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Abstract: Rice storage conditions include location, granary depth, storage time, temperature and
atmosphere. The fungi community varies during storage, but how these communities change remains
unexplored so far. This study collected rice samples from granaries in different horizontal and vertical
directions and storage time over two years. High-throughput ITS (Internal Transcribed Spacer) se-
quencing analysis revealed that Ascomycota (73.81%), Basidiomycota (6.56%) and Mucoromycota (9.42%)
were the main Eumycota present during rice storage. The main fungi communities were Aspergillus
sp., Fusarium sp., Rhizopus sp., Gibberella sp., Tilletia sp. and Penicillium sp. The contribution of storage
time, horizontal orientation and vertical depth effect on fungi community relative abundance were
17.18%, 5.98% and 0.11%, respectively. Aspergillus sp. was the predominant Eubacterium during
this process. The horizontal A was mainly occupied by Paraconiothyrium sp. and the location S,
had Clavispora sp. Both of these varied dramatically during storage. Furthermore, Aspergillus sp.,
as a main mycotoxin producer, was the dominant fungi at vertical L1. This study comprehensively
analyzed fungi community variation in horizontal and vertical directions to elucidate fungi commu-
nity variation on rice during storage and to find the detrimental fungi. Therefore, it is important to
improve granary ventilation systems and to ensure a uniform atmosphere to control fungi growth.

Keywords: fungi communities; rice storage; high-throughput sequencing

1. Introduction

Rice is a basic crop and staple food for the global population, which is related to
country development and society stability [1]. It is a seasonal production crop, so a large
portion of its annual production needs to be stored. Around 40% of the annual production
of rice is stored for about 16 months in China [2]. Therefore, keeping rice quality at a high
standard during storage is quite important [3]. Penicillium sp. and Aspergillus sp. are the
most common fungi contaminants in rice storage [4]. They can decompose grains and
produce mycotoxins leading to grain quality deterioration. Other fungi, such as Alternaria
sp. and Fusarium sp., can also cause rice mildew and generate mycotoxins which can result
in serious food safety problems [5,6]. According to some reports, the annual loss of rice
caused by molds is up to 10-15% in Europe and other developing countries [7].

The growth and survival of fungi are influenced by the water activity of the rice grain
as well as environmental factors, such as temperature, humidity and oxygen concentration,
which often vary even within the same granary [8]. The stored rice grain pile in a granary
has a porous and loose structure, but gas and moisture are usually not uniform, which
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leads to the temperature and water activity varying in different parts of the granary.
The temperature on the top layer of the grain pile sometimes changes drastically due to
thermal air convections, and the temperature fluctuations in the headspace are greater than
within the pile [9]. The variation of the local temperature often influences the grain pile’s
moisture migration significantly and causes the alteration of fungi structure. Moreover,
the irregularity of the grain piles and granary walls also affect the fungi growth and
communities. There are many studies exploring fungi variation and composition during
rice storage, however, few of them have utilized high-throughput sequencing to reveal the
changes in the fungi communities. According to a previous report, there were fewer molds
on the upper layer of the grain pile than the middle and lower layers [10]. Another study
confirmed that the storage time and granary location had significant effects on the quantity
of molds and bacteria population [11]. Similarly, the fungi community of newly stored rice
was more diverse than those stored for a long time [12].

To explore the diversity and distribution of the dominant fungi communities in stored
rice under different conditions, this present study identified the relative abundance of the
dominant fungal genera during rice storage and statistically analyzed the patterns of fungi
community changes in the horizontal orientation, vertical depth and storage time. The
results are mainly about the attributes of the dominant fungal genera, which provides a
comprehensive basis for effective mold control and rice postharvest quality assurance. It
also provides insight into rice safety and quality management during storage.

Highlights: To understand the diversity and distribution of fungi community in rice stor-
age, high-throughput ITS sequencing was used to analyze their variation. The dominant
fungi at different orientation and storage time were elucidated clearly, which provides
a comprehensive insight into fungi genera transformation and a suggestion for rice stor-

age quality.

