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Abstract
The yeasts transmitted from seeds to sprouts might be used as probiotics for host plants. To investigate the inheritable 
yeasts of rice plants for probiotics, the fungal internal transcribed spacer (ITS) regions (ITS1 and ITS2) in rice sprouts were 
analyzed by Illumina-based sequencing. The fungal genera Candida, Mortierella, Alternaria, Penicillium, and Tomentella 
were revealed by both ITS1 and ITS2 sequence analysis. The endophytic yeasts were isolated from rice sprouts by yeast 
selective medium. Compared with the negative controls, inoculation of isolate Y3 released 2.2 folds higher concentration 
of free phosphate in soybean meal broth. Most of the phytase activities were located in the yeast cell interiors. The shoot 
lengths, shoot fresh weights, and root fresh weights of inoculated seedlings increased by 35%, 80%, and 60% compared 
with the control seedlings, respectively. The results suggested that the rice sprouts contained diverse phytase-producing 
yeasts transmitted from seeds. These yeasts might be adopted as prospective probiotics to improve rice growth by increasing 
phosphate utilization efficacy.

Keywords Endophyte · Rice · Mycobiome · Ascomycota · Plant growth-promoting

Introduction

Phosphorus is a limited resource playing a critical role in 
global agricultural production. The increasing mined phos-
phate prices demand alternative phosphate sources and the 
efficient phosphate utilization technology around the world 
(Brinch-Pedersen et al. 2014). Phytin is a mixed salt  (K+, 
 Ca2+,  Mg2+ or  Zn2+) with phytate, account for up to 85% of 
total organic phosphorus in seeds and straws (Higgins and 
Crittenden 2015). High levels of unutilized phytate lead to 
phosphorus runoff from oversupplied agricultural soils to 

aquatic ecosystems. The resulting eutrophication is a severe 
environmental risk (Brinch-Pedersen et al. 2014).

Phytase was viewed as a tool for determining the phytin 
degradation and phosphorus bioavailability (Brinch-Ped-
ersen et al. 2014). It can be produced most notably in ger-
minating seeds and microbes (Nasri et al. 2011; Higgins and 
Crittenden 2015). However, the mature plant and monogas-
tric animals have only limited phytase activity in their nutri-
tion absorption organs. Dietary phytase supplementation, 
transgenic plants, transgenic animals, and low-phytate crops 
have met with limited applications owing to poor consumer 
acceptance, industry hesitation, and technological constraint 
(Lei et al. 2013). Inoculation of phytase-producing probiotic 
microbes was proposed due to colonization stability in hosts.

Plants were colonized by some microbiota that can reach 
cell densities greater than the number of plant cells (Mendes 
et al. 2013). Each plant species hosts a genotype-specific 
core microbiome, dynamically responding to the envi-
ronmental variables (Hirsch and Mauchline 2012). Com-
pared with bacteria and mycorrhizal fungi, the potential 
to use yeasts as plant probiotics has been under-exploited 
(Amprayn et al. 2012). Unlike mycelial fungi, unicellular 
yeasts can not distribute within the intercellular space due 
to apical growth (Isaeva et al. 2010). However, some yeast 
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species showed plant cell wall degradation enzyme which 
enables yeast cells to penetrate internal plant tissues from the 
surface through local cuticle damage. Plant starch-contain-
ing storage tissues of seeds nearly always contain yeasts that 
are able to actively reproduce in these tissues (Isaeva et al. 
2010). During seed germination, the initially dormant seed 
undergoes passive and active changes in its physiological 
state (Ofek et al. 2011). Marked increase in phytase activity 
was reported in germinating seeds and was associated with 
a concomitant decrease in phytate content and an increase in 
that of phosphate (Nasri et al. 2011; Hui et al. 2016). Thus, 
the phytase activity of yeast might be involved in seed ger-
mination and plant growth promoting (Puppala et al. 2018). 
Phytase-producing ability is also one trait of animal probiot-
ics (Tsang 2011; Andrabi et al. 2016). Some plant probiotic 
yeasts might be isolated from germinating seeds.

