowia koreensis

KCTC 7998T (AF296438)

1 (2) 99.4 Metschnikowia koreensis 2.3

38 1 Metschnikowia koreensis

KCTC 7998T (AF296438)

1 (1) 99.6 Metschnikowia koreensis 2.3

39 1 Metschnikowia koreensis

KCTC 7998T (AF296438)

13 (2) 97.0 Closest to Metschnikowia koreensis 2.3

40 3 Meyerozyma guilliermondii

NRRL Y-2075T (U45709)

2 (1) 99.5 Meyerozyma guilliermondii 2.3

1 Meyerozyma guilliermondii

NRRL Y-2075T (U45709)

3 (1) 99.3 Meyerozyma guilliermondii 2.3

41 1 Meyerozyma guilliermondii

NRRL Y-2075T (U45709)

17 (4) 95.9 Closest to Meyerozyma guilliermondii 2.3

42 1 Wickerhamomyces anomalus

NRRL Y-366T (U74592)

0 (1) 99.8 Wickerhamomyces anomalus 2.3

1 Wickerhamomyces anomalus

NRRL Y-366T (U74592)

1 (1) 99.6 Wickerhamomyces anomalus 2.3

3 Wickerhamomyces anomalus

NRRL Y-366T (U74592)

2 (1) 99.5 Wickerhamomyces anomalus 4.5

43 3 Wickerhamomyces anomalus

NRRL Y-366T (U74592)

3 (1) 99.3 Wickerhamomyces anomalus 2.3

44 1 Wickerhamomyces anomalus

NRRL Y-366T (U74592)

3 (2) 99.1 Wickerhamomyces anomalus 2.3

45 1 Wickerhamomyces anomalus

NRRL Y-366T (U74592)

20 (6) 95.3 Closest to Wickerhamomyces

anomalus

2.3

a Number of nucleotides that does not match with the closest yeast sequence subtract with number of gaps
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with 63.6 % (28 samples) and 22.7 % (10 samples)

frequencies of occurrence, respectively. Other species

were less frequently detected with less than 10 %

frequency of occurrence.

The average OTU richness values ranged from 1 to 3

over 6 provinces (Fig. 5). This figure showed that there

were significant differences between the values of OTU

richness for samples collected in different provinces.

The OTU richness of the samples collected in Cha-

choeangsao (CC, 1.00 ± 0.89) was lowest and was

significantly different from those of Surin (SR,

3.67 ± 1.00, P = 0.007), Nakhon Nayok (NN, 3.00

± 1.00, P = 0.039) and Nakhon Pathom (NP, 3.08 ±

1.71, P = 0.003) except Suphanburi (SP, 2.11 ± 1.05,

P = 0.89) and Sisaket (SK, 1.5 ± 1.08, P = 0.312)

which showed no significant difference. In addition,

those of the samples collected in Sisaket was also

significantly different from those of Surin (P = 0.030)

and Nakhon Pathom (P = 0.018). These results re-

vealed that the OTU richness of the rice samples

collected in Chachoeangsao and Sisaket provinces were

significantly lower than other provinces. These could

 OTU1 substitution 0 (KJ937684)
 OTU1 substitution 3 

 OTU1 substitution 1 (KJ937690)
 OTU1 substitution 1 (KJ937695)
 OTU1 substitution 2 (KM078921)

 OTU1 substitution 1 (KJ937687)

 OTU1 substitution 0 
 OTU1 substitution 0 (KJ937692)

 OTU2 substitution 4 (KJ937693)
 OTU4 substitution 20 (KJ937688)

 OTU3 substitution 19 (KJ937689)

 OTU9 substitution 3 (KJ937703)

 OTU10 substitution 3 (KJ937704)
 OTU10 substitution 3 (KJ937707)

 OTU7 substitution 6 (KJ937702)
 OTU8 substitution 6 
 OTU7 substitution 7 
 OTU7 substitution 8 

 OTU12 substitution 23 (KJ937710)

 OTU14 substitution 7 (KJ937712)
 OTU14 substitution 8 (KJ937714)
 OTU14 substitution 9 (KJ937711)
 OTU5 substitution 35 (KJ937685)