2. Materials and Methods
2.1. Rice Samples

The rice samples for this study were obtained from grain warehouses of the
Quzhou controlled corporation (Zhejiang Province Grain Reserve Management Co., Ltd.,
Zhejiang, China). The early indica rice were selected from granaries numbered A, B and C
(rice stored for one year, Y1) and D, E and F (rice stored for two years, Y2), respectively.
Each granary was divided into three layers according to its vertical position, i.e., the upper
layer (L1), middle layer (L2) and lower layer (L3). The L1 was 0.3 m from the grain surface,
L2 was located in the middle of the grain pile, and L3 was 0.3 m from the bottom. The center
of each granary was denoted as the center (C) and the side as (S), which was measured
0.3 m from the wall. The angle (A) was also measured 0.3 m from both sides of the wall.
The sampling diagram is shown in Figure 1. A total of 108 samples were collected from six
granaries, each granary had 18 samples, and each layer had two samples.

Figure 1. The illustration of position distribution for sampling points in a granary.
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2.2. Collection and Isolation of Fungi

The collection and isolation of fungi from the rice surface was conducted following
the methods of Kumar et al. with modification [13]. Firstly, 200 g rice was measured in
a sterile bag, and 200 mL of sterile saline water was added to it. Secondly, fungi were
washed off with sonication for 30 min. The washing solution was collected by centrifugation
(1.2 x 10° rpm, 10 min), and the supernatant was filtered through a microporous membrane
(0.45 pm). The precipitation of the supernatant was the fungi isolates obtained from the
rice grain samples.

2.3. Analysis of Fungi Diversity by High-Throughput Sequencing
2.3.1. DNA Extraction and Sequencing

Total fungi DNA was extracted using the E.Z.N.A.® soil kit (Omega Bio-Tek, Norcross,
GA, USA) and following the manufacturer’s instruction. The DNA concentration and purity
were measured by NanoDrop2000, and the quality of extracted DNA was determined by 1%
agarose gel. The ITS2 variable region was amplified by a polymerase chain reaction (PCR)
using ITS3F (GCATCGAT GAAG AACGCAGC) and ITS4R (TCCTCCGCTTA TT GATATGC)
primers. The PCR products were resolved in 2% agarose gels, and the DNA was extracted
with AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). After
purification, the amplified fragments were used to construct the PE2 x 300 libraries according
to the Illumina MiSeq platform (Illumina, San Diego, CA, USA) standard operating proto-
cols. The sequencing of libraries was performed using Illumina’s MiSeq PE300 platform
(Shanghai Meiji Biomedical Technology Co., Ltd., Shanghai, China).

2.3.2. Data Analysis

The obtained raw sequences were quality-controlled by Fastp software (version 0.19.6
https:/ /github.com/OpenGene/fastp, accessed on 15 January 2021), and sequence splicing
was performed using Flash (version 1.2.11 https:/ /ccb.jhu.edu/software/FLASH/index.
shtml, accessed on 16 January 2021). Later, the sequences were clustered using Uparse
(version 7.0.1090 http:/ /www.drive5.com/uparse, accessed on 17 January 2021) following
operational taxonomic unit (OTU) clustering based on 97% identity. The accession num-
ber of the NGS was PRJNA822770. The sequences annotation was performed with the
RDP Classifier (version 2.11 https:/ /sourceforge.net/projects /rdp-classifier, accessed on
18 January 2021) for classification. The alpha diversity analysis was performed using
Mothur (version 1.30.2 https:/ /www.mothur.org /wiki/Download-mothur, accessed on
19 January 2021). Another program, Qiime (version 1.9.1 http://giime.org/install/index.
html, accessed on 20 January 2021), was used to generate the various types of academic
level abundances, calculate beta diversity distances and perform permutation multivariate
analysis of variance.

