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Abstract Endophytic microorganisms inhabit inter-
nal plant tissues in the host plant without causing any
symptoms or negative effects. Although the diversity
of endophytes has been evaluated by both culture-
dependent and culture-independent methods, less
information is available on yeast communities. There-
fore, in this study a culture-independent method was
used to examine endophytic yeasts associated with
rice leaves based on the large subunit of ribosomal
DNA using a semi-nested PCR technique. Sequence
analysis indicated that the colonization frequency and
the relative species frequency (RF) of endophytic
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yeast phylotypes were 0.41 and 0.06, respectively, and
the majority of the yeast phylotypes were basid-
iomycetous yeasts. The phylotypes were designated as
five known species (Cryptococcus victoriae, Debary-
omyces hansenii, Debaryomyces vindobonensis,
Meyerozyma guilliermondii and Pseudozyma antarc-
tica), together with seventeen phylotypes closest to
Candida metapsilosis, Cryp. foliicola, Cryp. laurentii,
Pseudozyma abaconensis, Pseudozyma aphidis and
Trichosporon asahii, among which some could be
novel species. The most prevalent phylotypes were
those closest to Cryp. foliicola (47.5 % RF) followed
by D. hansenii (22.8 % RF) and P. antarctica (16.8 %
RF). The presence of the phylotypes related to species
known for their potential applications as biocontrol
agents and plant growth promoting hormone produc-
ers suggests that they may have valuable applications.
In addition, our findings revealed the occurrence of
novel phylotypes at high frequency, which should
encourage extensive studies to discover novel yeast
species and to understand their roles in the rice leaves.
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Introduction

Endophytic microorganisms comprising bacteria, fil-
amentous fungi and yeasts inhabit internal tissues of
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the host plant without causing any symptoms or
negative effects (Petrini 1991). Endophytes have been
receiving attention due to their ability to produce
various beneficial bioactive compounds which are
involved in plant health and adaptation to both abiotic
and biotic stress and thus have potential agricultural,
industrial and pharmaceutical applications (Trindade
et al. 2002; Arnold et al. 2003; Tian et al. 2004;
Higginbotham et al. 2013). At present it is commonly
accepted that almost every plant species is inhabited
by endophytic fungi and that more than one type of
fungal endophyte may be found within a single plant
(Petrini et al. 1992). Endophytes associated with crop
plants, including rice have been reported. The reports
have focused on bacterial and filamentous fungal
community structures and their biological activities,
but only a few reports have described the isolation,
localization or diversity of endophytic yeasts. For
instance, Fusarium and Streptomyces were respec-
tively predominant endophytic fungi and actino-
mycetes in rice leaves and roots from Guangdong
province in southern China while yeasts were detected
only in leaves and only at low frequency (3.7 %); no
yeasts were detected in roots (Tian et al. 2004). Yuan
et al. (2010) characterized the fungal communities in
the roots of rare wild rice (Oryza granulate) using both
culture-dependent and culture-independent
approaches. The results demonstrated that most of the
fungal isolates belonged to Ascomycota with 34.5 %
being of undescribed species, whereas the frequently
detected clones were classified as Basidiomycota,
60.2 % being of unknown taxa. Among the detected
clones, only one yeast phylotype was found; this was
closely related to Trichosporon mucoides. To date
endophytic yeasts have been isolated from a few plant
species; for example Cryptococcus sp. and Rhodotorula
sp. in leaves of tomato (Larran et al. 2001), Cyberlind-
nera saturnus, producing indole-3-acetic acid (IAA)
and indole-3-pyruvic acid (IPYA), in roots of maize
(Nassar et al. 2005), Rhodotorula graminis and
Rhodotorula mucilaginosa, producing IAA, in stems
of wild cottonwood and hybrid poplar (Xin et al. 2009).

Although microbial strains have been isolated by
conventional methods, it has not been possible to
isolate numerous microorganisms in the environment
due to the fact that their cultivation conditions are
unknown and that there is a possibility that some
species might be unculturable. Culture-independent
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methods are increasingly employed to analyze the
microbial diversity directly from tissue or environ-
mental samples via DNA extraction, along with PCR
amplification of nuclear ribosomal gene (rDNA) and
separation techniques such as random cloning, ampli-
fied rDNA restriction analysis (ARDRA), amplified
ribosomal intergenic spacer analysis (ARISA), dena-
turing gradient gel electrophoresis (DGGE), temper-
ature gradient gel electrophoresis (TGGE), and
terminal restriction fragment length polymorphism
(T-RFLP) (Anderson and Cairney 2004; Nielsen et al.
2007; Yuan et al. 2010; Singh et al. 2011). These
techniques are subject to biases and their own
limitations because of the DNA quality, the primers
used, copy numbers of the target gene and the length of
amplified products (Jones and Richards 2011). To
reduce biases, several primers have been developed as
universal primers (Toju et al. 2012) and specific
primers (White et al. 1990; Gardes and Bruns 1993;
Harrison et al. 2011) together with the optimization of
amplification programs such as nested PCR or semi-
nested PCR which increases the sensitivity and/or
specificity of PCR (Ibeas et al. 1996; Oros-Sichler
et al. 2006; Chae et al. 2012; Diaz et al. 2013).

Rice is a major grain food crop and its production
for both local consumption and export is the main
agricultural activity in Thailand. Aware that endo-
phytes possess beneficial biological properties and that
attention has not yet been focused on endophytic
yeasts, we aimed to evaluate the biodiversity of
endophytic yeast in rice leaves using a culture-
independent approach via semi-nested PCR for con-
struction of a D1/D2 library followed by ARDRA and
sequencing.