 OTU16 substitution 54 (KJ937709)
 OTU13 substitution 50 (KJ937698)

 OTU15 substitution 53 (KJ937701)
 OTU11 substitution 48 (KJ937700)

 OTU6 substitution 52 (KJ937708)

99

89

59

99

99

83

77
99

99

88
99
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80

60

58

99

58

83

91

0.02

Cryptococcus flavescens CBS 942T (AB035042)

Bullera japonica CBS 2013T (AF444760)

Cryptococcus cellulolyticus CBS  8294T

Cryptococcus laurentii CBS  139T (AF075469)
Cryptococcus heimaeyensis CBS 8933T

Cryptococcus flavus CBS 331T (AF075497)

Cryptococcus curvatus CBS 570T (AF189834)

Hannaella sinensis CBS 7238T (AF189884)
Hannaella zeae HB 1207T (AJ965480)

Rhodosporidium diobovatum CBS 6085T (AF070421)

(KM999165)

(KM999158)

(KM999151)
(KM999152)
(KM999155)

Fig. 1 Phylogenetic tree calculated from neighbor-joining of

OTU sequences in subphylum Agarinomycotina (D1/D2 do-

main, LSU rRNA gene) and reference sequences retrieved from

the GenBank database using Kimura 2-parameter model.

Numbers on branches are the bootstrap percentage ([50 %)

from 1000 random replications. The scale bar corresponds to a

genetic distance of 0.02 substitutions per position
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suggest that the richness of yeast strains varied by

sampling locations. However, the inter-provincial

variation was not the focus of this study.

The diversity index and equitability of yeast

evaluated in this study were calculated based on the

identification results according to nucleotide substitu-

tion numbers. Therefore the sequences that could not

be identified at the species level were distinguished as

different genotypes in those particular OTUs. Thus,

we could separate these sequences into 57 genotypes.

The Shannon–Weiner index and equitability of yeast

genotypes detected in rice samples were 2.191 and

0.542, respectively, as shown in Table 3.

Discussion

This is the first study that we are aware of that has used a

culture-independent molecular approach to determine

the diversity of epiphytic yeasts in rice (Oryza sativa)

phyllosphere in Thailand. The basidiomycetous yeasts

were the major components of the clone libraries in our

study. These results for rice are in accordance with a

previous study inMoscow by Glushakova and Chernov

(2010), which reported that the number of basid-

iomycetous yeasts were greater than those of ascomyce-

tous yeasts on the phyllosphere of plants. This study

was performed using a culture-dependent technique and

yeasts were identified based on morphological, physio-

logical characteristics and the analysis of the rDNA

ITS1-5.8S-ITS2 and D1/D2 nucleotide sequences.

Additionally, the basidiomycetous yeasts have been

reported as the dominant yeasts in previous studies of

other plants and with alternative methodologies. For

instance, the study of yeast communities associated

with sugarcane in Rio de Janeiro, Brazil showed that the

prevalent species were basidiomycetous yeasts includ-

ingC. laurentii,Cryptococcus albidus and Rhodotorula

mucilaginosa (de Azeredo et al. 1998). It has been

postulated that the yeast species most commonly found

on monocotyledonous plants are from the phylum

Basidiomycota (Spencer and Spencer 1997). The

ballistoconidium-fall isolation method was used to

isolate ballistoconidium-forming yeasts from dead

leaves and stems of rice (Oryza sativa L.) in Japan.

The isolated yeasts belonged to the genera Bullera,

Sporobolomyces and Tilletopsis (Nakase and Suzuki

1985). The common ballistosporous yeasts isolated

from rice leaf and other plants collected in the Asia-

Pacific region were the genera Bensingtonia, Bullera,

Kockovaella, Sporidiobolus Sporobolomyces, Tilletiop-

sis and Udeniomyces (Nakase 2000). A year later

Nakase et al. (2001) also reported that the basidiomyce-

tous yeasts isolated from plant phyllosphere collected in

Thailand by using the ballistoconidium-fall isolation

method, were identified as 21 species in six genera

including Bensingtonia, Bullera, Kockovaella, Sporid-

iobolus, Sporobolomyces and Tilletiopsis. In the present

study we also detected the common ballistosporous

yeasts in the genera Bullera and Sporobolomyces by

using culture-independent method from rice phyllo-

sphere in Thailand.