2.3.3. Statistical Analysis

The SPSS (version 22.0) was used for statistical analysis through one-way analysis of
variance (ANOVA) and multivariate analysis of variance (MANOVA). The significance of
differences among multiple groups was analyzed by the Kruskal-Wallis rank—-sum test.
Additionally, Tukey—Kramer and multiple tests were adopted for the post-hoc test and
correction of fdr, respectively. The scatter plots, bar charts, and heat maps of the obtained
data were plotted using Origin (version 2018) software. The Wayne plots were plotted
using the UpSet package (version 1.4.0). Furthermore, to understand the evolutionary
relationships, phylogenetic trees were constructed with the MEGA package (version 7.0)
following the neighbor-joining method [14].

3. Results
3.1. Fungal Diversity of Rice Samples

To investigate the composition of fungi in each sample, the species annotation was
processed on OUTs through clustering at 97% identity of valid sequences from 108 samples.


https://github.com/OpenGene/fastp
https://ccb.jhu.edu/software/FLASH/index.shtml
https://ccb.jhu.edu/software/FLASH/index.shtml
http://www.drive5.com/uparse
https://sourceforge.net/projects/rdp-classifier
https://www.mothur.org/wiki/Download-mothur
http://qiime.org/install/index.html
http://qiime.org/install/index.html

Processes 2022, 10, 754

40f12

Though the available data for all individuals was more than 30,000 sequences, individual
No. B33 was found only 18,609 times, so it was removed from subsequent ITS analysis. The
generated sequences from high-throughput sequencing were spliced and filtered, which
yielded a total of 6,200,682 valid ITS rRNA sequences from 107 samples. The quantity of
valid sequences obtained by ITS gene sequencing ranged from 30,438 to 74,496 per sample.
High sample coverage was over 99.68% for ITS rRNA gene sequences, which indicated
a high detection rate of OTUs per gene pool. Eventually, the alpha diversity of fungi on
the rice grains was expressed by the Shannon index and Chaol values. As presented in
Table 1, the Chaol index was found significantly different (p < 0.05) for varied orientations
and storage duration. A significantly higher Chaol index was observed in orientation A
than in orientation C. The fungal abundance on the surface of the rice grain decreased with
the extent of storage time (Table 1). Furthermore, the multivariate analysis of variance
(MANOVA) also revealed that storage time significantly influenced the Chaol richness
index of the fungi (Table 1). The resolution of storage time to fungi Chaol abundance index
was up to 17.18%, and the resolution of orientation was 5.98% (Table 2).

Table 1. Shannon’s diversity index and Chaol richness index of fungi on the rice surface.

Fungus
Sample Name
Shannon Chaol

A 2.68 +£0.112 317.02 £16.90 2

Orientation C 2.58 + 0.09 2 264.65 4+ 15.80 P
S 241+0.102 291.46 + 13.08 3P

L1 258 +0.112 290.07 & 17.68 @

Vertical position L2 257 £0.102 283.26 £14.36
L3 252 4+0.112 299.30 £ 14.752

Storage time Y1 253 +0.092 321.08 = 10.09 2
Y2 2.58 + 0.08 2 261.08 +13.87b

Different letters @ and ? indicate significant differences between samples (p < 0.05, Duncan’s test, T-test). A, C, S,
L1, 12,13, Y1 and Y2 mean the different sampling location.

Table 2. Effect of granary orientation, vertical position and storage time on the variance of fungi
Shannon diversity index and Chaol abundance index.

Shannon Chaol
Horizontal 2.92 5.98
Vertical 0.09 0.11
Storage time 0.20 17.18

3.2. Fungi Communities Variation and Evolution in Storage

The presence of six Eumycota were detected in the rice samples, and Ascomycota, Ba-
sidiomycota and Mucoromycota were dominant with a relative abundance over 1% (Figure 2).
The multivariate analysis of variance (MANOVA) result showed that storage time sig-
nificantly influenced the relative abundance of Ascomycota and Mucoromycota (Table S1).
Among them, the relative abundance of Ascomycota varied obviously with the orientation,
the highest presented in orientation C (82.24 &+ 4.49%), and the lowest was in orientation A
(72.14 & 2.72%)). Moreover, the relative abundance of Mucoromycota differed significantly
with the storage time following a proportional increase (Table S2).
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Figure 2. Relative abundance of fungi on rice grain. The relative abundance of Eumycota level,
containing Ascomycota, Basidiomycota and Mucoromycota are represented by a square, circle and
triangle, respectively.

