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Microorganisms can promote plant growth through direct and indirect mechanisms. Com-
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pared with the use of bacteria and mycorrhizal fungi, the use of yeasts as plant growth-
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promoting (PGP) agents has not been extensively investigated. In this study, yeast isolates
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from the phyllosphere and rhizosphere of the medicinally important plant Drosera spatulata
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Lab. were assessed for their PGP traits. All isolates were tested for indole-3-acetic acid-, am-
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monia-, and polyamine-producing abilities, calcium phosphate and zinc oxide solubilizing
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ability,
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aminocyclopropane-1-carboxylate deaminase, and fungal cell wall-degrading enzymes

and

catalase

activity.

Furthermore,

the

activities

of

siderophore,
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were assessed. The antagonistic action of yeasts against pathogenic Glomerella cingulata
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was evaluated. The cocultivation of Nicotiana benthamiana with yeast isolates enhanced
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plant growth, indicating a potential yeasteplant interaction. Our study results highlight

Biofungicide

the potential use of yeasts as plant biofertilizers under controlled and field conditions.
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Spoon-leaved sundew
Sustainable agriculture

Introduction
Plant growth-promoting (PGP) microbes can stimulate plant
growth, increase yield, and reduce pathogen infection as
well as biotic and abiotic stresses (Saharan & Nehra 2011).
These beneficial microorganisms have been applied in agriculture as biofertilizers and biopesticides as well as phytoremediation agents (Kloepper 1992; Vessey 2003). PGP
microbes promote plant growth through direct and indirect
mechanisms. The direct promotion of plant growth is through

the production of phytohormones, such as auxins or gibberellins. Indole-3-acetic acid (IAA) is the most common plant
auxin and regulates various aspects of plant growth and development (Teale et al. 2006; Spaepen et al. 2007). Moreover,
microorganisms, such as bacteria, fungi, and yeasts, possess
IAA-producing abilities similar to those of plants (Chung
et al. 2003; Spaepen et al. 2007; Reineke et al. 2008; Sun et al.
2014).
In addition to phytohormone production, microbes can enhance nutrient uptake through several mechanisms. Microbial
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solubilization of inorganic phosphates has been attributed to
their organic acid production and chelation capacities (Kim
et al. 1998; Chen et al. 2006). Phosphate-solubilizing microorganisms enhance plant growth, particularly in phosphorusdeficient environments, by solubilizing insoluble phosphates
in the soil. Similarly, microorganisms solubilize zinc salts,
thus providing the micronutrient zinc to the plant. Plants absorb nitrogen from the soil in the form of nitrate and ammonium (NH4þ). Thus, microorganisms possessing nitrogenfixing or NH3-releasing ability are beneficial to plants. Among
all essential nutrients, nitrogen is the most essential nutrient
required in high amounts and is most frequently the limiting
factor in crop yield. Therefore, we investigated the NH3-producing abilities in yeast isolates. Siderophores are vital for promoting plant growth and suppressing the effect of plant
pathogens because of their iron-transporting abilities
(Kloepper et al. 1980; Verma et al. 2011). Siderophores are critical to ensuring low iron availability because iron is a critical
plant growth limiting factor. Furthermore, these nonpathogenic microbes can negatively affect plant pathogens by depriving them of iron (Calvente et al. 1999).
A polyamine is an organic compound containing two or
more primary amino groups and is involved in several aspects
of plant development (Baron & Stasolla 2008). Polyamines are
critical molecules associated with abiotic and biotic stress tolerance (Hussain et al. 2011). PGP microbes are known to possess
the
1-aminocyclopropane-1-carboxylate
(ACC)
deaminase enzyme, which facilitates plant growth. This enzyme was first discovered in 1978 and is responsible for the
cleavage of the plant ethylene precursor ACC into NH3 and
a-ketobutyrate (Honma & Shimomura 1978). By decreasing
the ACC levels in plants, ACC deaminase-producing microorganisms can reduce the plant ethylene levels to prevent
growth inhibition and protect the host plants from several environmental stresses (Glick et al. 2007a, b).
Plant growth is indirectly promoted when these microbes
reduce or prevent the deleterious effects of phytopathogenic
organisms. The biological control of plant pathogens and deleterious microbes through the production of antibiotics and
fungal wall-degrading enzymes, can improve plant health
and promote growth by increasing seedling emergence, vigour, and yield (Dey et al. 2004; Harish et al. 2009). The synergistic effects of direct PGP factors, such as plant nutritional
supplementation and phytohormone production, and indirect
factors, such as restricting pathogen colonization and the nutrient scavenging by plant pathogens, are conducive to overall
plant growth.
Drosera is one of the largest genera of carnivorous plants
and is a medicinally important insectivorous plant. Many Drosera species are threatened because of their restricted habitat
and their indiscriminate use in herbal industries. This genus is
a natural source of pharmacologically important compounds
(e.g. naphthoquinones, flavonoids, anthocyanins, and phenols) that are used as substrates in the production of pharmaceuticals (Marczak et al. 2005; Krolicka et al. 2008; Banasiuk
et al. 2012). Drosera spatulata Lab. is a rosette-forming sundew
with spoon-shaped leaves. D. spatulata occurs in mesic habitats and usually grows on hummocks and lawns surrounding
marshes and ponds, and on sandstone soils (Nakano et al.
2004). As we mentioned previously, plant-associated
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microorganisms are valuable to plant growth and health.
However, few studies have reported the yeast microbiota in
the phyllosphere or rhizosphere of the Drosera species (Sun
et al. 2014). Therefore, the purpose of this study was to isolate
and identify yeasts in the phyllosphere and rhizosphere of D.
spatulata and to evaluate their PGP traits.

Materials and methods
Yeast isolation
Green and undamaged Drosera spatulata plant leaves were collected from Ruifang District (N25 50 13.8600 , E121 490 45.0600 ;
N25 30 58.800 , E121 500 36.0600 ; N25 50 21.4800 , E121 500 52.200 ) and
Shuangxi District (N25 40 6.0600 , E121 500 8.100 ; N25 50 27.300 ,
E121 510 35.6400 ) in New Taipei City, Taiwan. The samples
were maintained at 4  C.
The D. spatulata leaves were placed in 15-mL test tubes and
incubated on a rotary shaker at 28  C for 1 d. Yeasts were isolated using an enrichment technique on a malt extract medium (30 g L1 malt extract and 5 g L1 peptone)
supplemented with approximately 2e3 mL of 100 % lactic
acid. A loop full of the enriched culture was streaked onto
malt extract agar supplemented with approximately 2e3 mL
of 100 % lactic acid. Yeast colonies of different morphologies
were selected and purified through cross-streaking on malt
extract agar. Purified yeast strains were suspended in YPD medium (1 % yeast extract, 2 % peptone, 2 % dextrose) supplemented with 15 % v/v glycerol and maintained at 80  C.