 OTU21 substitution 5 
 OTU20 substitution 1 (KJ937767)

 OTU17 substitution 3 (KJ937772)

 OTU19 substitution 0 (KJ937769)

 OTU22 substitution 0 (KJ937770)100

100

91
78

100

91

0.05

Sporidiobolus carnicolor CBS 4215T (AY070008)

Sporobolomyces blumeae CBS 9094T (AB279628)

Sporobolomyces oryzicola CBS 7228T (AF189990)

Reniforma strues CBS 8263T (AF189912)

Sporidioboluspararoseus CBS 491T (AF0704377)

(KM999159)

 OTU18 substitution 5 (KJ937771)

 OTU20 substitution 2 (KJ937768)

Fig. 2 Phylogenetic tree calculated from neighbor-joining of

OTU sequences in subphylum Pucciniomycotina (D1/D2

domain, LSU rRNA gene) and reference sequences retrieved

from the GenBank database using Kimura 2-parameter model.

Numbers on branches are the bootstrap percentage ([50 %)

from 1000 random replications. The scale bar corresponds to a

genetic distance of 0.05 substitutions per position
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Although the most common phyllosphere yeasts are

basidiomycete yeast species various ascomycete yeast

species have also been isolated from the phyllophere

such as Debaryomyces hansenii, Hanseniaspora

uvarum, Kazachstania barnetii, Metschnikowia lop-

buriensis, Metschnikowia pulcherrima, Metschnikowia

saccharicola, Pichia membranifaciens, Saccharomyces

cerevisiae and various Candida species including

Candida aechmeae, C. olephila, C. chumphonensis,

C. mattranensis and C. vrieseae (Glushakova et al.

2007; Slavikova et al. 2007; Glushakova and Chernov

2010; Landell et al. 2010; Koowadjanakul et al. 2011;

Kaewwichian et al. 2012). The ascomycetous yeasts

were mostly detected in phyllosphere when using the

 OTU23 substitution 0 (KJ937738)
 OTU23 substitution 2 

 OTU23 substitution 0 (KJ937747)
 OTU27 substitution 2 

 OTU23 substitution 0 (KJ937742)
 OTU26 substitution 2 
 OTU23 substitution 1 (KJ937750)
 OTU23 substitution 3 (KJ937723)

 OTU23 substitution 0 (KJ937732)
 OTU24 substitution 1 (KJ937743)

 OTU28 substitution 5 
 OTU23 substitution 1 (KJ937722)
 OTU23 substitution 1 (KJ937730)

 OTU23 substitution 2 
 OTU23 substitution 0 

 OTU23 substitution 2 KJ937728
 OTU23 substitution 0 
 OTU23 substitution 0 (KJ937761)
 OTU23 substitution 2 

 OTU29 substitution 7 (KJ937753)
 OTU23 substitution 1 (KJ937733)

 OTU23 substitution 0 (KJ937748)
 OTU23 substitution 1 (KJ937721)

 OTU25 substitution 1
 OTU30 substitution 7 (KJ937752)

 OTU23 substitution 3 (KJ937720)

 OTU31 substitution 3 (KJ937765)
 OTU31 substitution 3 (KJ937716)
 OTU31 substitution 4 (KJ937715)
 OTU31 substitution 1 (KJ937762)
 OTU31 substitution 2 (KJ937754)

 OTU32 substitution 6 (KJ937763)
 OTU34 substitution 44 (KJ937759)

 OTU35 substitution 45 (KJ937717)

 OTU36 substitution 4 (KJ937764)
 OTU33 substitution 41 (KJ937760)

100

98

72

65

52

54

67

0.05

Pseudozyma antarctica CBS 214.83T (AJ235302)

Pseudozyma aphidis JCM 10318T (AB089363)

Pseudozyma hubeiensis CBS 10077T (DQ008953)

Rhodotorula glutinis CBS 20T (AF070430)
Rhodosporidium diobovatum CBS 6085T

(AF070421)

(KM999166)

(KM999200)

(KM999202)

(KM999206)

(KM999189)
(KM999184)

(KM999183)

(KM999199)

(KM999149)

Fig. 3 Phylogenetic tree calculated from neighbor-joining of

OTU sequences in subphylum Ustilaginomycotina (D1/D2

domain, LSU rRNA gene) and reference sequences retrieved

from the GenBank database using Kimura 2-parameter model.