Materials and methods
Sample collection

Forty-six samples of healthy leaves of rice (Oryza
sativa) were collected from rice fields in five provinces
in Thailand between October 2011 and December
2011 (Table 1). Leaf samples were kept in ice boxes
during collection and then at 4 °C in the laboratory.
DNA extraction was conducted within 24 h after
returning to the laboratory and not longer than 1 week
after collection.
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Table 1 Details of rice leaf samples used in this study

Region Province Location Average atmospheric ~ Annual Sampling  No. of Sample
temperature (°C) rainfall (mm) period samples  code no.
North-East ~ Surin 14°52'48"N, 26.4 1901.8 Oct, 2011 3 RI-R3
103°29'24E
Buriram 14°36'24"N 27.3 1655.5 Oct, 2011 2 R4-R5
103°7'18"E
Sisaket 15°7'12"N, 26.4 1709.9 Oct, 2011 12 R6-R13,
104°19'18"E R15-R18
Central Nakhon 14°1'16"N, 26.9 1295.5 Nov, 2011 24 R31-R40,
Pathom 99°58'54"E R42-R55
East Chachoengsao  13°41'15"N, 28.1 1706.5 Dec, 2011 5 R58-R59,
101°4'13"E R61-R62, R64

DNA extraction from leaf samples

The leaves were cut into fragments (3 cm) and
surface-sterilized. The leaf fragments were submerged
in 70 % (w/v) ethanol for 2.5 min, followed by 5 %
(w/v) sodium hypochlorite for 2.5 min, and then
washed 5 times by soaking in 50 ml sterile water and
shaking for 2 min. The effectiveness of the surface
sterilization procedure was verified by spreading
0.1 ml of the final rinse water onto yeast extract-malt
extract (YM) agar (3 g 17! yeast extract, 3 g 17" malt
extract, 5 g1~ peptone, 10 gl™' glucose and
20 g 17! agar) and placing of a few leaf fragments
directly onto YM agar. Furthermore, the efficiency of
the removal of DNA from leaf surfaces was examined
by the semi-nested PCR amplification (described
below in PCR Amplification of D1/D2 domain of
large subunit ribosomal DNA section) using DNA
extracted from the pellets collected from the rinse
water as well as washed leaves and unwashed leaves,
that were submerged in washing buffer (1X phosphate
buffered saline, Tween 20), and sonicated for 7 min
using an ultrasonic bath (Yang et al. 2001), as DNA
template. The quantity of the amplified D1/D2 frag-
ment was calculated based on the approximate mass of
100 bp DNA ladder (NEB, USA).

Total genomic DNA from fresh surface-sterilized
rice leaves was extracted according to the method of
Kurtzman and Robnett (1998) with modification. The
leaf sample was ground with mortar and pestle under
liquid nitrogen and then treated with 2 x CTAB
extraction buffer (2 % (w/v) CTAB, 100 mM Tris—
HCl pH 8.4, 1.4 M NaCl, 25 mM EDTA) at 65 °C for
1 h with occasional gentle swirling. DNA was

extracted with phenol:chloroform:isoamyl alcohol
(25:24:1), followed by chloroform:isoamyl alcohol
(24:1). Then, DNA was precipitated by adding 0.54
volume of isopropanol and washed once with 70 %
(w/v) ethanol and finally resuspended in 100 pl of
sterile distilled water.

PCR Amplification of D1/D2 domain of the large
subunit ribosomal DNA

The total genomic DNA extracted from rice leaves
was used as a DNA template for the amplification of
the D1/D2 domain of the large subunit ribosomal
DNA (LSU rDNA) with primers, NL1 and NL4
(Kurtzman and Robnett 1998). However, consider-
able amplification of rice LSU rDNA was detected.
To exclude this disturbance, semi-nested PCR was
carried out. Forward primers for amplifying the ITS-
D1/D2 domain as an outer fragment were sought out
from fungal ITS primers previously published, NSI1
(Martin and Rygiewicz 2005), ITS1-F (Gardes and
Bruns 1993), ITSI-F_KYO1 and ITS1-F_KYO2
(Toju et al. 2012). ITS1-F_KYOI was selected due
to its amplification performance in vitro as well as
the high percentage of fungal taxa and low percent-
age of plant taxa amplified in silico (Toju et al.
2012). The primer pairs used for semi-nested PCR
were ITS1-F_KYO1 and NL4 as the outer set to
amplify the ITS-D1/D2 domain (~ 1300 bp) and
NL1/NL4 as the inner set to amplify only the D1/D2
domain (~600 bp). Although the ITS-D1/D2
domain contained the D1/D2 domain, the amplified
D1/D2 domain was used to construct the clone
library due to its smaller size and higher yield. The

@ Springer



636

Antonie van Leeuwenhoek (2015) 108:633-647

sequences of the primers used are shown in Table 2.
Amplification of the ITS-D1/D2 domain was carried
out in 25 pl of a reaction mixture containing 50 ng
of genomic DNA, 1X PCR buffer, 1X Q-solution,
200 uM of each dNTP, 10 pmol of each primer of
the outer set, and 2.5 U of Taq polymerase (Qiagen,
Germany). The reaction was performed as follows:
initial DNA denaturation at 94 °C for 5 min,
followed by 45 cycles of denaturation at 94 °C for
1 min, annealing at 47 °C for 30 s and extension at
72 °C for 1 min and a final extension at 72 °C for
10 min. For the first amplification, 45 cycles were
used to enhance the yield of PCR product. Ampli-
fication of the D1/D2 domain was carried out in
25 pl of a reaction mixture containing 1/25 dilution
of the ITS-D1/D2 PCR product, 1X PCR buffer, 1X
Q-solution, 200 pM of each dNTP, 10 pmol of each
primer of the inner set, and 2.5 U of Taq polymerase
(Qiagen, Germany). The reaction was performed as
follows: initial DNA denaturation at 94 °C for
5 min, followed by 35 cycles of denaturation at
94 °C for 1 min, annealing at 52 °C for 30 s and
extension at 72 °C for 30 s and a final extension at
72 °C for 10 min. Visualization of the amplified
DNA was performed by electrophoresis using 0.8 %
agarose in 1X TBE buffer (0.09 M Tris—borate,
0.001 M EDTA; pH 8.0); it was then stained with
ethidium bromide and observed under a UV illumi-
nator. The expected amplified DNA fragment
(~600 bp) was excised and purified with
QIAquick® Gel Extraction Kit (Qiagen, Germany)
according to the manufacturer’s instructions.