Yeast identification
The large-subunit ribosomal RNA (LSU rRNA) including D1/D2
domain was determined from the polymerase chain reaction
(PCR) products of the genomic DNA isolated from the yeast
cells (Sun et al. 2014). Yeasts were identified according to the
guidelines of Kurtzman and Robnett: yeast strains with 0e3
nucleotide differences are considered conspecific or sister
species (Kurtzman & Robnett 1997), and strains with >6 nucleotide substitutions are considered as different species.

IAA quantification by using Salkowski’s reagent
To quantify the IAA produced, yeast isolates were cultured in
test tubes containing YPD medium with or without 0.1 % (w/v)
L-tryptophan (L-Trp) at pH 6.5 and incubated in the dark on
a shaker at 28  C and 150 rpm for 5 d. One millilitre of the isolate was centrifuged at 3000 g for 5 min, and 0.5 mL of the supernatant was mixed with 0.5 mL of Salkowski’s reagent (2 mL
of 0.5 M iron (III) chloride and 98 mL of 35 % perchloric acid)
(Gordon & Weber 1951). After 30 min, the colour (red) of the
sample was quantified using a spectrophotometer (Unico
1200-Spectrophotometer, USA) at 530 nm.

Phosphate and zinc oxide (ZO) solubilization
Yeast inoculum was prepared through cultivation on 3 mL
YPD medium for 24 h. The inoculum was adjusted to an optical density (OD) of 0.10 at 600 nm, and 3 mL was spotted
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onto modified Pikovskaya’s agar according to Amprayn et al.
(2012). For evaluating the zinc solubilizing ability, yeasts
were plated onto ZO agar (Rokhbakhsh-Zamin et al. 2011).
The plates were incubated at 28  C for 5 d and observed
for the appearance of a clearing zone around the colonies
(caused by the solubilization of inorganic phosphate or
zinc by the yeast, Fig 1AeD).

Siderophore production
The 24 h-yeast cultures were used as the inoculum and was
point inoculated onto a modified double-layered chrome
azurol S (CAS) agar plate according to Hu & Xu (2011). All experiments were performed with CAS-blue agar as the lower
layer. YPD agar as the upper layer served as a nonselective
rich medium for yeast growth. CAS-blue agar was prepared
according to Schwyn & Neilands (1987). The resultant dark
blue mixture was diluted 5-fold and autoclaved at 121  C
for 15 min. Agar (2 %, w/v) was used as the gelling agent,
and the cultures were incubated at 28  C for 5 d. Isolates
expressing colonies surrounded by orange (in the web version) zones were considered siderophore-producing isolates
(Fig 1E).
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NH3 production
Yeast inoculum was adjusted to an OD of 0.10 at 600 nm, and
100 mL was transferred to a tube containing 5 mL peptone water and incubated on a rotary shaker at 28  C for 5 d. NH3 production was detected using Nessler’s reagent. The
development of a yellow-to-brown colour was indicative of
a positive result for NH3 production (Cappuccino & Sherman
2002).

Cell wall-degrading enzyme production
Yeast inoculum was adjusted to an OD of 0.10 at 600 nm, and
3 mL was spotted onto different media and incubated at 28  C
for 5 d. Protease activity was determined by spotting samples
on skim milk agar plates containing peptone (0.1 %), NaCl
(0.5 %), and skim milk (10 %) (Cattelan et al. 1999). Plates
were incubated at 28  C for 5 d, and the clearing zone, indicative of the enzymatic activity, around the colonies was
recorded (Fig 1F). Cellulase activity was determined using
the previously described method, except that 1 % carboxymethyl cellulose (CMC) or avicel was used and incubated at
28  C for 5 d (Mangunwardoyo et al. 2011). After inoculation,

Fig 1 e (AeD) Halos produced by yeasts on Pikovskaya’s agar by spot inoculation and incubation at 28  C for 5 d. Phosphatesolubilizing medium separately by using (A) DCP, (B) CPT, and (C) TCP as source of insoluble inorganic phosphate. (D) For zinc
solubilizing study, yeasts were spotted onto ZO agar. (E) Siderophore was produced by yeasts on CAS agar. (FeH) Cell walldegrading enzyme production. (F) Protease was produced by yeasts on skimmed milk agar. (G) Cellulase was produced by
yeasts on agar amended with 1 % CMC agar. (H) Chitinase was produced by yeasts on agar with colloidal chitin as a sole
carbon source.
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the plates were flooded with 0.1 % Congo red solution and set
aside for 15 min with intermittent shaking. The plates were
then washed with 1 M NaCl solution. The clearing zone of enzymatic activity was visible around the colonies (Fig 1G). For
screening the chitinase activity of yeasts, colloidal chitin
was prepared from commercial chitin (Charming & Beauty)
using the method of Agrawal & Kotasthane (2012). Purple (in
the web version)-coloured zones observed within and after
4 d of incubation were indicative of strong and weak chitinase
activities, respectively (Fig 1H).

Catalase test
The 24 h-yeast cultures were mixed with appropriate amounts
of H2O2 on a glass slide for determining oxygen production.

Polyamine production
The 24 h-yeast cultures were used as the inoculum and was
point inoculated onto a Long Ashton decarboxylase (LAD)
agar plate according to Amprayn et al. (2012). Inoculated LAD
plates were incubated in the dark at 28  C for 9 d. Red halos
around the colonies on the yellow background was indicative
of arginine decarboxylation by the yeast strain.

ACC deaminase activity
We followed the method of Nutaratat et al. for measuring the
ACC deaminase activity (Nutaratat et al. 2014). The ability to
use ACC as a nitrogen source is a consequence of the enzymatic activity of ACC deaminase. If the tested yeast isolates
exhibited significantly higher growth rates did the controls,
the potential of yeasts to use ACC as their nitrogen source
through deamination is high.
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1.0 % (w/v) sucrose (pH 5.7) and 0.05 % (w/v) 2morpholinoethanesulfonic acid monohydrate, and solidified
with 1.5 % (w/v) Bacto agar (BD, MD, USA). Two weeks post germination, 8e10 healthy seedlings in one plate were inoculated
with yeasts. Negative control treatments with yeasts were
performed in parallel. The seedlings were placed in a growth
chamber for an additional 3 wk with a 16 h:8 h lightedark cycle at 25  C.