Numbers on branches are the bootstrap percentage ([50 %)

from 1000 random replications. The scale bar corresponds to a

genetic distance of 0.05 substitutions per position
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culture-dependent approach based on the enrichment

isolation technique and the D1/D2 domain sequence

analysis (Limtong and Koowadjanakul 2012; Limtong

and Kaewwichian 2014; Limtong et al. 2014). Only 7

related yeast species detected in this study were also

found in rice phyllospheres when using the enrichment

isolation technique (Limtong and Kaewwichian 2014).

These consisted of C. flavescens, C. laurentii, Met-

shnikowia koreensis, P. antarctica, P. aphidis, M.

guilliermondii and S. blumeae. Furthermore, the

dominant species detected in our study were present

in relatively low frequencies (P. antarctica) and was

not found (B. japonica) when using enrichment culture.

Also of note is that the yeast species showing a

relatively high frequency of isolation using the enrich-

ment isolation technique did not appear in this study.

These included Rhodotorula taiwanensis, Candida

tropicalis and Cyberlindnera fabianii (Limtong and

Kaewwichian 2014). These results indicated that

different yeasts were obtained from different tech-

niques of investigations. The enrichment technique is

likely to support the growth of small populations of

 OTU38 substitution 1 
 OTU37 substitution 1 (KJ937773)

 OTU39 substitution 13 (KJ937774)

 OTU40 substitution 3 
 OTU40 substitution 2 (KJ937775)

 OTU41 substitution 17 (KJ937776)
 OTU42 substitution 0 
 OTU42 substitution 2 (KJ937778)

 OTU42 substitution 1 (KJ937780)
 OTU43 substitution 3 (KJ937777)

 OTU44 substitution 3 (KJ937779)
 OTU45 substitution 20 (KJ937781)
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59
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99
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Metschnikowia koreensis KCTC 7998T (AF296438)

Meyerozyma guilliermondii NRRL Y-2075T (U45709)

Wickerhamomyces anomalus NRRL Y-366T (U74592)

Schizosaccharomyces pombe NRRL Y-12796T

(U40085)

(KM999142)

(KM999145)

(KM999154)

Fig. 4 Phylogenetic tree calculated from neighbor-joining of

OTU sequences in subphylum Saccharomycotina (D1/D2

domain, LSU rRNA gene) and reference sequences retrieved

from the GenBank database using Kimura 2-parameter model.

Numbers on branches are the bootstrap percentage ([50 %)

from 1000 random replications. The scale bar corresponds to a

genetic distance of 0.05 substitutions per position
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Fig. 5 OTU richness in the sub-samples depending on

province; Nakhon Nayok (NN), Chachoengsao (CC), Surin

(SR), Naphon Pathom (NP), Sisaket (SK) and Suphanburi (SP).

Bars are confidence interval and middle points are the respective

mean. Significant differences are indicated by *P B 0.05 and

**P B 0.01

Table 3 Diversity indices of yeast genotypes presenting in 44

rice phyllosphere samples

Diversity indices Values

Total number of clones 451

Total number of genotypes (S) 53

Average population size 8.51

Shannon–Weiner index (H0) 1.996

Equitability index (EH) 0.5028
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ascomycetous yeasts leading to a greater representation

of these yeast species in the results. The species that

were not found by enrichment technique but sequences

of which were obtained in this study were related to that

of B. japonica, C. curvatus, C. flavus, H. zeae, P.

hubeiensis, S. pararoseus, S. carnicolor, S. oryzicola

and W. anomalus. This likely indicates that the culture

techniques used during enrichment do not support

growth of these populations and these maybe under-

represented in the results.