Table 2 Primers used in this study

Construction of clone libraries and phylogenetic
analysis

The purified PCR products were ligated into pGEM-
Tgsy (Promega, USA) and used to transform into
Escherichia coli JM109. The randomly selected
transformants containing the insert were confirmed
by the colony PCR method with NL1 and NL4 primers
and screened by amplified ribosomal DNA restriction
analysis (ARDRA). PCR products having the correct
size of insert were digested with the restriction
enzymes, Cfol, Haelll, and Hinfl (Guillamoén et al.
1998) and then separated in 2 % agarose gel elec-
trophoresis for 45 min. Clones were grouped into
operational taxonomic units (OTUs) according to the
RFLP pattern and the representative OTUs were
sequenced by First Base Laboratories Sdn Bhd
(Malaysia) with NL1 primer using BigDye® Termi-
nator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems, USA). The sequences of the D1/D2 domain of
the LSU rDNA were submitted to BLASTn search
(Altschul et al. 1997) at the National Center for
Biotechnology Information (NCBI; http://www.ncbi.
nlm.nih.gov/) to determine their similarity and phy-
logenetic affiliation. The sequences were aligned with
related species by Multiple Alignment using Fast
Fourier Transform (MAFFT) (Katoh and Standley
2013) at the European Bioinformatics Institute (EBI;
http://www.ebi.ac.uk/) and the phylogenetic tree was
constructed from the evolutionary distance data
according to Kimura (1980) by the maximum likeli-
hood method (Felsenstein 1981) using the MEGA

Primer Sequence 5'-3’ Position® Tm (°C) Reference
Forward
NSI1 GATTGAATGGCTTAGTGAGG 1644-1663 59 Martin and Rygiewicz (2005)
ITS1-F CTTGGTCATTTAGAGGAAGTAA 1723-1744 50 Gardes and Bruns (1993)
ITS1-F_KYOl1 CTHGGTCATTTAGAGGAAGTAA 1723-1744 58 Toju et al. (2012)
ITS1-F_KYO2 TAGAGGAAGTAAAAGTCGTAA 1733-1753 56 Toju et al. (2012)
NL1 GCATATCAATAAGCGGAGGAAAAG 41-64 68 Kurtzman and Robnett (1998)
Reverse
NL4 GGTCCGTGTTTCAAGACGG 655-637 60 Kurtzman and Robnett (1998)

# NSI1, ITS1-F, ITS1-F_KYOI and ITS1-F_KYO?2 primer positions are corresponding to a reference ribosomal RNA sequence of
Serpula himantioides (AM946630) (Toju et al. 2012). NL1 and NL4 primer positions are corresponding to Saccharomyces cerevisiae

NC_001144.5:455181-451786 (Porter and Golding 2012)
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version 6.0 (Tamura et al. 2013) with 1000 bootstrap
replicates.

Nucleotide sequence accession number

The nucleotide sequence data reported in this work
were deposited in GenBank under the accession
numbers KM872031 to KM872060.

Data analyses

The colonization frequency (CF) was calculated as
number of leaf samples colonized by endophytic
yeasts divided by the number of total leaf samples
collected. The relative frequency (RF) was calculated
as the number of clones in each yeast phylotype,
species, genus or phylum divided by the total number
of clones in the library, depended on the group
involved. Diversity of the clone library was investi-
gated by rarefaction analysis and the rarefaction curve
was calculated using the RarefactWin program (Hol-
land 2003).

Results

Diversity of endophytic yeasts by a culture-
independent approach

Diversity of the endophytic yeast species in rice leaves
was investigated by a culture-independent method in
this study. Prior to DNA extraction, the sterility of the
washed leaf surface was verified and the results
showed that there was no growth of microorganisms.
In case of the removal of DNA on the leaf surface, the
quantity of PCR products of DNA obtained from the
rinse water, washed leaves and unwashed leaves
showed a significant reduction of the epiphytic yeast
DNA since the quantity of amplified band at each
washing step reduced gradually from 100 % in
unwashed leaves (RO) to 0 % in the final rinse water
(R5) and washed leaves (R6) (Fig. 1). The results
indicated that most of the epiphytic yeast DNA was
removed from the washed leaves. Due to the long
distance from the sampling sites to the laboratory, total
DNA from rice leaf samples collected in the Central
Region (n = 24), the Eastern Region (n = 5) and the
Northeastern Region (n = 17) was extracted within 1,
3 and 5 days of collection. The extracted DNA was

used as template for the amplification of the D1/D2
domain of the LSU rDNA of endophytic yeasts. The
D1/D2 domain of the LSU rDNA was successfully
amplified by semi-nested PCR using ITS1-F_KYOl1
and NL4 as the outer set and NL1/NL4 as the inner set.
Therefore, 46 D1/D2 libraries were constructed and a
total of 1826 randomly picked clones were grouped
into 124 operational taxonomic units (OTUs), accord-
ing to the ARDRA patterns obtained from the
independent digestion by three restriction endonucle-
ases: Cfol, Haelll and Hinfl. Representative OTUs
from each library were sequenced and analyzed.
Through the BLAST analysis, 12 OTUs had sequences
typical of yeasts (10lclones), whereas 112 OTUs
belonged to filamentous fungi (1725 clones) and no
OTU matched the rice sequence. Moreover, the
number of yeast phylotypes in rice leaves ranged
from O to 3 phylotypes per sample. Among 46 leaf
samples, yeast phylotypes were found in 19 leaf
samples, whereas all leaf samples contained filamen-
tous fungal phylotypes. The results revealed that the
primer sets used in this study effectively amplified the
fungal D1/D2 domain of the LSU rDNA and that
yeasts were in a minority among endophytic fungi in
rice leaves. The CF and the RF of endophytic yeast
phylotypes in rice leaves were 0.41 and 0.06, respec-
tively. The rarefaction curve did not reach a horizontal
asymptote (Fig. 2), indicating that more species could
be retrieved. Since the objective of this work is the
assessment of the biodiversity of endophytic yeast in
rice leaves, only yeast clones (101 clones) were further
analyzed and are discussed.