Histochemical analysis of b-glucuronidase activity
Histochemical analysis of b-glucuronidase (GUS) was performed with minor modifications, as described previously
(Jefferson et al. 1987; Lin et al. 2015). For each treatment, at
least five seedlings were analysed. The experiment was performed in independent triplicates. A representative root tissue
was
selected
and
photographed
using
a stereomicroscope (Z16 APO microscope, Leica Microsystems,
Heerbrugg, Germany).

Measuring chlorophyll content
Chlorophyll content was measured after preparing the extracts as described (Lichtenthaler 1987; Hajirezaei et al. 2002)
with modifications. Nicotiana benthamiana seedlings cocultivated with yeasts for 3 wk were extracted with 95 % (v/v) ethanol. The samples were centrifuged at 16 000 g for 2 min to
obtain the supernatant. Chlorophyll a and b contents were
measured at an absorbance of 662 and 647 nm, respectively.
Absorbance was recorded using an UVevisible spectrophotometer. Total chlorophyll was expressed as the content (mg)
per plant.

Statistical analysis
Evaluation of in vitro antagonism in solid medium
A loop full of the yeast inoculum was transferred onto YPD
plates by streaking. To evaluate the inhibition of fungal
growth by the yeasts isolated from the phyllosphere and rhizosphere of Drosera spatulata, the yeasts and other fungi
were cocultured in an assay, as described by Rosa et al.
(2010). A control dish was prepared to compare only the inoculation of the pathogenic fungus Glomerella cingulata (Ston.)
Spauld. et Schrenk (provided by Mr Hsing-Lung Liu, Taichung
District Agricultural Research and Extension Station). The experiment was performed in triplicate, and the plates were incubated at 28  C. Mycelial growth was observed on days 3, 5,
and 7 of the incubation.

Inoculation of plants with yeasts
The Nicotiana benthamiana transgenic line pNbCMT3-2::GFPGUS was generated as described in a previous study (Lin
et al. 2015) and used for characterizing the mitotic activity in
root apical meristems. Seeds were surface sterilized using
5 % (v/v) sodium hypochlorite solution with a few drops of
Tween 20 for 10 min, and washed four times with sterilized
water. The seeds were sown on quarter-strength MurashigeeSkoog medium (M5519, Sigma, MO, USA) supplemented with

Data are expressed as mean  standard deviation (SD). The
significance of differences between groups was determined
using Student t tests and analysis of variance. P < 0.05 was
considered statistically significant.

Results
Yeast identification
The D1/D2 domain of the LSU rRNA gene sequences indicated that we isolated 32 yeasts from the phyllosphere and
eight yeasts from the rhizosphere of the Drosera spatulata.
Isolates with >6 nucleotide substitutions were considered
heterospecific. Thus, we identified and classified the 40
yeast strains into 14 known species and several undescribed
species of the 15 genera (Table 1). In the phyllosphere of D.
spatulata, five known and nine unknown species belonged
to seven genera of phylum Ascomycota, and six known
and one unknown species belonged to five genera of phylum
Basidiomycota. In the rhizosphere of D. spatulata, three
known and five unknown species belonged to five genera
of the phylum Ascomycota, and no species belonged to phylum Basidiomycota. Our results reveal that 72.5 % and 27.5 %
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Table 1 e Yeasts and yeast-like fungi isolated from Drosera spatulata Lab. identified by the sequences of the LSU rRNA.
Strains

Closest species (GenBank accession no.)

Nucleotide substitutions/total nt

Phyllosphere
Phylum Ascomycota
JYC101
JYC104
JYC357
JYC374
JYC375
JYC376
JYC378
JYC379
JYC384
JYC363
JYC359
JYC371
JYC373
JYC377
JYC380
JYC364
JYC365
JYC366
JYC358
JYC382
JYC381

Aureobasidium pullulans (FN665417)
Aureobasidium pullulans (KM555174)
Aureobasidium pullulans (KJ917967)
Aureobasidium pullulans (KJ917967)
Aureobasidium pullulans (KF059238)
Aureobasidium pullulans (KJ917967)
Aureobasidium sp. (FN665411)
Aureobasidium pullulans (KJ917967)
Aureobasidium pullulans (FJ744591)
Candida akabanensis (EU100744)
Dothideomycetes sp. (JQ759986)
Dothideomycetes sp. (JQ759981)
Dothideomycetes sp. (JQ759986)
Dothideomycetes sp. (JQ759986)
Dothideomycetes sp. (JQ759986)
Hanseniaspora uvarum (JX188166)
Hanseniaspora uvarum (JX188166)
Hanseniaspora uvarum (JX188166)
Meyerozyma caribbica (KJ705006)
Saccharomyces cerevisiae (KF447149)
Barnettozyma californica (FR772338)

4/787
3/610
1/613
1/641
1/622
3/631
0/699
3/669
2/658
28/742
0/651
0/642
0/651
0/578
1/682
0/689
18/662
19/612
0/662
0/672
1/613

Phylum Basidiomycota
JYC370
JYC103
JYC108
JYC356
JYC367
JYC372
JYC102
JYC100
JYC099
JYC107
JYC368

Cryptococcus laurentii (FN428900)
Pseudozyma aphidis (FN424100)
Pseudozyma aphidis (FN424100)
Pseudozyma aphidis (KJ917976)
Pseudozyma aphidis (KJ917976)
Pseudozyma prolifica (AM160639)
Pseudozyma rugulosa (KJ917976)
Rhodosporidium paludigenum (KF411539)
Sporidiobolus ruineniae (EU547494)
Ustilago esculenta (AB211926)
Ustilago esculenta (KJ917978)

0/655
4/779
2/766
0/699
0/643
13/624
0/629
0/568
4/748
0/704
0/633

Rhizosphere
Phylum Ascomycota
JYC362
JYC383
JYC385
JYC396
JYC360
JYC361
JYC369
JYC386

Dothideomycetes sp. (JQ759986)
Dothideomycetes sp. (JQ759986)
Dothideomycetes sp. (JQ759986)
Dothideomycetes sp. (JQ759986)
Galactomyces candidum (JN974267)
Kazachstania jiainicus (FJ196732)
Torulaspora sp. (FJ888525)
Barnettozyma californica (FR772338)

1/652
0/676
1/551
0/632
0/569
0/541
8/640
1/629

of the isolated strains were ascomycetous and basidiomycetous yeasts, respectively.

IAA production
The IAA concentration ranged from 610.63  54.7 to
8.63  1.4 mg mL1 when cultured on a YPD medium with
Trp as the biochemical precursor (Table 2). Furthermore, the
concentration of the IAA produced was strain-dependent. All
eight Aureobasidium pullulans strains in our study produced
IAA in a strain-dependent mechanism, and the concentration
ranged from 610.63  54.7 to 56.06  2.9 mg mL1.