At the genus level, a total of 254 fungi genera were detected in the rice samples. As
shown in Figure 3, the highest relative abundance of 30 genera belonged to Ascomycota,
Basidiomycota and Mucoromycota, respectively. The resolution of horizontal orientation,
vertical depth and storage time were 0.06349, 0.02438 and 0.02242, respectively, which
indicates that the fungi community composition was affected significantly by these three
factors (Table 3). Among them, the orientation had more effect on the relative abundance
of Paracoinothyrium sp. and Clavispora sp. (Figure 4). Similarly, the vertical position had
a significant effect on the relative abundance of Aspergillus sp. and Clavispora sp., which are
two dominant fungal genera in rice grain (Figure 4). Moreover, the storage time also had
a significant effect on eleven dominant fungi genera, which were Candida sp., Fusarium sp.,
Rhizopus sp., Cladosporium sp., Alternaria sp., Curvularia sp., Phaeosphaeria sp., Ophiosphaerella
sp., Clavispora sp., Naganishia sp. and Tilletia sp. (Figure 4). The relative abundance of
five fungi genera, including Rhizopus sp., Tilletia sp., Phaeosphaeria sp., Ophiosphaerella sp.
and Cladosporium sp., increased with the storage time extended (Table S3).

Mucoromycota ‘ Rhi’\ZAOpus
ucor

Tilletia
Wallemia
Naganishia
Rhodotorula
Saitozyma
Gibberella
Pichia
Aspergillus
Fusarium
Candida
Diutina
Edenia
Shiraia
Setophoma
Clavispora
Ascomycota | Pyrenochaetopsis
Nigrospora

Ophiosphaerella
Phaeosphaeria
Curvularia
Paraconiothyrium
Talaromyces
Alternaria
Sarocladium
Clonostachys
Magnaporthe
Cladosporium
Penicillium

2.480

Basidiomycota

1.580

0.6800

-0.2200

-1.120

-2.020

A (o} S L1 L2 L2 Y1 Y2

Figure 3. Heat map of the fungal community variation on rice grain. The highest relative abun-
dance of 30 fungal genera were selected to generate the heat map. The color-coding was based on the
average relative abundance at the genus level of each sample.
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Table 3. Multivariate analysis of variance of the orientation, vertical position and storage time effect

on fungi.
Sums of Squares Mean Squares FE.Model R? p-Value
Horizontal 0.67926 0.33963 1.31205 0.02438 0.13
Vertical 0.62467 0.31234 1.2042 0.02242 0.266
Storage time 1.76889 1.76889 7.18676 0.06349 0.001
LV
(a) EmC
[=F
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: o
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L ul AL 1 1 1 1 1 .}
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Figure 4. The effect of orientation, position and storage time on the 30 genera with the highest
relative abundance. The results of different orientation, vertical position, and storage time effect on
fungi are show in (a), (b) and (c), respectively.

Among the 30 genera with high relative abundance, the harmful genera for rice storage
included Fusarium sp., Rhizopus sp., Aspergillus sp., Mucor sp., Penicillium sp., Cladosporium
sp., Magnaporthe sp., Alternaria sp., Curvularia sp., Nigrospora sp., Tilletia sp. and Gibberella
sp. (Figure 5 and Table S4). The relative abundance with significant differences was found
for Penicillium sp. (1.22 £ 0.25%) at sampling point A, point C (0.77 £ 0.20%) and point
5 (0.48 £ 0.06%). The relative abundance of Nigrospora sp. was also disparate at different
orientations. The highest one was at sampling point C (0.31 £ 0.09%), the next highest
one was at point S (0.14 £ 0.05%) and the lowest was at sampling point A (0.10 & 0.02%).
Another relative abundance of Aspergillus sp. showed variation in the vertical positions. L1
(34.41 £ 3.84%) was the highest, followed by L2 (31.41 & 3.78%) and L3 (19.50 £ 2.16%).
Meanwhile, there was a significant increase in the relative abundance of Rhizopus sp. with
the storage time extended, which increased by 10.97% in the second year. In contrast,
the relative abundance of Fusarium sp. decreased eventually with increased storage time,
decreasing by 11.41% compared with the first year (Table S3).