Based on sequence analysis of the D1/D2 domain of
the LSU rDNA, the DI1/D2 clone sequences of
endophytic yeasts derived from rice leaves were
identified and affiliated by their similarity and phylo-
genetic relationships to the sequences of the closest
related strains in NCBI and related type strains. The
criteria described by Kurtzman and Robnett (1998),
namely, that ascomycetous yeast strains with 0 to 3
nucleotide differences in the DI1/D2 domain
(~600 bp) are either conspecific or sister species
and yeast strains showing nucleotide substitutions
greater than six are usually different species and the
criteria of Fell et al. (2000), namely, that the majority
of basidiomycetous yeast can be identified using the
D1/D2 region and strains that differed by two or more
nucleotides represent different taxa, were used as the
guidelines. A total of 101 sequences of yeast clones
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Fig. 1 Relative efficiency of the removal of DNA from rice leaf
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Fig. 2 Rarefaction curve of endophytic yeast clones derived
from rice leaves

showed that 12 OTUs were composed of 28 different
phylotypes (Table 3). According to the sequence
analysis by BLAST search, three OTUs had diverse
phytotypes; ten phylotypes closest to Cryptococcus
foliicola in OTUI1, one phylotype closest to Pseu-
dozyma antarctica and one phylotype closest to P.
aphidis in OTUS, and six phylotypes closest to
Debaryomyces hansenii and one phylotype closest to
Debaryomyces vindobonensis in OTU11. The closest
related species of the clone sequences showed nine (26
clones, 25.7 % RF) and nineteen (75 clones, 74.3 %
RF) phylotypes belonged to the Ascomycota and
Basidiomycota, respectively. The genera belonging to
the Ascomycota consisted of Candida (one phylotype
in the Lodderomyces—Spathaspora clade), Debary-
omyces (seven phylotypes) and Meyerozyma (one

@ Springer

R6 is washed leaves. The relative efficiency of the removal of
DNA was calculated as a percentage of the quantity of amplified
D1/D2 fragment of each sample divided by the quantity of
amplified D1/D2 fragment of unwashed leaf sample

phylotype), whereas the genera belonging to the
Basidiomycota were Cryptococcus (two phylotypes
in the Bulleromyces clade and twelve phylotypes in the
victoriae clade), Pseudozyma (two phylotypes) and
Trichosporon (one phylotype). The phylotypes, most
closely related to type strains of ascomycetous yeasts,
which were either identical or had only two to three
nucleotides differences (Kurtzman and Robnett 1998)
and the phylotypes most closely related to basid-
iomycetous yeasts, having fewer than two nucleotides
difference (Fell et al. 2000), were designated as five
known species (Cryp. victoriae, D. hansenii, D.
vindobonensis, Meyerozyma guilliermondii and P.
antarctica), whereas the others may be novel species
closest to Candida metapsilosis, Cryp. foliicola, Cryp.
laurentii, Pseudozyma abaconensis, Pseudozyma
aphidis and Trichosporon asahii (Table 4). The
majority of the endophytic yeast phylotypes in rice
leaves were basidiomycetous yeasts and the most
prevalent phylotypes were the ones closest to Cryp.
foliicola (47.5 % RF) followed by D. hansenii
(22.8 % RF) and P. antarctica (16.8 % RF). The
phylotypes close to C. metapsilosis, Cryp. laurentii, D.
vindobonensis, M. guilliermondii, P. aphidis, P.
abaconensis and T. asahii were found at the low
frequency of 1.0-5.0 % (Table 4). The phylogenetic
tree showed that the analyzed sequences were dis-

tributed in four taxonomic orders, namely,
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Table 3 Number of phylotypes per OTU and their RFLP patterns

OTU Identification®

Phylotype No.of D1/D2
b

RFLP pattern

ID clones amplified -
product (bp) Cfol Haelll Hinfl
Basidiomycota
1 Closest to Cryptococcus 3R32 12 607 507, 100 607 411, 192, 4
foliicola 5R2 3 606 507,99 606 411,192,
10R21 4 606 509, 97 606 413, 191, 2
31R22 2 598 506, 92 598 410, 188
33R2 3 604 506, 94 604 410, 194
34R2 3 607 507, 100 607 411, 193, 3
35R27 8 606 507, 99 606 411, 192, 3
37R42 4 605 507, 98 605 411, 192, 2
38R1 5 603 507, 96 603 411, 192
40R4 2 606 508, 98 606 412, 191, 3
2 Closest to Cryptococcus 3R33 1 600 332, 268 348, 93, 50, 48,35,26 412, 141, 47
foliicola
3 Closest to Cryptococcus 15R19 1 606 606 606 413, 193
foliicola
4 Closest to Cryptococcus 43R8 3 596 332, 211,53 273, 155, 93,75 412, 137, 47
laurentii
5 Closest to Cryptococcus 43R21 2 605 605 529, 76 413, 192
laurentii
Cryptococcus victoriae ~ 64R2 2 606 507, 99 531,75 411,192, 3
7 Closest to Pseudozyma  58R6 1 627 273,178,176 430, 123, 39, 35 239, 194, 184, 10
abaconensis
8 Pseudozyma antarctica  44R1 17 613 448, 165 371, 123, 48, 39, 32 236, 193, 184
Closest to Pseudozyma  51R6 1 623 449, 174 380, 123, 48, 39, 33 237, 202, 184
aphidis
9 Closest to Trichosporon 3R41 1 607 509, 98 531,72, 4 230, 183, 192, 2
asahii
Ascomycota
10 Closest to Candida 33R1 1 579 579 398, 111, 52, 18 386, 145, 48
metapsilosis
11 Debaryomyces hansenii  13R4 1 580 580 416, 164 389, 144, 47
31R1 6 581 581 414, 167 392, 142, 47
31R5 1 577 577 414, 163 388, 142, 47
34R6 1 578 578 414, 164 389, 142, 47
40R1 12 574 574 409, 165 390, 137, 47
48R31 2 580 580 416, 164 389, 144,47
Debaryomyces 47R6 1 581 581 416, 165 390, 144, 47
vindobonensis
12 Meyerozyma 37R32 1 578 525,53 415, 163 218, 170, 143, 47