IAA production in the absence of exogenous Trp
The amino acid Trp is a prominent precursor of IAA. However,
Trp may not always be available or adequate for yeasts to synthesize IAA. A Trp-independent pathway for IAA synthesis exists in several yeast species (Rao et al. 2010; Sun et al. 2014). To
confirm the existence of a Trp-independent pathway in our
tested yeasts, we analysed IAA production in the yeast cultures lacking Trp. The concentration of IAA ranged from
236.62  14.6 to 1.6  0.6 mg mL1 when cultured in YPD medium without Trp. All evaluated yeast isolates produced IAA
in the absence of exogenous Trp (Table 1). Two isolates produced high amounts of IAA, and 32 isolates produced low

Strains

IAA production
(mg mL1) in YPD with Trp

IAA production
(mg mL1) in YPD w/o Trp

DCP (SE)

CPT (SE)

TCP(SE)

ZO (SE)

NH3
production

Phylum Ascomycota
Aureobasidium pullulans JYC101
Aureobasidium pullulans JYC104
Aureobasidium pullulans JYC357
Aureobasidium pullulans JYC374
Aureobasidium pullulans JYC375
Aureobasidium pullulans JYC376
Aureobasidium pullulans JYC379
Aureobasidium pullulans JYC384
Aureobasidium sp. JYC378
Candida sp. JYC363
Dothideomycetes sp. JYC359
Dothideomycetes sp JYC362
Dothideomycetes sp.JYC371
Dothideomycetes sp.JYC373
Dothideomycetes sp.JYC377
Dothideomycetes sp.JYC380
Dothideomycetes sp JYC383
Dothideomycetes sp JYC385
Dothideomycetes sp JYC396
Galactomyces candidum JYC360
Hanseniaspora uvarum JYC364
Hanseniaspora uvarum JYC365
Hanseniaspora uvarum JYC366
Kazachstania jiainicus JYC361
Meyerozyma caribbica JYC358
Saccharomyces cerevisiae JYC382
Torulaspora sp. JYC369
Barnettozyma californica JYC381
Barnettozyma californica JYC386

66.35(10.7)
610.63(54.7)
197.57(29.6)
172.34(30.8)
56.06(2.9)
217.03(25.7)
255.68(16.3)
132.34(10.7)
108.09(23.9)
68.31(1.6)
84.79(4.8)
252.07(20.3)
252.07(11.5)
206.58(31.1)
189.91(21.6)
226.85(5.6)
75.21(3.1)
202.61(21.7)
295.77(10.4)
95.57(2.3)
41.74(0.8)
50.7(3.8)
89.08(3.8)
8.63(1.4)
27.37(3)
27.37(0.3)
79.4(2.7)
49.4(1.8)
40.16(2.9)

80.77(20.9)
145.63(12.9)**
110.03(6.3)*
188.87(45.3)
9.44(1.9)**
173.33(2.7)*
236.62(14.6)
34.17(4.9)**
99.89(3.6)
21.6(0.4)**
57.86(6.5)**
142.7(5.1)**
66.24(9.2)**
183.92(12)
46.69(0.5)**
151.49(35.4)*
88.09(4.5)*
180.54(12)
112.97(12.3)**
16.42(5.8)**
11.65(0.2)**
26.06(2.8)**
20.3(0.2)**
4.08(1.2)**
1.6(0.6)**
5.7(2.3)**
10.16(0.6)**
12.1(0.7)**
12.05(0.8)**

e
e
e
e
1.13
e
1.1
1.11
e
1.38
1.08
e
e
e
e
e
e
e
e
e
e
e
e
e
e
1.09
1.25
e
e

1.2
e
e
1.2
1.1
e
1.08
1.1
1.1
1.43
1.22
e
e
e
1.1
e
e
1.05
e
e
1.17
1.17
1.17
e
1.22
1.44
1.63
1.11
1.33

e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
1.33
1.17
e
e

e
e
1.5
e
e
1.25
e
e
e
e
e
1.13
1.25
1.14
e
e
e
2.18
1.25
1.11
e
e
e
e
e
e
2
1.42
1.05

þ
þþ
þþ
þ
þ
þ
þ
þ
þ
þþ
þþ
þþ
þ
þ
þ
þþ
þþ
þ
þ
þþ
e
e
e
e
þþ
e
e
þ
þ

e
þ
e
e
e
e
þ
e
e
e
e
þ
e
e
þ
e
þ
e
þ
þ
e
e
e
e
e
e
e
e
e

þþ
þþ
þþ
þþ
þþ
þþ
e
e
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ
þþ

Phylum Basidiomycota
Cryptococcus laurentii JYC370
Pseudozyma aphidis JYC103
Pseudozyma aphidis JYC108
Pseudozyma aphidis JYC356
Pseudozyma aphidis JYC367
Pseudozyma rugulosa JYC102
Pseudozyma sp. JYC372
Rhodosporidium paludigenum JYC100
Sporidiobolus ruineniae JYC099
Ustilago esculenta JYC107
Ustilago esculenta JYC368

70.97(3)
66.69(6.1)
110.43(24.9)
81.2(3)
114.23(29.1)
32.77(4.3)
43.41(5.5)
400.59(52.5)
115.3(14.2)
67.77(4.1)
195.32(27.4)

29.85(0.7)**
77.32(5.4)*
59.26(10)*
37.23(1.6)**
44.62(7.9)*
20.39(3.6)*
18.95(1)**
39.62(3.2)**
69.4(8.4)**
71.38(6.5)
51.94(15)**

1.25
1.44
1.1
1.09
1.11
1.2
1.38
1.67
1.38
1.1
1.08

1.86
1.4
1.08
1.2
1.1
1.09
1.57
1.63
1.43
1.08
1.22

e
e
e
e
e
e
e
e
e
e
e

1.25
e
e
e
e
e
e
e
e
e
e

þ
þ
þ
þ
þ
þ
þþ
þþ
þþ
þ
þþ

e
e
e
e
e
e
þþ
e
e
e
e

þþ
e
e
e
e
e
e
þþ
þþ
e
þþ

Catalase
test
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þþ Strong positive result,þ slight positive result, e not detected.
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Table 2 e Direct PGP traits of yeasts and yeast-like fungi isolated from Drosera spatulata Lab.; SE [ diameter of the entire clear zone/diameter of the zone with yeast
colonies. (Data are expressed as mean ± SD. P < 0.05 was considered significant. *P < 0.05; **P < 0.01.)

PGP traits of yeasts isolated from the Drosera spatulata Lab

amounts of IAA in the absence of exogenous Trp. Six isolates
produced similar amounts of IAA in the presence and absence
of Trp (Table 2).