Rice is the staple food for the largest population in Asia. 
However, the yeast diversity of germinating rice seeds has 
not been reported. Until recently, most studies on probiotic 
strains focused on isolating microbes into pure culture, so 
the species that do not grow or grow very slowly in media 
were neglected (Porras-Alfaro and Bayman 2011). Com-
pared to conventional cultivation methods, the sequencing 
approach for the analysis of fungal communities should pro-
vide much more information for probiotic yeast isolation 
(Suryanarayanan 2013; Sapkota et al. 2015).

The objective of this study was to rationally isolate the 
plant yeast probiotics from germinating rice seeds based on 
the analysis of fungal communities. In mycology, the inter-
nal transcribed spacer (ITS) region is the most commonly 
sequenced region for fungal systematics and taxonomy at 
and below the genus level (Nilsson et al. 2009). Due to 
restrictions in sequence read lengths, only ITS1 or ITS2 
is normally analyzed in amplicon pyrosequencing. There-
fore, in this study, the fungal communities based on differ-
ent DNA barcodes (ITS1 and ITS2) were compared and the 
yeast probiotics were purposely isolated and characterized.

Materials and methods

Sample collection

Rice (Oryza sativa L. cv. Wusimi) seeds were collected 
from a rice field located in the suburb of Guangzhou, China 
(22°55′239″N, 113°31′074″E). The seeds were sterilized by 
serial immersion in 75% (v/v) ethanol for 5 min and sodium 
hypochlorite solution (5% available chlorine) for 5 min. 
Total 80 seeds were germinated on sterile filter papers 
soaked with water in Petri dishes without light at 25 °C. 
After 4 days, about 50 selected sprouts without retained 
seeds were collected for DNA extraction in each treatment.

DNA extraction, amplicon generation, and Illumina 
MiSeq sequencing

The total DNA of sprouts was extracted using E.Z.N.A. HP 
Plant DNA Kit (Omega, Norcross, GA, USA) according to 
the manufacturer’s instruction. The purity and concentration 
of DNA were monitored on 1% agarose gels.

The primers ITS1-1737F (GGA AGT AAA AGT CGT AAC 
AAGG) and ITS2-2043R (GCT GCG TTC TTC ATC GAT 
GC) targeting the ITS1 hypervariable region, the primers 
ITS3_KYO2 (5′-GAT GAA GAA CGY AGY RAA -3′) and 
ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′) targeting the 
ITS2 region of fungal rRNA genes were adopted to analyze 
fungal taxa simultaneously (Schmidt et al. 2013). Both for-
ward and reverse primers were tagged with adapter, pad, 
and linker sequencing (Schmidt et al. 2013). Each barcode 
sequence from multiple samples was pooled for one run of 
sequencing. All PCR reactions were performed by Applied 
Biosystems 2720 Thermal cycler in a total volume of 30 
μL, sequencing on an Illumina MiSeq platform (Wang et al. 
2016).

Combination and data preprocessing

Forward and reverse sequences were merged using FLASH, 
the qualities of clean tags were detected by QIIME (Magoc 
and Salzberg 2011; Caporaso et al. 2012; Bokulich et al. 
2013). Tags with chimera were detected and removed using 
UCHIME Algorithm (Edgar et al. 2011; Haas et al. 2011). 
The retained sequences were clustered into operational 
taxonomic units (OTU) at 97% sequence similarity using 
the UPARSE-OTU and UPARSE-OTUref algorithms of 
UPARSE software package (Edgar et al. 2011). The repre-
sentative sequence was assigned to the fungal taxa by previ-
ous methods (Nilsson et al. 2010; Kõljalg et al. 2013).

Isolation of yeasts from sprouts

The surface sterilized rice seeds germinated on wet filter 
paper at 25 °C under aseptic conditions. After 4 days, the 
sprouts were cut into small pieces (about 0.4 × 0.2 cm) 
and put into malt extract medium with 50 μg/mL chloram-
phenicol (Huankai, Guangzhou, China) to inhibit bacterial 
growth. Plates were incubated at 25 °C for 2 days for yeast 
growth.