guilliermondii

 Identification of each phylotype was based on BLASTn analysis

b Phylotype ID was designated as sample No. followed by clone No.
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Table 4 Distribution of D1/D2 clone sequences derived from endophytic yeasts in rice leaves

Phylotype Accession Relative  Closest related Nucleotide Identification
ID* no. frequency type strain substitution/total
(%) (accession no.) nucleotide
Basidiomycota
37R42  KM872049  3.96 Cryptococcus foliicola CBS 99207 2/605 Closest to Cryptococcus
(AY557599) foliicola
40R4 KMS872052  1.98 Cryptococcus foliicola CBS 9920" 2/606 Closest to Cryptococcus
(AY557599) foliicola
35R27  KMS872047 7.92 Cryptococcus foliicola CBS 9920" 3/606 Closest to Cryptococcus
(AY557599) foliicola
38R1 KM872050  4.95 Cryptococcus foliicola CBS 99207 3/603 Closest to Cryptococcus
(AY557599) foliicola
31R22 KMS872040 1.98 Cryptococcus foliicola CBS 9920" 3/598 Closest to Cryptococcus
(AY557599) foliicola
33R2 KM872042 297 Cryptococcus foliicola CBS 9920" 3/604 Closest to Cryptococcus
(AY557599) foliicola
34R2 KM872044  2.97 Cryptococcus foliicola CBS 99207 4/607 Closest to Cryptococcus
(AY557599) foliicola
10R21 KM872035 3.96 Cryptococcus foliicola CBS 9920" 5/606 Closest to Cryptococcus
(AY557599) foliicola
5R2 KM872034  2.97 Cryptococcus foliicola CBS 99207 5/606 Closest to Cryptococcus
(AY557599) foliicola
3R32 KM872031 11.88 Cryptococcus foliicola CBS 99207 11/607 Closest to Cryptococcus
(AY557599) foliicola
15R19 KM872037  0.99 Cryptococcus foliicola CBS 9920" 17/606 Closest to Cryptococcus
(AY557599) foliicola
3R33 KM872032  0.99 Cryptococcus foliicola CBS 99207 63/600 Closest to Cryptococcus
(AY557599) foliicola
43R21 KM872054  1.98 Cryptococcus laurentii CBS 1397 5/605 Closest to Cryptococcus
(AF075469) laurentii
43R8 KM872053  2.97 Cryptococcus laurentii CBS 1397 51/596 Closest to Cryptococcus
(AF075469) laurentii
64R2 KM872060  1.98 Cryptococcus victoriae CBS8685T 1/606 Cryptococcus victoriae
(AF363647)
58R6 KM872059  0.99 Pseudozyma abaconensis CBS8380" 6/627 Closest to Pseudozyma
(FJ008047) abaconensis
44R1 KM872055 16.83 Pseudozyma antarctica CBS 214.837 0/613 Pseudozyma antarctica
(AJ235302)
51R6 KM872058  0.99 Pseudozyma aphidis CBS517.83T 3/623 Closest to Pseudozyma
(AB089363) aphidis
3R41 KM872033  0.99 Trichosporon asahii CBS 24797 19/607 Closest to Trichosporon
(AF105393) asahii
Ascomycota
33R1 KM872041  0.99 Candida metapsilosis ATCC 961447 5/579 Closest to Candida
(FI746055) metapsilosis
48R31 KM872057 1.98 Debaryomyces hansenii NRRL Y-7426" 0/580 Debaryomyces hansenii
JQ689041)
13R4 KM872036  0.99 Debaryomyces hansenii NRRL Y-7426" 1/580 Debaryomyces hansenii
JQ689041)
31R5 KM872039  0.99 Debaryomyces hansenii NRRL Y-7426" 1/577 Debaryomyces hansenii

(JQ689041)
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Table 4 continued

Relative  Closest related
frequency type strain
(%) (accession no.)

Phylotype Accession
ID* no.

Nucleotide Identification
substitution/total

nucleotide

34R6  KMS872045  0.99
(JQ689041)
40R1  KMS872051 11.88
(JQ689041)
3IR1 KMS872038 5.94
(JQ689041)
47R6  KMB872056 0.9
(FN598875)
37R32  KMS872048  0.99
(JQ689407)

Debaryomyces hansenii NRRL Y-7426" 2/578
Debaryomyces hansenii NRRL Y-7426" 2/574
Debaryomyces hansenii NRRL Y-7426" 3/581
Debaryomyces vindobonensis CBS:11666"  3/581

Meyerozyma guilliermondii NRRL Y-20757  2/578

Debaryomyces hansenii
Debaryomyces hansenii
Debaryomyces hansenii
Debaryomyces

vindobonensis

Meyerozyma guilliermondii

# Phylotype ID was designated as sample No. followed by clone No.

Ustilaginales, Trichosporonales and Tremellales in
Basidiomycota (Fig. 3) and Saccharomycetales in
Ascomycota (Fig. 4). The majority of phylotypes
were affiliated in the order Tremellales and most of
them were located in the victoriae clade. The tree also
revealed the clusters of the novel sequences (15R19,
3R33 and 43R8), which did not include any reference
sequences as their phylogenetic neighbors in the
victoriae clade, Tremellales. Moreover, the other
phylotypes were affiliated in the genera Candida in
the Lodderomyces-Spathaspora clade, Debaryomyces,
Meyerozyma, Pseudozyma and  Trichosporon.
Remarkably, the basidiomycetous phylotypes with
two or more nucleotides differences were grouped in
different clusters of the closest related type strains,
implying that they may belong to novel yeast species.