Phosphate and ZO solubilization
Phosphorus availability is subject to its chemical fixation in
soil with other metal cations depending on soil environments.
In the present study, 18 strains exhibited in vitro dicalcium
phosphate (DCP) solubilizing ability, and Rhodosporidium paludigenum JYC100 exhibited the strongest solubilizing activity,
expressed using the solubilization efficiency (SE) unit of 1.67
(Table 2). In addition, 29 strains exhibited in vitro calcium
phosphate tribasic (CPT) solubilizing activity, and Cryptococcus
laurentii JYC370 had the strongest solubilizing activity, with an
SE unit of 1.86 (Table 2). However, only two strains, Saccharomyces cerevisiae JYC382 and Torulaspora sp. JYC369, with SE
units of 1.33 and 1.17, respectively, exhibited in vitro tricalcium
phosphate (TCP) solubilizing activity (Table 2). Furthermore,
12 strains exhibited in vitro ZO solubilizing activity, and Dothideomycetes sp. JYC385 had the strongest solubilizing activity,
with an SE unit of 2.18 (Table 2).

NH3, polyamine, and ACC deaminase production
NH3 production is one of the general characteristics of PGP
bacteria (Ahmad et al. 2008; Yadav et al. 2010). However,
whether NH3 production is a common trait of yeasts is unknown. In our study, 21 and 13 strains exhibited weak and
strong NH3-producing abilities, respectively. Polyamines
have been proposed to function in response to environmental
stresses and in regulating the growth and development of
plants (Baron & Stasolla 2008). In this study, polyamine production assay indicated that eight yeasts produced polyamine
in the culture broth (Table 2). The ACC deaminase activity was
strong in Pseudozyma sp. JYC372 and weak in Aureobasidium
pullulans JYC104 and JYC379, Dothideomycetes sp. JYC362,
JYC383, JYC396, and JYC377, and Galactomyces candidum
JYC360. None of the yeast isolates exhibited ACC deaminase
activity.

Catalase test
Catalase was produced by 31 of the yeast isolates tested in this
study. Catalase is an enzyme common in nearly all living organisms exposed to oxygen; it catalyses the decomposition
of hydrogen peroxide to water and oxygen. The presence of
catalase in microorganisms is useful in protecting cells from
oxidative damage caused by reactive oxygen species (ROS).
Thus, yeast strains exhibiting catalase activity must be highly
resistant to environmental, mechanical, and chemical
stresses.

Siderophore production
Production of siderophores that chelate iron, making it unavailable for the pathogen growth, is critical for promoting
plant heath. However, yeasts exhibiting antifungal activity
do not produce siderophores as a key element of defense
mechanisms, as described later. The activity unit (AU) of
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siderophore production was defined by the diameter of the orange zone divided by the diameter of the zone with yeast colonies. Our investigation of siderophore production revealed
that siderophores were produced by 15 strains in vitro, and
Pseudozyma aphidis JYC356 had the highest siderophoreproducing capacity, with an AU of 4 (Table 3).

Cell wall-degrading enzyme production
The ability to synthesize fungal cell wall-degrading enzymes,
which suppress the growth of fungal pathogens, can promote
a successful compete with deleterious fungal pathogens for
nutrients of plants (Ghodsalavi et al. 2013). Extracellular protease activity was detected through casein degradation, indicated by the clearing zones on the skim milk agar. The AU of
enzymatic production was defined as the diameter of the entire clearing zone divided by the diameter of the zone with
yeast colonies. Results indicated that 25 yeast strains produced protease, with the AU ranging from 1.16 to 2.4; Aureobasidium pullulans JYC375 exhibited the strongest activity. The
fungal cell wall is a dynamic structure that protects the cell
from environmental stresses. In most fungi, the cell wall consists of complex contents, such as chitin, glucan, and mannoprotein. Unlike fungi, the cell walls of oomycetes are
composed of cellulose and glucan. Oomycetes are a group of
several hundred species of organisms containing some of
the most devastating plant pathogens (Morgan & Kamoun
2007). Thus, the ability of yeasts to produce cellulose facilitates the promotion of antagonistic activity against these
plant pathogens. In our study, the carboxymethyl cellulase
(CMCase) activity was observed in 19 strains, with the AU
ranging from 2 to 3.2; A. pullulans JYC379 exhibited the strongest activity. However, avicelase activity was not detected in
any of the yeast isolates.
Several researchers have attempted to elucidate the roles
of chitinase in fungi (Duo-Chuan 2006; Seidl 2008). The fungus
Lecanicillium lecanii and the yeast Pichia membranefaciens and
Candida guilliermondii can produce chitinase for destroying
the fungal cell wall (Fan et al. 2002). In this study, extracellular
chitinase activity was detected on the basis of the breakdown
of chitin into N-acetyl glucosamine, which causes a corresponding shift in pH toward alkalinity and a colour change
of the pH indicator dye (BCP) from yellow to purple in the
zone surrounding the inoculated yeast colony in the region
of chitin utilization. In our study, 15 strains exhibited strong
chitinase activity, nine strains exhibited weak chitinase activity, and 16 strains did not exhibit any chitinase activity.

Production of antifungal compounds
The yeast isolates were investigated for their antagonistic activity against the fruit fungal pathogen, Glomerella cingulata,
which causes ripe rot in grapes, bitter rot in apples, and several diseases in fruits and vegetables (Brook 1977; Smith &
Black 1990; Buck et al. 2003). Our results indicated that the
yeast Barnettozyma californica JYC381 and JYC386 and Galactomyces candidum JYC360 exhibited significant antagonistic effects against all fungi tested on the YPD agar plates (Fig 2).

Protease activity

CMCase activity

Chitinase production

Antagonism in solid medium

Phylum Ascomycota
Aureobasidium pullulans JYC101
Aureobasidium pullulans JYC104
Aureobasidium pullulans JYC357
Aureobasidium pullulans JYC374
Aureobasidium pullulans JYC375
Aureobasidium pullulans JYC376
Aureobasidium pullulans JYC379
Aureobasidium pullulans JYC384
Aureobasidium sp. JYC378
Candida sp. JYC363
Dothideomycetes sp. JYC359
Dothideomycetes sp JYC362
Dothideomycetes sp.JYC371
Dothideomycetes sp.JYC373
Dothideomycetes sp.JYC377
Dothideomycetes sp.JYC380
Dothideomycetes sp JYC383
Dothideomycetes sp JYC385
Dothideomycetes sp JYC396
Galactomyces candidum JYC360
Hanseniaspora uvarum JYC364
Hanseniaspora uvarum JYC365
Hanseniaspora uvarum JYC366
Kazachstania jiainicus JYC361
Meyerozyma caribbica JYC358
Saccharomyces cerevisiae JYC382
Torulaspora sp. JYC369
Barnettozyma californica JYC381
Barnettozyma californica JYC386