Some of the yeast species found in this study had

also been detected previously in various plant species

in Thailand, including C. flavescens, M. koreensis, M.

guilliermondii, S. blumeae and S. carnicolor (Nakase

2000; Limtong and Kaewwichian 2014; Limtong et al.

2014). Pseudozyma was the most prevalent yeast

genus in the rice phyllospheres of this study and this is

not unexpected as the Pseudozyma genus is known

generally inhabit numerous plant phyllospheres (Allen

et al. 2004; Seo et al. 2007; Kitamoto et al. 2011;

Limtong andKaewwichian 2014; Yoshida et al. 2014).

In the present study, P. antarctica was detected in

relatively high frequency and was a common species

in the rice phyllosphere samples. Some strains of this

yeast species have been reported to provide beneficial

effects to the host plant, such as microbiological

control (Clement-Mathieu et al. 2008). There have

been reported that P. antarctica secreted manno-

sylerythritol lipids (MELs) on plant surfaces that

could be expected to play a significant role in fungal

morphological development and propagation on plant

surfaces (Morita et al. 2010; Yoshida et al. 2014).

Therefore, these epiphytic yeast species detected in

this study could be used as promising plant pathogenic

biocontrol agents. In recent years, the enzyme pro-

duction ability of this species which allows for the

breakdown of biodegradable plastics has been report-

ed (Kitamoto et al. 2011; Shinozaki et al. 2013a,

2013b). Other predominant yeasts in this study were in

the genus Bullera, which have also been commonly

found in other plant phyllopheres (Nakase 2000;

Sampaio et al. 2004; Inácio et al. 2005; Fungsin et al.

2006). B. japonica another predominant species in this

study has also been found to be so in other plant

phyllospheres (Sampaio et al. 2004). Other epiphytic

yeasts that have been reported of their capability to

promote plant growth by producing plant growth

hormone, indole-3-acetic acid (IAA) were also found

in this study such as P. aphidis and C. flavus (Sun et al.

2014). Therefore these yeasts could be useful for

further development in rice production.

It should be noted that a few yeasts species found in

this study have been reported of their pathogenic risk

in human i.e. P. antarctica has been isolated from the

blood of a patient with a spontaneous pneumothorax in

Thailand (Sugita et al. 2003). This should be aware of

as this yeast species was predominantly found in rice

phyllosphere in Thailand. M. guilliermondii, Risk

Group 2 microorganism, was also detected in this

study (San Millan et al. 1997; Pfaller et al. 2006). An

appearance of pathogenic yeasts in rice fields may be

due to the fact that human beings are involved in

growing rice in Thailand and these microorganisms

may be brought by farmers. In addition, many animals

can also be sources of pathogenic microorganism

contamination in the field.

Since the diversity of epiphytic yeasts in the rice

phyllysphere has received little attention, only few

novel yeast species isolated from the rice phyllosphere

in Thailand have been proposed so far. These included

M. saccharicola and M. lopburiensis (Kaewwichian

et al. 2012). In our study, there were several OTUs that

could not have been identified into a species level on

the basis of the D1/D2 domain of the LSU rRNA gene

sequence analysis with strongly supporting phyloge-

netic analysis, and some of these were suggested to be

the sequences of new yeast taxa.

This study was not intended to investigate the

relation between sampling locations and yeast com-

munities. However, we primarily found significant

differences in the OTU richness between some

provinces. The significantly lowest OTU richness

was shown in Chachoeansao province. This may be a

result of the minimal level of rainfall (3.4 mm) during

the sampling period in comparison with the rainfall

level in other locations. This result is accordance with

the report of Swinfield et al. (2012) which indicated

that dry climates and when rainfall is less frequent

could reduce fungal diversity. Nevertheless, the rain-

fall level was lowest (0.8 mm) in Nakhon Nayok

province but this factor did not affect the OTU

richness. There may be other factors that have an

effect on yeast diversity. There have been reported that

environmental factors such as seasonal and climatic

conditions also geography could affect microbial

biodiversity (Lachance et al. 2003; Glushakova and

Chernov 2010; Jumpponen and Jones 2010; Gayevs-

kiy and Goddard 2012; Voriskova et al. 2014).
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