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ARTICLE INFO ABSTRACT

Keywords: Endophytic bacteria-based biocontrol is regarded as a potential plant disease management strategy. Present
Endophytic bacteria study analyzed the diversity of mulberry endophytic bacteria basing on a culture-dependent approach and
Diversity further evaluated their antimicrobial and plant growth-promoting (PGP) activities. A total of 608 cultivable

Mulberry fruit sclerotiniosis
Biological control
Plant growth promotion

endophytic bacteria, belonging to 4 phyla and 36 genera, were isolated from four mulberry cultivars having
different resistance to sclerotiniosis in three seasons. Taxonomic compositional analysis results showed that
Proteobacteria, Firmicutes, and Actinobacteria were the three dominant bacterial phyla in all communities, with
the representative genera Pantoea, Bacillus, Pseudomonas, Curtobacterium, and Sphingomonas. Diversity analysis
results indicated that the diversity of winter community was higher than that of spring or autumn, and higher
diversities were detected in the resistant cultivar communities compared with the susceptible cultivar.
Antagonism assays results showed that 33 isolates exhibited strong and stable activity against three phyto-
pathogens which are Sclerotinia sclerotiorum, Botrytis cinerea, and Colletotrichum gloeosporioide. Eight endophytic
bacteria were selected out from 33 antagonists based on the evaluation of antagonistic and PGP activities.
Furthermore, pot experiment results revealed that all the 8 tested endophytes stimulated the growth of mulberry
seedlings at different levels, and Bacillus sp. CW16-5 exhibited the highest promotion capacity, which the shoot
length and the root fresh weight were increased by 83.37% and 217.70%, respectively. Altogether, present study
revealed that mulberry harbors a large amount of diverse cultivable endophytic bacteria and they also serve as
novel sources of beneficial bacteria and bioactive metabolites.

1. Introduction

Mulberry (Morus L.), as the irreplaceable food of silkworm (Bombyx
mori), played a very important role in the Silk Trade of ancient China.
Mulberry fruit, as the byproduct of sericulture in the past, has been
proved to contain abundant vitamins, minerals, and bioactive sub-
stances that are beneficial for human health (Liang et al., 2011; Sultana
and Kim, 2016). In recent years, the planting area of the mulberry tree
has been remarkably increased due to the high demand for mulberry
fruit for human use (Kuai and Wu, 2012; Sultana et al., 2013). How-
ever, mulberry fruit productivity is greatly threatened by the white fruit
disease, a soil-borne fungal disease called ‘mulberry fruit sclerotiniosis’.
Four species in the family Sclerotiniaceae, namely Ciboria shiraiana
(Hong et al., 2007; Hu et al., 2011), Ciboria carunculoides (Whetzel and

Wolf, 1945; Sultana et al., 2013), Sclerotinia sclerotiorum (Lii et al.,
2013), and Scleromitrula shiraiana (Hong et al., 2007), can infect mul-
berry flowers resulting in the occurrence of diseased mulberry fruit. To
date, chemical and nonchemical managements have been used to
control mulberry fruit sclerotiniosis. Effective chemical prevention
methods are currently being used worldwide to control this disease (Lii
et al., 2011; Ye et al., 2014; Ju et al., 2016), but long-term overuse of
chemical fungicide is undoubtedly a threat to human health, with in-
creasing environmental pollution and inducing the emergence of drug-
resistant pathogens (Commare et al., 2002). Moreover, other ap-
proaches, such as breeding for resistance and traditional cultural con-
trol practices (rotation, soil management, and nonwoven fabric
mulching) have failed to show significant effects against this fruit dis-
ease (Bae et al., 2010). In recent years, microbe-based biological control
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has been considered as a potential and sustainable alternative for
combatting phytopathogens and promoting plant growth.