1.29
2.11
1.75
e
e
1.4
2
e
e
1.45
1.4
e
e
1.6
1.5
e
1.33
1.78
e
e
e
e
e
e
e
e
e
e
e

1.69
e
1.16
2
2.4
1.86
2.17
2
1.71
e
1.87
1.89
2.12
2.14
2.14
1.78
1.5
2
1.25
1.25
e
e
e
e
e
e
e
e
e

2.63
2
3.17
2.44
2
2.38
3.2
2.67
3
e
2.75
2.44
2.4
2.56
3
2.56
2.71
2.57
2.4
2.4
e
e
e
e
e
e
e
e
e

þþ
þþ
þþ
þþ
þþ
þ
þþ
e
e
þþ
þ
þ
þ
þ
þ
þþ
þ
þþ
þ
þþ
e
e
e
e
þþ
e
e
e
e

e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
þ
e
e
e
e
e
e
e
þ
þ

Phylum Basidiomycota
Cryptococcus laurentii JYC370
Pseudozyma aphidis JYC103
Pseudozyma aphidis JYC108
Pseudozyma aphidis JYC356
Pseudozyma aphidis JYC367
Pseudozyma rugulosa JYC102
Pseudozyma sp. JYC372
Rhodosporidium paludigenum JYC100
Sporidiobolus ruineniae JYC099
Ustilago esculenta JYC107
Ustilago esculenta JYC368

e
2.15
e
4
2.75
e
e
e
1.6
e
e

e
1.2
1.5
1.57
e
1.55
1.54
e
e
1.18
2.2

e
e
e
e
e
e
e
e
e
e
e

þþ
e
e
þþ
þþ
e
þ
e
e
e
þþ

e
e
e
e
e
e
e
e
e
e
e

þþ Strong positive result, þ slight positive result, e not detected.
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Table 3 e Indirect PGP traits of yeasts and yeast-like fungi isolated from Drosera spatulata Lab.; AU [ diameter of the reaction zone/diameter of the zone with yeast
colonies.
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Fig 2 e Evaluation of in vitro antagonism in a solid medium by yeasts against the phytopathogenic fungus Glomerella
cingulata. (AeB): Yeasts (right) were antagonistic to G. cingulata (left). (CeD): Yeasts (right) were not antagonistic to G. cingulata
(left). (E) G. cingulata alone as the control group.

Effects of IAA-producing yeasts on plant growth and
development
To understand the effects of IAA-producing yeasts on plant
growth and development, we used Nicotiana benthamiana as
a model system. Wild-type N. benthamiana seedlings were germinated and grown on plates containing agar-solidified Murashige & Skoog (MS) medium. At 2 wk after germination,
yeast strains, including three IAA-producing and two negative-control strains, were inoculated on the plates 3 cm
away from the root tips. The JYC099, 367, and 385 strains
exhibited high IAA production, whereas the JYC361 and Hannaella coprosmaensis JYC089 strains exhibited low IAA production. The JYC099, 367, and 385 strains were used as potential
PGP-yeasts because of their IAA-producing abilities and their
ability in direct and indirect PGP traits. Hannaella coprosmaensis
JYC089 produced low IAA in all conditions and was isolated
previously from Drosera indica L. (Sun et al. 2014). After 3 wk
of cocultivation of N. benthamiana with JYC099, 367, and 385
strains, remarkable increases in the shoot and root growth
were observed compared with those controls (Fig 3A). Shoot
growth, including stem elongation and leaf number, was enhanced when cocultivated with the IAA-producing JYC099,
367, and 385 strains compared with those cultivated with
the negative controls (Fig 3B). In particular, the fresh weight
and chlorophyll contents of N. benthamiana cocultivated with
the JYC385 strain were much higher than those of N.

benthamiana cocultivated with other strains. The results suggested a beneficial effect of IAA-producing yeasts on plant
growth and development.

IAA-producing yeasts regulate root system architecture in
Nicotiana benthamiana
To get detailed insights into the effects of yeast-producing IAA
on the root system architecture, the development of lateral
roots, formation of root hairs, and elongation of primary roots,
N. benthamiana seedlings were cocultivated with yeasts (Figs 3
and 4). The development of lateral roots and root hairs in
seedlings cocultivated with yeast JYC099, 367, and 385 strains
was enhanced compared with that of the controls and negative controls (Fig. 3A and B). To investigate whether the
yeast-produced IAA modifies mitosis-related gene expression
in root apical meristems, we inoculated transgenic pNbCMT32::GFP-GUS N. benthamiana seedlings with various yeast
strains. The pNbCMT3-2::GFP-GUS line has been used for characterizing mitotic activity in plants (Lin et al. 2015). The chromomethylase (CMT) gene is responsible for DNA methylation
during mitosis in proliferating tissues (Lin et al. 2015). Histochemical analysis revealed staining of the root apical meristems in the transgenic pNbCMT3-2::GFP-GUS seedlings
(Fig 4). The root apical meristem was enlarged in transgenic
pNbCMT3-2::GFP-GUS plants cocultivated with yeast JYC385
compared with those of the negative controls (Fig 4). These
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Fig 3 e Effects of yeast-producing IAA on growth and development of N. benthamiana seedlings. (A) N. benthamiana seedlings
(2-w-old) were grown on agar plates containing quarter-strength MS medium. The seedlings were inoculated with various
strains of yeasts, including JYC099, 367, 385, 361, and 089 at the opposite ends of agar plates, and the seedlings were cocultivated with the yeast for an additional 3 wk. Yeasts of JYC099, 367, and 385 exhibited relatively higher IAA production.
JYC361 and 089 produced relatively lower IAA and served as negative controls (Neg). Plant samples without yeast treatment
served as the control (Con). (B) The elongation of primary roots, lateral root number, length of stems, leaf number, chlorophyll
content, and fresh weight of the N. benthamiana seedlings were measured after 3 wk of inoculation with yeasts. Data show
mean ± SD from of ten seedlings. The significance of differences between groups was determined using Student t tests and
analyses of variance. P < 0.05 was considered statistically significant (*). The experiments were repeated three times and
similar results were obtained.
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Fig 4 e Characterization of mitosis-related gene expression in N. benthamiana roots inoculated with IAA-producing yeasts.
The transgenic line pNbCMT3-2::GFP-GUS of N. benthamiana was generated and obtained as described previously (Lin et al.
2015). The inoculation of yeast strains JYC089 and 385 was as described in Fig 3. The transgenic line pNbCMT3-2::GFP-GUS
was used to evaluate cell division activity in root tips on the basis of pNbCMT3-2::GFP-GUS expression. The region of apical
meristem in root tip indicated with lines.

results indicate that yeast-produced IAA stimulates the mitotic activity of root tips.