Determination of phytase activity

The 0.5 mL yeast broth was inoculated into Erlenmeyer 
flasks (250 mL) containing 50 mL malt extract broth on 
a rotary shaker at 25 °C for 24 h. The cells were harvested 
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by centrifugation at 8000g for 4 min at 4 °C. The super-
natants were collected for extracellular phytase activity. 
Cell pellets were washed and disrupted by ultrasonication 
and centrifuged at 15,000g for 20 min to remove all cell 
debris. The phytase activity measurements were performed 
by previous methods (Olstorpe et al. 2009). The optical 
density at 750 nm was measured by UV–Vis spectrometer 
(Unico UV-2000, Shanghai, China). One unit of phytase was 
defined as the amount of enzyme required to liberate 1 µmol 
P from phytate per min per mL yeast culture.

Soybean meal fermentation

The feed diet composed of soybean meal (10 g/L) and yeast 
extract (5 g/L) was inoculated with 1% inoculum of yeast 
and incubated at 30 °C for 5 days. The soybean meal media 
without yeast inoculation were used as negative controls. 
The culture broth (5 mL) was collected and centrifuged 
(4000 rpm) to separate the insoluble mass and supernatants. 
The free P accumulation in the supernatant was measured 
by the method described previously (Olstorpe et al. 2009).

Pot experiments

Soil samples collected from the suburbs of Guangzhou was 
processed by previous methods (Wang et al. 2017). Rice 
seeds sterilized in bleaching solution (3% available chlorine) 
were inoculated by soaking in yeast cell suspension  (105 cfu/
mL) for 1 h. The seeds soaked in sterile water were adopted 
as the control treatment. The inoculated seeds were further 
sown in the soils and ten seeds were sown in each pot as 
one treatment. The soil moisture content was kept at the 
saturated condition. The plants were grown in a glasshouse 
at 25 °C and a 16/8 h day/night regime (Wang et al. 2017). 
After 2 weeks, the shoot length (cm), shoot and root fresh 
weight (g) were measured and compared.

Statistical analysis

Cluster analysis was preceded with the principal component 
analysis (PCA) using the QIIME software package. QIIME 
calculates both weighted and unweighted unifrac distances, 
which are phylogenetic measures of beta diversity (Kõljalg 
et al. 2013). Phylogenetic relations among different micro-
bial taxa were further displayed by KRONA (Ondov et al. 
2011). Alpha diversity indices of Chao1, ACE, Shannon, 
Simpson, and coverage were calculated to reflect the diver-
sity and richness of the endophytic community in different 
samples (Kemp and Aller 2004).

Statistical analysis of rice seedling growth data was car-
ried out using the SPSS statistical package (version 16.0 for 
Windows, SPSS Inc.). For the pot experiments, data were 
represented as mean ± standard deviation (SD) of the three 

replicates. The data were subjected to analysis of variance 
(ANOVA) and treatment mean values were compared by 
Duncan’s multiple-range test. All analyses were performed 
at P ≤ 0.05.

Results

Fungal diversity and richness

Total 133,341 valid fungal sequences remained with an aver-
age ITS1 length of 260 bp and 31200 sequences remained 
with an average ITS2 length of 373 bp (Table 1). With ITS1 
as the DNA barcode, the number of different fungal OTUs 
at the 97% similarity level was 407. Nevertheless, the num-
ber of fungal OTUs at the 97% similarity level was 772 in 
the same samples with ITS2 as the barcode. The coverage 
index calculated from sequences detected by the ITS1 and 
ITS2 barcodes were 0.99 and 0.97, respectively. Therefore, 
the amount of sequences for analysis was sufficient, and the 
sequences well represented the full proportion of fungal phy-
lotypes in rice sprouts. The alpha diversity indices (ACE, 
Shannon, and Simpson) calculated from the fungal OTUs 
indicated that ITS2 revealed more diverse fungi than ITS1 
when the same DNA was used to analyze fungal diversity in 
rice sprouts (Table 2).

Although the sprouts did not contact with fungi from the 
exterior environment during seed germination, diverse fungi, 
including 3 fungal phyla, 6 fungal classes, 10 fungal orders, 
9 fungal families, 14 fungal genera, and unidentified fungi, 
were detected by ITS1 in rice sprouts. The ITS2 barcode 
detected 5 fungal phyla, 14 classes, 45 orders, 81 families, 
133 genera, and unidentified fungi. Some novel fungal OTUs 
affiliated with unidentified fungi have not been reported as 
endophytes of rice.