Discussion

Investigation of endophytic yeast species in rice leaves
was carried out by a culture-independent method.
Therefore, the removal of viable cells and their DNA
on the leaf surface should be performed to avoid the
contamination of the endophytic population with
epiphytes. After treating the leaves with 70 % (w/v)
ethanol for microbial decontamination and 5 % (w/v)
sodium hypochlorite for DNA decontamination
together with several times washing with sterile water,
no growth of microorganisms and no PCR products of
the D1/D2 domain from the washed leaves were
detected, indicating adequate sterilization and DNA
removal of the leaf surface, respectively. The

inoculation of Saccharomyces cerevisiae as a control
organism on the leaf surface of wheat was proposed
for the evaluation of the surface sterilization efficiency
in culture-independent fungal endophyte studies (Bur-
dorf et al. 2014); however, a known species used as
control organism must not be an endophyte of the plant
and must produce amplified products that are different
in size from the native endophytes. Therefore, we used
epiphytic microorganisms as control organisms to
elucidate the reduction in the epiphytic DNA and the
comparison of the PCR products with and without
sterilization revealed that the sterilization process
could significantly reduce the contamination of epi-
phytic yeast DNA and sufficiently prevent the ampli-
fication of the D1/D2 domain of the epiphytic yeast
DNA. However, a small amount of residual DNA may
remain on the leaf surface. Furthermore, it is possible
that epiphytic yeasts colonized the inner tissues of the
leaves prior to surface sterilization due to the long
storage period of leaf samples collected in the Eastern
and Northeastern regions.

Although internal transcribed spacer (ITS) has
been proposed as the official fungal barcode, a
culture-independent method based on LSU rDNA
analyses was used because LSU rDNA is primarily
used for standard identification of yeasts and has less
variation in length than ITS. Also, there is an
extensive reference database for taxonomic study.
The primers: NL1 and NL4, have been commonly
used for amplification of the D1/D2 domain of pure
cultures, but have been applied to mixed DNA
samples in only a few instances such as investigations
of fruit-associated fungal communities (Taylor et al.
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58R6
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% 3R41

Trichosporon siamensis ST 3187 (AB164370)

Cryptococcus humicola CBS 5717 (AF189836)
Cryptococcus skinneri CBS 50297 (AF189835)

Cryptococcus flavus CBS 3317 (AF075497)

- Cryptococcus laurentii CBS 1397 (AF075469)

— Cryptococcus rajasthanensis 15LT (AM262324)
43R21

97! Cryptococcus laurentiiWOct07D(1)X-Y29 (GQ352524)

85

97 — 3R33

43R8

|—15R19

— Cryptococcus peneaus CBS 24097 (AB035051)

— 3R32

34R2

10R21

" 5R2

99 Cryptococcus victoriae YM 25140 (JQ964206)
Cryptococcus victoriae CBS 86857 (AF363647)
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37R42

33R2

31R22

Cryptococcus sp. CRUB 1377 (EF585179)
40R4

38R1

35R27

—
0.02

Fig. 3 Phylogenetic tree, based on the sequences of the D1/D2
region of the LSU rDNA, showing the placement of basid-
iomycetous phylotypes with respect to closely related species.
The phylogenetic tree was constructed from evolutionary
distance data with Kimara’s two-parameter correction, using
the maximum likelihood method and MEGA version 6.0.
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Pseudozyma antarctica IFM 58566 (AB566343)
Pseudozyma antarcticaCBS 214.83T(AB089359)

Pseudozyma parantarctica CBS 100057 (AB089357)
Pseudozyma aphidis CBS 517.83T (AB089363)

72|| Pseudozyma rugulosa JCM 103237 (AB089371)
Pseudozyma sp. JCC207 (DQ178644)

Pseudozyma abaconensis CBS8380T (FJ008047)
Cryptococcus marinus CBS 52357 (AF 189846)

Trichosporon faecale CBS 4828T (AF105395)

Trichosporon asahii CBS 24797 (AF105393)

Trichosporon cutaneum CBS 24667 (AF075483) 1 cutaneum clade

Cryptococcus dimennae CBS 57707 (AF075489)

Cryptococcus heimaeyensis CBS 89337 (DQ000317)

Ustilaginales

marinus

ovoides clade

Trichosporonales

t brassicae clade
t humicolaclade
t foliacea clade

Bulleromyces clade

Tremellales

victoriae clade

Numbers at nodes indicate percentages of bootstrap sampling
derived from 1000 replicates and bootstrap percentages higher
than 50 % are shown. Bar 0.02 Knuc. Sequences obtained in the
present study are printed in bold letters and the sequences of
type strains are indicated by superscript T
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34R6
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L 31R1
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L 31R5
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—
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Fig. 4 Phylogenetic tree, based on the sequences of the D1/D2
region of the LSU rDNA, showing the placement of ascomyce-
tous phylotypes with respect to closely related species. The
phylogenetic tree was constructed from evolutionary distance
data with Kimara’s two-parameter correction, using the
maximum likelihood method and MEGA version 6.0. Numbers