Discussion
Biofertilizer, a recently coined term, refers to a substance containing living microorganisms, which when applied to seed,
plant, and soil surfaces, colonizes the rhizosphere or the interior of the plant and promotes host plant growth by increasing
the supply or availability of primary nutrients. Numerous species of soil bacteria flourish in the rhizosphere of plants; they
may be present in other tissues and are directly or indirectly
involved in promoting plant growth and development. These
bacteria are collectively known as PGP rhizobacteria (PGPR)
(Vessey 2003; Lugtenberg & Kamilova 2009). These microbes
have the potential to increase harvests while allowing farmers
to use fewer quantities of fertilizer and pesticides. Furthermore, certain microbes enable plant growth under stress conditions, enhancing their adaptability to climate change (de
Vrieze 2015). In this study, we evaluated the PGP traits of
yeasts isolated from the phyllosphere and rhizosphere of Drosera spatulata and the effects of yeasts inoculation on plant
growth.

IAA production
IAA-producing microorganisms are receiving increasing attention as favourable candidates for use as biofertilizers
(Saharan & Nehra 2011). IAA-producing microorganisms are
believed to enhance root growth and increase the root length,
resulting in an increased root surface area, thus enabling increased access to soil-based nutrients. This phytohormone

is commonly produced by PGPR (Vessey 2003; Yadav et al.
2010). Rao et al. (2010) suggested the presence of a Trpindependent pathway for IAA synthesis in baking yeast (Saccharomyces cerevisiae). To determine whether a Trpindependent pathway is a common to yeasts, we analysed
IAA production in yeast cultures without Trp. The yeast isolates in our study produced IAA in the absence of exogenous
Trp. Two isolates produced significantly high amounts of
IAA, and 32 isolates produced significant low amounts of
IAA in the absence of exogenous Trp. Six isolates produced
similar amounts of IAA in the presence and absence of Trp
(Fig 1). Our results strongly support the presence of a Trpindependent IAA biosynthetic pathway in yeasts, and these
results are consistent with those of our previous study (Sun
et al. 2014). Jaeger et al. (1999) reported that Trp was the most
abundant component in the soil in the region 12e16 cm
from the tip of the roots, whereas sucrose was the most abundant component in the soil near the root tip. High sucrose
availability at the root tip is consistent with photosynthate
loss from immature and rapidly growing root tissues. However, lateral perforation of the root epidermis can result in
Trp loss from older root sections. Thus, Trp availability influences the IAA production in microbes with only Trpdependent IAA biosynthetic pathway.
Notably, our investigation of the IAA-producing capabilities of the yeasts revealed that the different strains of one
species exhibit different IAA-producing capabilities. In this
study, all eight Aureobasidium pullulans strains produced IAA;
the IAA concentration was strain-dependent and ranged
from 610.63  54.7 to 56.06  2.9 mg mL1. In our previous
study, all five Cryptococcus flavus strains produced IAA; the
IAA concentration was strain-dependent and ranged from
38.6  1.7 to 103.9  21.2 mg mL1 (Sun et al. 2014). These results
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are consistent with those of previous studies evaluating other
microorganisms and have reported the differences in IAA biosynthesis among strains of the same species (Tsavkelova et al.
2006; Ruanpanun et al. 2010).

Phosphate and ZO solubilization
Phosphorous is vital for plant growth and productivity.
Phosphorus-solubilizing microorganisms play a role in phosphorus nutrition by enhancing its availability to plants
through solubilization and mineralization in inorganic and organic soil. However, the degree of phosphate solubilization
varies with microorganisms. Phosphate solubilization is influenced by the combined effect of pH decrease and organic acid
production (Fankem et al. 2006). Thus, the efficiency of phosphate solubilization decreases under buffered conditions
compared with nonbuffered conditions (Joseph & Jisha 2009).
In this study, we evaluated the phosphate-solubilizing ability
of yeasts in nonbuffered media and observed that the isolates
solubilizing TCP were fewer than those solubilizing DCP and
CPT. All yeast strains that solubilize DCP can solubilize CPT,
but the converse is not always true. Compared with phosphorous, zinc, however, is required in extremely small amounts
for plants, as Zn is a critical component of various enzymes responsible for driving several plant metabolic reactions. In our
study, experiments on Zn solubilization using plate assays
revealed effective solubilization of Zn compounds by several
yeast strains. However, only Torulaspora sp. JYC369 solubilized
DCP, CPT, TCP, and ZO, with SE units of 1.25, 1.63, 1.17, and 2,
respectively. Cryptococcus laurentii JYC370 solubilized DCP,
CPT, and ZO, with SE units of 1.25, 1.86, and 1.25, respectively.
In Nutaratat et al. (2014), only one (Torulaspora globosa DMKURP31) of 13 yeast isolates exhibited in vitro calcium phosphatesolubilizing ability, which was also the only isolate that solubilized ZO. Park et al. (2013) sampled 1100 yeast strains from
various Korean fermented foods and screened them for phosphate solubilization; only five strains solubilized TCP. Similarly, Onyia and Anyanwu isolated 12 fungal strains from
the rhizospheres of Nsukka pepper plant and reported that
only six strains exhibited a prominent TCP solubilization
zone (Onyia & Anyanwu 2013). Although further research is
warranted to explore these mechanisms in detail, it is evident
that phosphate and Zn solubilization are not common traits in
yeasts.

NH3 production
NH3 production is a general characteristic of PGP microbes;
therefore, we investigated NH3 production in the yeasts we
isolated. Notably, NH3 is produced and utilized by yeasts
 et al. reported that NH3 was produced
themselves. Palkova
by yeast colonies in pulses and that it mediates communica et al. 1997). They furtion between the yeast colonies (Palkova
ther demonstrated that the colony that first attains intense
NH3 production induces NH3 production in the surrounding
colonies regardless of their age. This behaviour synchronizes
NH3 transfer and colony development in the pulses and consequently their growth. Furthermore, the synchronization of
colony development through NH3 signalling is a common phenomenon in several yeast species and exists between yeast
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 & Forstova
 2000). NH3
colonies of different genera (Palkova
production and its role as a communication mediator was reported in Debaryomyces hansenii and other cheese-relevant
yeast species (Gori et al. 2007). Synchronization of yeast colonies for their growth and development could be valuable in
establishing their optimal distribution in a natural habitat.
This might explain why that most of yeast isolates in this
study exhibited NH3-producing abilities.