Fungal composition and community structure

All the representative sequences of each OTU were clas-
sified into the domains fungi (100% of the total data set). 
Although the fungal proportions were different, Ascomycota 

Table 1  The characteristics of effective tags in rice sprouts identified 
by the internal transcribed spacer (ITS) regions (i.e., barcodes ITS1 
and ITS2) of fungal rRNA genes

Barcode Tags’ information

Number Total length (bp) Max 
length 
(bp)

Min length (bp)

ITS1 133341 34,628,940 387 196
ITS2 31200 11,649,244 410 214
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and Basidiomycota were the dominant fungal taxa in sprouts 
based on both the ITS1 and ITS2 DNA barcodes (Fig. 1). 
The ITS1 barcode illustrated that 99.5% of ITS1 sequences 
could be assigned to the phylum level, Ascomycota was the 
dominant fungal phylum (99.1%), and Basidiomycota was 
the second most abundant (0.2%). Only 0.32% of the ITS1 
sequences were affiliated with the class level, Eurotiomy-
cetes was the most detected class (0.23%), and Saccharo-
mycetes was the second most frequently detected (0.06%). 
Dominant orders detected by ITS1 included Eurotiales 
(0.23%), Saccharomycetales (0.06%), and Pleosporales 
(0.01%). Dominant families were Trichocomaceae (0.23%), 
Saccharomycetaceae (0.05%), Pleosporaceae (0.01%). Only 
0.3% of ITS1 sequences could be assigned to the genus level. 
Emericells was the most detected genus (0.23%) and other 
dominant genera were Zygosaccharomyces (0.05%) and 
Alternaria (0.01%) (Fig. 2).

Total 99.8% of ITS2 sequences were assigned to the 
phylum level. The dominant fungal phyla included Ascomy-
cota (96.8%), Basidiomycota (1.1%), Zygomycota (0.2%), 

and Chytridiomycota (0.03%) (Fig. 1). The 4.1% of ITS2 
sequences could be assigned to the fungal class level. Doth-
ideomycetes was the most dominant classes (0.87%) and 
other classes were Agaricomycetes (0.83%), Sordariomy-
cetes (0.75%), and Leotiomycetes (0.73%). Pleosporales 
was the most dominant order (0.52%) and other frequently 
orders were Agaricales (0.42%), Helotiale (0.31%), and 
Hypocreales (0.21%). The dominant fungal families were 
Mycenaceae (0.24%), Mortierellaceae (0.20%), Nectriaceae 
(0.11%), Atheliaceae (0.10%), and Mycosphaerellaceae 
(0.10%). Compared with the ITS1 sequences (0.3%), higher 
proportion (2.1%) of ITS2 sequences were assigned to the 
genus level. Mycena and Mortierella were the most abun-
dant genera. Other abundant genera included Subulispora 
(0.15%), Preussia (0.08%), Pseudogymnoascus (0.07%), 
and Cryptodiscus (0.06%) (Fig. 3). Candida, Mortierella, 
Alternaria, Penicillium, Tomentella were revealed by both 
ITS1 and ITS2 barcodes. Fusarium, Aspergillus, Penicil-
lium, Phoma, Chaetomium, Trichoderma, Glomus, Ker-
nia, Cladophialophora were detected by ITS2 barcode. 

Table 2  The alpha diversity indices of fungal operational taxonomic units (OTUs) in rice sprouts identified by the internal transcribed spacer 
(ITS) regions (i.e., barcodes ITS1 and ITS2) of fungal rRNA genes

a Both Chao1 and ACE describe an estimate of the total number of phylotypes in a source environment, and Chao1 is particularly appropriate for 
datasets in which most phylotypes are relatively rare in the community, ACE is appropriate for datasets in which some phylotypes occur more 
frequently. Both Shannon and Simpson indices comprehensively reflect the richness and evenness of community. Shannon index is more sensi-
tive to the richness of the community and Simpson index is more sensitive to the evenness of the community. Coverage is a non-parametric esti-
mator of the proportion of phylotypes in a library of infinite size that should be represented in a smaller library