Processes 2022, 10, 754

7 of 12

Relative abundance

L1 35
,(b) 2 (© w1
1A 40
L lc s Cw
s 30 H»
35+
30 25 1

34—

3

Relative abundance
Relative abundance

=5

s

rthe

cor

Tilletia |25,

Mucor B

i
i
Gibberella %

i
i/
d
Ey
|

Alternaria

Penicillium

Fusarium
Rhizopus

Nigrospora |
Fusarium £

Cladosporium
Cladosporium

3 3
Figure 5. The relative abundance variation of 30 fungal genera in different orientations, vertical
positions and storage times. The results of different orientation, vertical position, and storage time
effect on fungi are show in (a), (b) and (c), respectively.

3.3. Core Fungi Community of Rice Samples

The result of non-metric multidimensional scaling (NMDS) based on fungi OTU
levels showed that different samples were distributed in orientation A, orientation C and
orientation S (Figure 6a—c). However, there was no significant difference among them.
In the vertical position the separated samples of L1 were D15, D14, E12, B11 and E11,
the L2 samples were D25, E21 and F27, and the L3 samples were D35, F37, D37 and A37.
However, their fungi composition did not show significant differences. The effect of storage
time on fungi communities also showed the same phenomenon.

To analyze the similarity and specificity of fungi communities, the rice samples” OTUs
were compared with each other. The results are presented in the Wayne diagram (Figure 6d).
A total of 118 fungi OTUs were found in all the samples and were defined as core OTUs.
These OTUs were found to account for 71.51% of the total ITS gene sequences. However,
only nine fungi core OTUs were affected by the orientation, including OTU4, OTU19,
OTU98, OTU103, OTU152, OTU201, OTU597, OTU1107 and OTU1348. OTU1348, was
the most abundant species and was found in orientations A, C and S. Two core OTUs,
OTU188 and OTU370, were also affected by the vertical position (Table S5). Between them,
as shown in Figure S1 and Table 3, OTU188 had a higher quantity in the orientations L1,
L2 and L3 (L1: 7.75 £ 2.77%, L2: 8.75 % 3.01%, L3: 12.18 =+ 3.42%, Candida sp.). Moreover,
the 62 fungi core OTUs were influenced by storage time, from which OTU123 had the
highest quantity in Y1 and Y2 (Y1: 21.14 4 2.77%, Y2: 9.73 = 2.13%, Fusarium sp.) as shown
in Table 3 and Figure S1.
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Figure 6. Venn diagram of fungi based on OUT levels in orientation (a), vertical position (b) and
storage time (c) and non-metric multidimensional scale analysis (NMDS) for unique and shared fungi
OUTs (d).

4. Discussion
4.1. Effect of Granary Orientation, Vertical Position and Storage Time on Rice Fungi Communities
in Storage

In this study, the effects of granary orientation, vertical position and storage time on
the alpha diversity of fungi on rice were analyzed using ITS gene sequencing (Table 1).
This index showed the fungi community in orientation A was significantly higher than in
orientation C. This is because orientation A is close to the granary walls, which makes the
ventilation uneven at the bottom and corners. This phenomenon easily causes overheating
and leads to fungi community diversity variation. The Chaol index of fungi community
decreased with the storage time extension. Previous studies have reported that freshly
stored rice carried a large number of field fungi with ample microbial communities, which
was gradually replaced by storage fungi during storage [15]. Moreover, other reports have
also shown that storage fungi are inhibited because of controlled storage conditions, which
leads to a reduction in the fungi community with increasing storage years [16].