Catalase production
Catalase is a key antioxidant enzyme produced by the host in
the defense against oxidative stress. Our results indicated that
most of the tested strains exhibited catalase activity. These results are consistent with those of epi- and endophytic yeasts
isolated from rice and sugarcane leaves (Nutaratat et al. 2014).
Catalase protects plant-associated microbes from ROS, a common occurrence in plants (Lindow & Brandl 2003). The aerial
plant surfaces are exposed to severe and rapidly fluctuating environmental conditions. Exposure to large amount of UV radiation is one of the most prominent selections of the leaf surface
environment, and the epiphytes presumably have adapted to
this condition. Furthermore, plants release methanol generated
by pectin methylesterases (PMEs). PMEs release methanol as
a byproduct during demethylesterification of the homogalacturonan component of the cell wall pectins (Micheli 2001).
Yeasts use this methanol through catalase activity to react
with hydrogen peroxide in peroxisomes (van der Klei et al.
2006). Thus, catalase production can be a common trait of
yeasts, particularly in those associated with plant leaves.

Siderophore production
Most bacteria and fungi produce siderophores, chelating
agents for the ferric ion, which not only support plant growth
but also indirectly inhibit plant pathogens by scavenging the
available iron from the host environment (Neubauer et al.
2000). Calvente et al. reported that the antagonistic action of
Rhodotorula glutinis siderophores upon exposure to the postharvest pathogen Penicillium expansum (Calvente et al. 1999).
Wang et al. isolated a marine-derived Aureobasidium pullulans
strain HN6.2 with a high siderophore-producing capacity.
They reported that the crude siderophore produced by this
yeast inhibited the cell growth of certain Vibrio spp. isolated
from the diseased marine fish (Wang et al. 2009). However,
yeasts exhibiting antifungal activity may not necessarily produce siderophores, as observed in our study, wherein the
yeast strains Barnettozyma californica JYC381 and JYC386 suppressed the growth of the phytopathogenic Glomerella cingulata but did not produce siderophores and hydrolytic
enzymes (protease and CMCase).

Cell wall-degrading enzymes
Another mechanism through which microorganisms inhibit
phytopathogens is the production of fungal cell wall-degrading enzymes. The cell wall-degrading enzymes affect the
structural integrity of the walls of the target pathogen, indirectly promoting the growth of the host plant. In our study,
all strains of Aureobasidium pullulans produced protease and
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Interactions between IAA-producing yeasts and plants

CMCase. A. pullulans, popularly known as black yeast, is
a widespread saprophyte fungus inhabiting a wide range of
terrestrial and aquatic habitats. Several strains of this species
produce hydrolases, such as glucanases, chitinases, and proteases, and can be used as possible biocontrol agents
(Donaghy & McKay 1993; Mounir et al. 2007; Gaur et al. 2010).
Notably, several studies have reported A. pullulans as a noncellulolytic organism (Deshpande et al. 1992). However, Kudanga
& Mwenje (2005) collected tropical isolates from various sources and screened them for cellulase production. All the evaluated isolates exhibited CMCase activity. A high strain
variability of A. pullulans has been reported (Urzı et al. 1999;
Loncaric et al. 2009), thus explaining the differences in the enzymatic potential or properties of this ubiquitous yeast species. However, several strains of this yeast-like fungus have
been reported as opportunistic pathogens and were isolated
from the skin of an immunocompromised patient (Girardi
et al. 1993; Hawkes et al. 2005; Chan et al. 2012). Despite the significant biotechnological potentials of A. pullulans, its pathogenicity should be evaluated before using it as a commercial
biofertilizer.
Chitin is the second most abundant biopolymer after cellulose that is widely distributed across marine and terrestrial
environments. Chitinase has received increased attention because of its wide used in biotechnological applications, particularly in agriculture for the biocontrol of phytopathogenic
fungi and harmful insects. In addition, chitinase has been
used in the preparation of pharmaceutically valuable chitooligosaccharides and N-acetyl-D-glucosamine (Dahiya et al.
2006). The possible roles of fungal chitinase have been proposed and discussed (Duo-Chuan 2006). Chitinase plays autolytic, nutritional, morphogenetic, and parasitic roles and
regulates physiological and biological functions (Seidl 2008;
Hartl et al. 2012). Reviews of fungal chitinases have already
emphasized the diversity of these enzymes (Gooday 1994;
Duo-Chuan 2006), and the recent advances in genomic and
proteomic techniques and interdisciplinary approaches will
enable the investigation of the whole range of fungal chitinases. Future studies should focus on the discovery of novel
chitinases, particularly from extreme environmental fungi to
expand the knowledge about this group of enzymes and their
versatile functions.

The interactions of plants and fungi have been an area of substantial interest because the knowledge of these processes
may lead to environmentally friendly agricultural practices.
Evidence has indicated that IAA-producing yeasts play a vital
role in promoting plant growth and development (El-Tarabily
& Sivasithamparam 2006). For example, the IAA-producing
Candida tropicalis SSm-39 strain increased the growth and
yield of maize (Mukherjee & Sen 2014). Compared with uninoculated controls, the grain quality of inoculated plants improved by 85 %, as indicated by the improved carbohydrate
and protein content. C. tropicalis HY (CtHY), a soil yeast, stimulated the growth of rice seedlings (Amprayn et al. 2012). Laboratory experiments revealed that CtHY produces small
quantities of IAA. CtHY application on germinated rice seedlings resulted in superior root growth and increased the dry
weight of the inoculated roots by 16e35 % compared with
that of uninoculated controls. Cyberlindnera saturnus, an endophytic IAA-producing yeast, enhanced the growth of maize
plants, as indicated by increases in the dry weights and
lengths of roots and shoots (Nassar et al. 2005). We previously
reported that Ustilago esculenta JYC070 exhibited high IAA
production (Sun et al. 2014). The lateral root number of Arabidopsis seedlings cocultivated with U. esculenta was 10-fold
higher than that of the negative-control strain Hannaella coprosmaensis. In this study, the IAA-producing yeast strains,
such as JYC099, 367, and 385, promoted the growth of shoots
and roots (Figs 3 and 4). JYC385 produced the highest amount
of IAA among the selected yeast strains (Table 2). Accordingly, the lateral root number, stem elongation, fresh weight,
and chlorophyll contents of Nicotiana benthamiana plants inoculated with yeast JYC385 were higher than those of N. benthamiana cocultivated with any other strains. The JYC361 and
089 strains with weak IAA-producing ability exerted no promoting effects on plant growth and development. Therefore,
the growth-promoting traits of PGP microbes are potentially
correlated with their ability to produce IAA. IAA-producing
yeasts may exert beneficial morphophysiological effects on
plant shoots and roots.

Antifungal compound production
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