Endophytes are often defined as nonpathogenic bacteria and fungi
that reside in the living tissue of healthy plants without causing ap-
parent harm to their hosts (Bacon and White, 2000; Carroll, 1988).
Endophytic bacteria, as important components of the plant microbiota,
have been isolated from diverse plant species, and some have exhibited
considerable potential for the application of plant protection areas.
Some of these bacteria can accelerate seed germination and promote
plant growth by several mechanisms, including nitrogen fixation,
phosphate solubilization, siderophore production, and bioactive en-
zyme secretion (Liotti et al., 2018; Pereira et al., 2016). Some large
populations of endophytic Bacillus (Zouari et al., 2016), Pseudomonas
(Wicaksono et al., 2018), and Pantoea (Xie et al., 2017) species dis-
played strong antagonistic activity against phytopathogenic fungi by
producing a variety of secondary metabolites with antimicrobial
properties. In addition, part of endophytes showed good colonization
ability of plant tissue, and this capacity can help them to confer bene-
ficial effects on host growth, because colonization behavior is believed
as a critical process for the interaction between beneficial microbes and
plants (Compant et al., 2010; Sharma et al., 2008). Furthermore, ana-
logous to the beneficial microbes in different environments, endophytic
microorganisms also act as reservoirs of novel bioactive substances
(Strobel, 2003) and thus have applications in medicine, agriculture, and
industry. Due to their myriad of functions, endophytic bacteria can be
regarded as good candidates for natural biological control antagonists
(BCAs).

In fact, management of such biological control programs, using
endophytic bacteria as BCAs, requires some understanding of the
structure and dynamics of microbial endophytic communities (Liotti
et al., 2018). Numerous studies have demonstrated that plant species,
cultivars, and some environmental factors are key determinants of en-
dophytic composition and function. Shen and Fulthorpe (2015) in-
dicated that the diversity of endophytic bacteria in urban trees (Acer
negundo, Ulmus pumila, and Ulmus parvifolia) was highly dependent on
the season. Mocali et al. (2003) found that bacterial communities as-
sociated with elm were influenced by variations in seasons and organs.
Additionally, significant differences in the densities and structures of
endophytic microbial communities have also been detected in different
cultivars or genotypes of plants (da Silva et al., 2014; Liotti et al., 2018;
van Overbeek and van Elsas, 2008). Studies on the determinants of
endophytic community structure have been reported for many crops,
such as maize (da Silva et al., 2014), cotton (Adams and Kloepper,
2002), and potato (Marques et al., 2015), but information on the en-
dophytic bacterial community of mulberry remains scarce.

In recent decades, some endophytic strains isolated from mulberry
have exhibited strong antagonistic activity against various phyto-
pathogens (Mu et al., 2008; Tan et al., 2012; Xie et al., 2017), but very
few isolates have been used to effectively control the sclerotial disease
of mulberry fruits. The aims of the present study were to (i) isolate
cultivable endophytic bacteria and analyze the diversity of these com-
munities from four mulberry varieties during winter, spring, and au-
tumn in two consecutive years (2015 ~2016); (ii) screen for endophytic
bacteria with antagonistic activity against S. sclerotiorum in vitro and
further evaluate the inhibition activity of some antagonists toward
other phytopathogens and their capability with production of plant
growth-promoting (PGP) traits; and (iii) assess the effects of endophytes
with potential biological control applications on the growth of mul-
berry seedlings under greenhouse conditions. Ultimately, the goal of
present research was to establish a microbial collection of mulberry
endophytes and further obtain resources of bioactive endophytes with
potential applications in the biological control of mulberry fruit scler-
otiniosis.
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2. Materials and methods
2.1. Mulberry sample preparation

Healthy branches from four healthy mulberry cultivars with dif-
ferent degrees of resistance to sclerotiniosis (Changguo Sang = CGS,
Chuan Sang No.7637 = CSQ, Xin Lunjiao = XLJ, and Hong Guo
No.2 = HGE) were collected in this study: cultivars CGS and CSQ were
resistant to sclerotiniosis, and cultivars XLJ and HGE were susceptible
to the sclerotial disease (Huang et al., 2012). Among the four cultivars,
CGS was collected at the Southwest University experimental farm (29°
49’17 N, 106° 24’ 57” E), and the remaining three were obtained from
the Sericulture Science and Technology Institute experimental farm
(29° 50’ 39” N, 106° 25’ 55” E). Both farms were located in an area near
the north side of the Jialing River in Chongging, China, and the two
regions share same climate conditions. Two-year-old stems with ap-
proximately 1.5~2.0 cm in diameter were collected in January, April,
and September, representing the seasons winter, spring, and autumn,
respectively, for the two consecutive years 2015 ~2016. After removing
leaves and small branches, the samples were immediately transported
back to the laboratory and stored at 4 °C until further processing.