Among the 30 dominant fungi genera with high relative abundance, the orientation
had a significant effect on the relative abundance of Paracoinothyrium sp. and Clavispora
sp. (Figure 4), but both of them are harmless to rice. The Paracoinothyrium sp. is a kind
of fungi from plant, while Clavispora sp. belongs to ascomycetous yeast separated from
grapes [17,18]. Their relative abundance also decreased obviously during storage. The
vertical position within the granary had an important influence on Aspergillus sp., which
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was much more prevalent in the upper and middle layers than the bottom, but its relative
abundance decreased with grain pile depth increase. The genus Aspergillus sp. is widely
distributed in nature, accounting for about 12% of airborne fungi and causing mold rot in
a wide range of materials. It is considered the most destructive fungal pathogen of rice.
There are at least 170 species belonging to Aspergillus sp., including A. penicillioides, A. flavus,
A. amsterlodami, A. proliferans, A. niger and A. ochraceus which mainly exist in rice grain [19].
According to the sequence similarity analysis in this study, A. penicillioides and A. flavus were
present in rice samples and might cause mildew (Figure S1.). In previous studies, Aspergillus
penicillioides was isolated from rice grain and was recognized as a key pathogen causing
mold [20]. The optimal growth conditions for Aspergillus sp. range between 25-30 °C. It
has a hyperosmotic tolerance characteristic and can grow on dry substrates, therefore, it is
usually found during rice storage [21], so rice moisture control is an important way to avoid
rice mildew. Especially, the moisture of a granary with freshly harvested rice often has
significant effect on the fungi community [22]. Many different methods are used to control
paddy rice moisture to avoid rice mildew and mycotoxin production, such as thermal
sterilization, microwave and infrared radiation heating [23]. In addition to rice moisture
and fungi community variation, the germination rate, enzyme activity and sulthydryl
content of rice grains were also reported to decrease with increasing storage time, while its
fatty acid values, malondialdehyde content, and electrical conductivity increased [24].

Volatile organic compounds (VOC) are recognized as a key index to estimate rice qual-
ity, and include aldehydes, heterocycles and other specific organic compounds [25]. These
aromas are significantly affected by temperature, moisture, storage time and microbiology.
When the microbiology changes, the VOC of rice also changes, so VOCs are also an effective
method to test fungi community variation [26].

The relative abundance of Candida sp., Fusarium sp., Alternaria sp., Curvularia sp.,
Clavispora sp. and Naganishia sp. decreased with the storage time extended, while five other
fungi genera showed an opposite trend. Rhizopus sp. is also detrimental to rice grain and is
considered a pernicious fungus in rice [27]. According to a previous report, Rhizopus sp. is
found mainly in soil, vegetation and grain, is highly adaptable and can grow on a variety
of organic matter. Once the sporangiospore is emitted from the sporangium, it moves freely
in the air and settles down on the surface of organic matter [28]. The Gibberella sp. usually
causes rice bakanae disease, leading to quantitative and qualitative losses of rice under field
conditions [29]. The Tilletia sp. is also an important category that causes rice fungal disease,
such as Tilletia barclayana, which mainly leads to rice kernel smut and causes considerable
losses of yield in rice and reduced milling quality in epidemic years [30].

4.2. Core Fungi of Rice Storage

The present study shows that storage orientation, vertical position and storage time
have different effects on the rice fungi community. Although the most dominant Eumycota
in rice samples was Ascomycota (Figure 2), it showed significant variation at the genus
level, such as Mucor sp., Clavispora sp. and Rhodotorula sp. (Table S3). Mucor sp. has been
reported as a main ¢ fungi contaminant in rice, but some kinds of them are used for rice
fermentation [31,32]. When the conditions are suitable, Mucor sp. strains can hydrolyze
the proteins of rice grain and make rice straw convert to ethanol [33]. When conditions are
appropriate for growing, it might resolve the proteins of rice and is able to utilize cellobiose
as the carbon source to saccharify and ferment into ethanol. Most strains of Clavispora. sp.
are harmless to rice, they are often used for fermentation of acid rice soup or rice wine [34].
The Rhodotorula sp. belongs to yeast, the strains of which are usually found in soil and
seawater and are also used to hydrolyze rice straw and rice bran [35].