Barcode Alpha diversity indices

Chao1a ACE Shannon Simpson Coverage

ITS1 1531 ± 28.7 1452 ± 25.9 0.20 ± 0.02 0.03 ± 0.002 0.99 ± 0.02
ITS2 1334 ± 23.1 1789 ± 27.4 2.28 ± 0.15 0.32 ± 0.03 0.97 ± 0.04

Fig. 1  Abundances of dif-
ferent phyla in fungi in rice 
sprouts identified by the internal 
transcribed spacer (ITS) regions 
(i.e., barcodes ITS1 and ITS2) 
of fungal rRNA genes
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Cladosporium was detected by ITS1 but not by ITS2 bar-
code in rice sprouts.

Isolation of probiotic yeasts and pot experiments

Endophytic yeast Candida was detected in rice sprouts by 
both ITS1 and ITS2 barcodes and further isolated from 
rice sprouts. Most of the sprout samples were overgrown 
by fungal growth on plates. Typical smooth yeast colonies 
were picked and examined for yeast cells by microscope. 
The white yeast Y3 with higher phytase activity was further 
identified as Candida sp. according to the ITS1-5.8S-ITS2 
gene sequence analysis.

The phytase activity was not detected in the supernatant 
of yeast Y3 culture broth. The yeast Y3 cells could degrade 
sodium phytate after incubated for 24 h, however, the extra-
cellular phytase was not detected. Most of the phytase activi-
ties were detected in the yeast cell debris after Y3 cells were 
disrupted by ultrasonication. The phytase might locate in 
cell walls.

The media contained soybean meal was inoculated with 
yeast Y3 and incubated at 30 °C for 5 days, the free phos-
phorus concentrations in broth increased. Compared with the 

negative controls, the inoculation of yeast Y3 released more 
free phosphate in broth (4.23 mmol/L) (P < 0.05). The yeast 
Y3 could release free P from the soybean meals and released 
2.2 folds higher concentration of free phosphate than control 
treatment (P < 0.05).

The pot experiments illustrated the stimulation effects of 
Candida sp. Y3 in rice seedlings. The growth of rice seed-
lings inoculated with strain Y3 were promoted compared 
with the control seedlings. Shoot length, shoot fresh weight, 
and roots fresh weight were promoted by 35%, 80%, and 
60%, respectively (Table 3).

Discussion

Approximately, 60–90% of the phosphorus in grains is pre-
sent in the form of phytic acid or phytate, the addition of 
phytase increases the availability of phosphorus for animal 
digestion and plant utilization (Marlida et al. 2010). The 
high price of commercial phytase restricts the application of 
phytase as feed supplement and soil fertilizer, a more eco-
nomical alternative for phytase addition would be phytase-
producing microbiota (Olstorpe et al. 2009). In the study, 

Fig. 2  Phylogenetic analysis 
of fungal taxa in rice sprouts 
identified by the internal 
transcribed spacer (ITS) region 
1 (i.e., barcode ITS1) of fungal 
rRNA genes
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the phytase-producing yeasts were purposely isolated from 
rice sprouts according to the fungal community analysis. 
Phytase activity might be a contributing factor to yeast sur-
vival and proliferation within hosts (Tsang 2011). The free 
phosphate in the media completely suppressed the extracel-
lular phytase activity and also reduced intracellular phytase 
activity (Olstorpe et al. 2009). Phytase-producing probiotic 
yeast must be further selected for application. In the study, 
the phytase-producing yeasts were isolated directly from 
rice sprouts as plant probiotics. Thus, the selection for plant 

probiotic yeasts based on mycobiome information is feasi-
ble. Furthermore, probiotic yeasts can prevent mold spoil-
age during postharvest storage of fruits and vegetables and 
promote plant growth (Fredlund et al. 2002; Nutaratat et al. 
2014). Yeasts were useful for probiotics because that most 
yeasts are non-pathogen and do not produce mycotoxins or 
allergenic spores (Fredlund et al. 2002).