2014), of microorganisms associated with mosquitoes
(Gusmao et al. 2010) and of yeast diversity associated
with invasive bark beetle (Lou et al. 2014). Although
there was no report about biased amplification of other
eukaryotic sequences, our results showed that these
universal primers could also amplify the LSU rDNA
of rice, and this interfered with the amplification of
fungal LSU rDNA. Nested PCR or semi-nested PCR,
involving two sets of primers for two successive runs
of PCR reaction, the second set intended to amplify a
secondary target within the first run product, is used to
increase the sensitivity and/or specificity of PCR
products. Furthermore, PCR primers used in the
exploration of microbial diversity in environmental
samples should have high specificity for the repre-
sentative target genes. The ITS1-F_KYOI primer
designed by Toju et al. (2012) showed enhanced

Debaryomyces hanseniiNRRL Y-7426T (U45808)
Debaryomyces fabryi CBS 789T (EU816296)

Debaryomyces hanseniist1-8ygj1 (FJ463626)
Debaryomyces hansenii26 (EU596440)
Debaryomyces vindobonensis CBS 116667 (FN598875)
66 | | Debaryomyces subglobosus CBS 7927 (FN675239)

L— Debaryomyces robertsiae NRRL Y-66701T (U45805)
Debaryomyces maramus NRRL Y-2171T (U45838)
Meyerozyma caribbica NRRL Y-27401T (AY 1 87283)

Candida carpophilaH1S0K3T (FM180531)

Meyerozyma guilliermondii MP10 (HM988686)

Meyerozyma guilliermondiiNRRL Y-2075T (JQ689407) §
Candida orthopsilosis ATCC 961397 (FJ746056) |
Lodderomyces elongisporus NRRL YB-4239T (U45763)
Candida parapsilosisNRRL Y-12969T(U45754)

Candida metapsilosis ATCC 961447 (FJ746055)
Candida sp. M41 (FJ794967)
Spathaspora passalidarum NRRL Y-279077(JQ689036)

Debaryomyces clade

Meyerozyma clade

Lodderomyces-
Spathaspora clade

at nodes indicate percentages of bootstrap sampling derived
from 1000 replicates and bootstrap percentages higher than
50 % are shown. Bar 0.01 Knuc. Sequences obtained in the
present study are printed in bold letters and the sequences of
type strains are indicated by superscript T

coverage across diverse fungal taxa and the in silico
analysis revealed that the primer matched 99 % of
ascomycete and basidiomycete ITS taxa without
significant taxonomic biases whilst inhibiting the
amplification of plant sequences. Therefore, semi-
nested PCR combined with the highly specific primers
(ITS1-F_KYO1) was carried out to enhance the
specific amplification of small amounts of fungal
DNA compared to rice DNA in the reaction. The
primer sets of ITS1-F_KYO1 and NL4 as the outer set
and NL1/NL4 as the inner set used for semi-nested
PCR confirmed their specificity to fungal sequences in
the presence of many copies of rice LSU rDNA and
the products of the D1/D2 domain were successfully
obtained. However, the competition of yeast DNA
with the large amount of filamentous fungal DNA
resulted in numerous filamentous fungal sequences in
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the clone libraries. Accordingly, only 12 OTUs (101
clones) out of 124 OTUs (1826 clones) were identified
to be yeast phylotypes by the ARDRA technique
followed by sequencing, homology search and phy-
logenetic analyses. The OTUs were clustered by the
restriction patterns with different restriction enzymes
for rapid identification; however, this technique was
unable to distinguish the difference among the
phylotypes related to Cryp. foliicola (OTU1), P.
antarctica and P. aphidis (OTUS), and D. hansenii
and D. vindobonensis (OTUI11). Therefore, the
sequence analysis was needed for the identification
of these phytotypes. The yeast phylotypes found in 19
rice leaf samples ranged from O to 3 phylotypes per
sample and among these phylotypes belonging to the
Basidiomycota were dominant, while all samples
contained filamentous fungi phylotypes (86-99 %
similarity to closely related species) ranging from 2 to
11 phylotypes per sample. Moreover, the leaf samples
collected from the Northeastern region, except for the
sample No. R3, contained fewer endophytic phylo-
types than those from Central and Eastern regions and
only the filamentous fungal phylotypes related to
Passalora janseana were observed. On the other
hand, various genera of the filamentous fungal
phylotypes; for instance Bipolaris, Cladosporium,
Passalora, Ramularia, Setosphaeria and Xylaria,
were found in the leaf samples collected from the
Central and Eastern regions (data not shown), sug-
gested that the sampling site may affect the distribu-
tion of fungal endophytes in rice leaf. The endophytic
distribution in the plant is affected by various
ecological factors such as geographic location, sam-
pling site, season and type of plant tissue (Collado
et al. 1999; Gai et al. 2009; Naik et al. 2009; Solis
et al. 2015). However, the rarefaction curve indicated
that additional sampling is needed to retrieve the
remaining yeast species. This finding confirmed that
filamentous fungi were relatively much more abun-
dant than yeasts in rice leaves, corresponding to the
culture-dependent study reported by Tian et al. (2004)
that endophytic yeasts could be isolated only from
leaves but not roots of rice plants at the isolation
frequency of 3.7 %. Likewise, endophytic fungi of
wild rice (Oryzae granulate) analyzed by a culture-
independent approach based on ITS sequences
showed that the phylotype accumulation curve did
not reach saturation level. The frequently detected
clones were classified as Basidiomycota and only one
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yeast phylotype, closely related to T. mucoides, was
found (Yuan et al. 2010). On the culture-independent
basis, the biases of clone library construction, PCR
amplification condition and/or ARDRA screening
may limit the sampling saturation (Jones and Richards
2011).