2.2. Isolation of endophytes

Surface sterilization of the mulberry stems was performed according
to a previously described procedure (Strobel et al., 2000), and the en-
dophytic bacteria were isolated using the fragmentation technique
(Liotti et al., 2018). In brief, samples were washed with tap water to
remove soil and other debris before being cut into pieces with
3.5~5.0cm in length. The samples were then thoroughly soaked in a
70% ethanol/water (v/v) solution and rapidly flame-sterilized. Then,
the stems were peeled to obtain smaller fragments and placed on water
agar (WA), Gause's agar (GA), and potato dextrose agar (PDA) medium,
respectively. The plates were incubated at 28 °C for 20 days and ex-
amined daily for the presence of colonies at the edge of the stem piece.
Colonies with different morphological characteristics were chosen from
each plate and purified using a streak plate on PDA medium. All the
purified isolates were stored with 30% glycerol at —80 °C.

2.3. Classification of endophytic bacteria

Classification of the bacteria was based on the analysis of 16S rRNA
gene sequencing using the universal primers 27 F/1492R (Bredow
et al., 2015). The total DNA of the strain was extracted with PrepMan
Ultra Sample Preparation Reagent kit (Applied Biosystems, Palo Alto,
CA, USA) according to the manufacturer’s instructions. The DNA from
all the purified isolates was used for PCR amplification of the 16S rRNA
gene, and this reaction was carried out in a 25-uL volume with the
following conditions: one cycle of 95 °C for 4 min; followed by 30 cycles
of 94 °C for 30 s, 50 °C for 45 s, and 72 °C for 1 min; and a final extension
at 72 °C for 8 min. The PCR-amplified products were purified with the
DNA Clean & Concentrator™-5 Kit (Zymo Research, USA) and then se-
quenced by the Sanger method at Sangon Biotechnology Co., Ltd.,
Shanghai, China. The generated sequences were aligned using BioEdit
software version 7.0 and then subjected to analysis by the Basic Local
Alignment Search Tool (BLAST) search program of the NCBI database
(National Center for Biotechnology Information, https://blast.ncbi.nlm.
nih.gov/Blast.cgi) to determine the sequence homology with closely
related organisms (Altschul et al., 1997). In present study, the micro-
organisms with high level of identity (97-100%) were selected as the
closest match, and all bacterial isolates were respectively classified to
the genus level according to the information of the closest microbes. In
addition, the taxonomic database of NCBI was used to classify all the
endophytic bacterial strains, including the level of phylum, class, order,
and family. All 16S rRNA gene sequences obtained in this study were
submitted to GenBank under the accession numbers MH768978-
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MH769584 and MF375212 (Fang et al., 2018).
2.4. Endophytic bacterial community analysis

To understand the impacts of seasons and mulberry cultivars on the
distribution of endophytic bacteria, 7 endophytic bacterial commu-
nities were constructed. Three communities were based on seasons: (1)
winter, community isolated in the winters of 2015 and 2016; (2) spring,
community isolated in the springs of 2015 and 2016; and (3) autumn,
community isolated in the autumns of 2015 and 2016. In addition, four
communities were based on mulberry cultivars: (1) CSQ, community
isolated from cultivar CSQ; (2) CGS, community isolated from cultivar
CGS; (3) XLJ, community isolated from cultivar XLJ; and (4) HGE,
community isolated from cultivar HGE.

The diversity of different endophytic bacterial communities was
compared at genus level using the following indices (Qadri et al., 2014):
1) Isolation frequency (IF), which was calculated as the number of
isolates from a certain genus divided by the total number of isolates
from all samples; 2) Simpson’s diversity index (D), which was calcu-
lated as D = 1 — 2pi2, where pi=Ni/N, Ni was the number of isolates of
the genus i and N was the total number of isolates from a certain
community; 3) Shannon-Weaver diversity index (H’), which was cal-
culated as H’= —ZXpi (In pi); and 4) Pielou’s evenness (E), which was
calculated as E=H’/Hmax, where Hmax=1n (S), with S as the total
number of genera in a certain community. In addition, Venn diagrams
(http://bioinformatics.psb.ugent.be/webtools/Venn/)  were con-
structed for all classified genera (Liotti et al., 2018).