Analysis of fungal diversity is essential for selection for 
yeast probiotics (Berlec 2012). To our knowledge, this is 
the first report on fungal diversity in rice sprouts using the 
Illumina-based analysis. Our results suggested that Asco-
mycota was the dominant fungal phyla in rice sprouts. The 
results were consistent with previous reports that many 
endophytic fungi belonged to Ascomycota (Suryanarayanan 
2013). Some endophytic Ascomycota in mature plants could 
transmit vertically from seeds and sprouts (Suryanarayanan 
2013). The potential of endophytic Ascomycota for biocon-
trol and rice growth promotion has to be assessed in future 
research (Remlein-Starosta et al. 2016). In the study, Basidi-
omycota, Glomeromycota, and Zygomycota were all detected 
in sprouts, indicating that the sprouts contained diverse fungi 
derived from seeds.

Fig. 3  Phylogenetic analysis 
of fungal taxa in rice sprouts 
identified by the internal 
transcribed spacer (ITS) region 
2 (i.e., barcode ITS2) of fungal 
rRNA genes

Table 3  The growth promotion effects of Candida sp. Y3 on rice 
seedlings inoculated

a Different letters (a and b) indicate the difference between seedlings 
was significant (P <0.05)

Growth parameters Seedlings without 
inoculation (controls)

Seedlings 
inoculated 
with  Y3a

Shoot length (cm) 7.5 ± 0.8a 10. 2 ± 0.5b
Shoot fresh weight (g) 4.5 ± 0.5a 8.2 ± 0.4b
Root fresh weight (g) 0.8 ± 0.2a 1.3 ± 0.2b
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Fungal endophytes have been isolated from surface-
sterilized leaves, roots, and seeds of rice. They were 
considered as saprotrophic fungi or potential pathogens 
(Fisher and Petrini 1992). Alternaria, Cladosporium, 
Fusarium, and Phoma have been frequently isolated from 
seeds (Fisher and Petrini 1992). The fungal genera were 
also detected in sprouts germinated under sterile condi-
tions in this study. Therefore, the fungal taxa were con-
sidered to be seed-borne and they were not detrimental 
to the growth of rice sprouts. The effects of these fungal 
taxa on rice sprouts would be further studied. Dark septate 
endophytes (DSEs) are rich endophytic fungal consortium 
in wild rice (Oryza granulate) roots, whereas the arbuscu-
lar mycorrhizal fungi were absent (Yuan et al. 2010a, b). 
DSEs and plants may establish a mutualistic interaction. 
Arbuscular mycorrhizal fungi (AMF) Glomus is frequently 
isolated from the roots of rice (Oryza sativa) (Vallino 
et al. 2009). In this study, the DSE group of Cladophi-
alophora and the AMF group of Glomus were detected 
in rice sprouts. The beneficial fungi in rice roots might 
transmit from soils or sprouts. Some endophytic fungi, 
such as Chaetomium, are found in rice sprouts (Naik et al. 
2009). Compared with previous results, most rice endo-
phytic fungal taxa were detected in rice sprouts. Illumina-
based analysis on endophytic fungal communities could 
provide more fungal information than previous methods. 
Phylogenetic analysis of endophytic mycobiota in roots 
of wild rice has shown that Basidiomycota is frequently 
detected (Yuan et al. 2010a). In the study, Ascomycota 
was the abundant fungal phylum in rice sprouts, whereas 
some Basidiomycota might be lost during the domestica-
tion process.

Conclusions

In conclusion, a diverse fungal community (5 fungal phyla, 
14 classes, 45 orders, 81 families, and 133 genera) was 
detected in rice sprouts under aseptic conditions. Both 
ITS1 and ITS2 revealed that Ascomycota was the dominant 
fungal phylum in rice sprouts. The yeasts and other fungal 
taxa Glomus, Cladophialophora, and Chaetomium derived 
from sprouts might proliferate and transmit in plant interi-
ors during the growth stages. These fungi might transmit 
into different organs of mature plants and should be iso-
lated as probiotic fungi.

Accession number(s) The sequence data have been depos-
ited in the National Center for Biotechnology Information 
(NCBI) Sequence Read Archive (SRA) under the accession 
number SRP062152.
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