The endophytic yeast community in rice leaves was
dominated by phylotypes that belonged to the Basid-
iomycota. The prevalent phylotypes were Cryptococ-
cus spp. located in the victoriae clade, Tremellales.
Interestingly, the novel phylotypes were found at high
frequency (56.4 %), suggesting much more explo-
ration of endophytic yeasts in rice leaves is needed.
Our findings demonstrated that the endophytic yeast
phylotypes consisted of five known species and
seventeen novel phylotypes, indicating high propor-
tion of novel yeast species in rice leaves. Although the
contamination by epiphytic yeast DNA in this study is
possible, it could be noted that the phylotypes stated in
this study are endophytic yeasts in rice leaves accord-
ing to the following reasons. The phylotypes related to
Cryp. foliicola, Cryp. victoriae, C. metapsilosis, D.
hansenii, D. vindobonensis, P. abaconensis, and T.
asahii are endophytic yeasts in rice leaves because the
assessment of epiphytic yeasts from rice leaves in
Thailand by the enrichment technique (Limtong and
Kaewwichian  2015) and culture-independent
approach (Nasanit et al. 2015) showed that none of
these yeast species were detected. In relation to the
species reported as rice epiphytic yeast, the phylotypes
related to Cryp. laurentii and P. aphidis may be novel
phylotypes due to the high number of nucleotide
substitutions (3-51 nucleotides), whereas P. antrac-
tica and M. guilliermondii, are probably endophytic
phylotypes since their DNA was present in the leaf
samples (37R and 44R), from which DNA was
extracted within 24 h of collection. Hence, the colo-
nization in the inner tissues of rice leaves probably
occurred in the paddy field. Nonetheless, it should be
noted that a culture-independent approach may not
depict the actual yeast diversity in rice leaves due to
the presence of large quantity of fungal DNA and the
limitation of primer sets for specific annealing with the
yeast LSU rDNA. The direct amplification method
could remarkably enhance detection of endophytic
yeasts that may be novel species and/or unculturable.
Furthermore, the development of specific primers
designed for amplification of yeast rDNA and the use
of a multi primer approach might make it possible to
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recover diverse phylotypes from the environmental
samples of interest (Nakano et al. 2010; Singh et al.
2011; Singh et al. 2012).

The yeast phylotypes discussed in this study were
reported to be associated with plants such as grasses,
rice, sugarcane, medicinal plants, fruits, flowers and
nectar as both epiphytes and endophytes (Middel-
hoven 1997; Trindade et al. 2002; Wang et al. 2011;
Glushakova et al. 2014, Limtong and Kaewwichian
2015, Limtong et al. 2014) and the ones related to
Cryptococcus, especially Cryp. foliicola, were found
at high frequency. Moreover, the high frequency of
occurrence of novel phylotypes, mainly the basid-
iomycetous ones, revealed undiscovered yeast species
by a culture-dependent approach. Cryp. foliicola
inhabits substrates of plant origins, such as leaves
(Bakys et al. 2009; Wang et al. 2011) and nectar
(Mittelbach et al. 2015), as well as thrives in the
extreme environment, such as acidic (Russo et al.
2008) and cold (Arenz et al. 2010; de Garcia et al.
2012) environments. In the present study, the phylo-
types related to Cryp. foliicola were found in leaf
samples collected from the Northeastern and Central
regions, mainly from Jasmine rice (3R, 5R, 10R, 15R,
33R, 34R and 35R). Although it is not possible to
specify the variety of rice with which the other
phytotypes were associated, the results suggested the
possibility that they were associated with Jasmine rice.
D. hansenii, the second most common phylotypes in
the present study, is widespread in nature, such as the
phylloplane, soil, and many habitats with low water
activity (Suzuki et al. 2011). Moreover, some phylo-
types presented in this study such as M. guilliermondii,
and D. hansenii were reported as yeast associated with
the brown planthopper (Nilaparvata lugens), an insect
pest of rice (Hou et al. 2013), and Cryp. laurentii was
isolated from internal organs of beetles (Vega and
Dowd 2005). Therefore, it seems likely that insects are
aroute for the transmission of yeasts into plant tissues.
Furthermore, it can be assumed that M. guilliermondii,
and P. antractica might inhabit both the leaf surface
and internal leaf tissue due to their occurrence as
epiphytes (Limtong and Kaewwichian 2015; Nasanit
et al. 2015) and endophytes (the present study). The
occurrence of yeast species being both epiphyte and
endophyte of the same plant species was recently
reported by Khunnamwong et al. (2014) that Wicker-
hamiella siamensis, was a novel endophytic and
epiphytic yeast species isolated from sugarcane leaf

in Thailand. Furthermore, when the plant growth-
promoting traits of epiphytic and endophytic yeasts
isolated from rice leaves in Thailand were investi-
gated, 13 strains of nine yeast species, including M.
guilliermondii, produced indole-3-acetic acid (IAA)
(Nutaratat et al. 2014). IAA production of epiphytic
yeasts on sugarcane leaves in Thailand was also
determined and the results revealed that 69 strains of
23 yeast species, including Cryp. laurentii, had the
capability of producing IAA (Limtong et al. 2014).
Cryp. victoriae isolated from fruits had high antago-
nistic activity against Penicillium expansum, Pen.
digitatum and Botrytis cinera (Lutz et al. 2013; Ghosh
et al. 2013). Trindade et al. (2002) reported that P.
antarctica isolated from pitanga ripe fruits produced
mycotoxin, protease, pectinase or B-glucosidase. D.
hansenii isolates obtained from citrus fruits were
proved to be a potential biocontrol agent against green
mold (Pen. digitatum), blue mold (Pen. italicum) and
sour rot (Galactomyces candidum) of citrus fruits
(Chalutz and Wilson 1990; Hernandez-Montiel et al.
2010). Although it is not possible to specify the roles
of these phylotypes, the reviewed information sug-
gests, there are potentially beneficial endophytic yeast
strains in rice leaves.
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