In addition, nine screened OTUs were significantly affected by the orientation, and
77.78% of them belonged to the genus Candida sp. According to some reports, most strains
of Candida sp. in rice are related to rice starch fermentation, organic acid production
and phytase-production [36,37]. Two other OTUs belonged to the Aspergillus sp. and
varied obviously at various vertical positions. Moreover, there were 62 OTUs that were
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influenced by storage time distinctly, and 37.10% of them belonged to Aspergillus sp., 17.74%
were Candida sp., and 16.13% were Penicillium sp. Penicillium sp. grows on decaying fruit,
vegetables and grains in a saprophytic manner. As a common fungi genus in rice, Penicillium
sp. is often found in rice roots and stems, which can cause rice yellowing, mildew and
produce mycotoxins during rice storage. Especially, sterigmatocystin (STC) is an emerging
mycotoxin leading to cancer, and is secreted by some Penicillium sp. strains [38]. To avoid
STC production, it is better to keep rice at a low temperature and find a method to remove
Penicillium sp. from rice.

The fungi abounded on the rice surface in which the main communities that caused
rotten rice were filamentous fungi, including Mucor, Penicillium, Cladosporium, Magnaporthe,
Alternaria, Curvularia and Nigrospora. Tilletia and Gibberella can seriously damage rice, and
the current granary management did not have good control of these fungal communities.
There were twelve fungi harmful to rice among the thirty most dominant communities, and
a few of them were stored fungi, including Aspergillua and Penicillium. Compared with other
studies concerning rice fungi, our study mainly focused on postharvest fungi variation
during storage, so we did not mention the arbuscular mycorrhizal fungi (AMF), which
naturally colonize on rice and form symbiotic relationships with it to provide nutrients and
defend from other pathogen fungi [39]. Another fungi that also did not appear in this study
was Ustilaginoidea virens, which often infects rice and leads to rice growth reduction [40].
This may have been because of the growth condition variations, as field fungi are often
significantly reduced during rice storage [41]. There are also other studies about rice stored
fungi, but they were mainly concerned with the relationship between fungi and mycotoxin.
So, this study provides a comprehensive analysis of fungi variation in stored rice.

5. Conclusions

This study provided a systematic analysis of fungi communities composition and
variation during rice storage, which revealed the effects of storage conditions on fungi
diversity. It identified that rice had many fungi communities during storage, and the main
fungi zones were harmful to its quality and to food safety. The obtained data showed
that the dominant Eumycota were Ascomycota (73.81%), Mucoromycota (9.42%), and
Basidiomycota (6.56%) and the dominant fungal genera were Aspergillus sp., Fusarium sp.,
Rhizopus sp., Gibberella sp., Tilletia sp., and Penicillium sp. These fungi communities were
also significantly affected by the granary orientation, vertical position, and storage time,
therefore, an efficient way to control fungi growth is by ensuring a uniform atmosphere
and uniform humidity through good ventilation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr10040754 /s1, Figure S1: Evolutionary tree of the 43 fungal core
OTU sequences from rice samples; Table S1: The effect of orientation, vertical position and storage
time on fungal alpha diversity and the relative abundance of dominant Eumycota; Table S2: Relative
abundance of dominant fungi on the rice surface at the phylum level; Table S3: Relative abundance
of dominant fungal genera; Table S4: The relative abundance of 30 dominant fungal genera under
different orientation, vertical position and storage time; Table S5: The relative abundance of core
fungi OTUs in different storage orientations.
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