2.5. Screening of mulberry endophytic bacteria as potential biocontrol
agents controlling mulberry fruit sclerotiniosis

The following procedure for screening the bioactive endophytes was
summarized in Fig. S1 (Liotti et al., 2018; Passari et al., 2016).

2.5.1. Determination of antimicrobial activity of endophytic bacteria

S. sclerotiorum, the fungal pathogen that causes mulberry fruit
sclerotiniosis, was used as a target to assay the biocontrol potential of
all the endophytic isolates. Each purified endophytic bacteria was
grown on a LB plate at 30 °C for 24 h and one colony for each strain was
inoculated into LB medium and incubated at 30 °C for 96 h at 180 rpm.
The cultures were then centrifuged at 10,000 X g for 30 min to discard
the cells, and the cell-free supernatant was obtained by passing the
supernatant through a 0.22-pm filtration membrane. The antagonistic
activity of all the endophytic bacteria was qualitatively assayed by the
well diffusion technique (Zouari et al., 2016). In brief, S. sclerotiorum
agar discs (5.0 mm) were placed at the centers of PDA plates, and
100 pL of cell-free supernatant was added into wells that were 3.0 cm
from the center. The plates were incubated at 25 °C for 5 days, and the
diameters (Di) of the fungal inhibition zones were measured. Only
freshly transferred cultures were used for all the tests, and all treat-
ments were performed in triplicate.

To make antagonistic strains wider application in biological control
of common plant diseases, the isolates that exhibited strong antag-
onistic activity against S. sclerotiorum in a qualitative bioassay were
selected for further quantitative testing of their activity against S.
sclerotiorum and two other fungal pathogens Botrytis cinerea and
Colletotrichum gloeosporioide, of which the former can cause gray mold
of multiple fruits (Jurick et al., 2017; Williamson et al., 2007) and the
latter can infect a wide range of plant species by a specialized infection
structure called appressorium (Huang et al., 2016; Priyatno et al.,
2012). The antifungal bioactivities were evaluated on PDA medium by
the dual culture technique (Passari et al., 2016). Briefly, a 5-mm pa-
thogenic mycelial disc was placed in the center of a PDA plate, and then
the tested bacterial culture in logarithmic phase (10® colony forming
units per microliter, (CFU/mL)) was streaked on opposite sides of the
same plate with 3.0 cm from the center and incubated at 25°C for 5
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days. Plates that were inoculated with a pathogen plug of the same size
were tested in the absence of endophytic bacterial cells as a control. The
inhibition rate (I) was calculated using the following formula: 1(%) =
[(C-T)/(C-Cp)] x 100, where C represented the growth diameter of the
fungal pathogen in the control, T represented the growth diameter of
the pathogen in the dual culture plate, and C, represented the diameter
of the test fungal agar discs (5.0 mm). All experiments were carried out
in triplicate.

2.5.2. PCR detection of genes related to antibiotic biosynthesis

Direct antagonism of phytopathogens is a key biocontrol mechanism
for most BCAs, and this mechanism is dependent on efficient antibiotics
production, mainly secondary metabolites with antimicrobial activity.
Among these compounds, polyketides and lipopeptides were the two
major representatives, especially nonribosomally synthesized cyclic li-
popetides (surfactin, iturin, and fengycin) (Cawoy et al., 2015). To in-
vestigate the putative antifungal mechanism of the antagonists, the
functional genes associated with biosynthesis of antimicrobial sub-
stances were determined by a PCR assay (Gond et al., 2015; Wang et al.,
2016). Primers were synthesized according to sequences chosen from
the coding regions of PKSI (polyketide synthase), NRPS (nonribosomal
peptide synthetase), sfp (surfactin biosynthesis), srfC (surfactin syn-
thase), ItuD (iturin A biosynthesis), and FenD (fengycin biosynthesis).
The six primers used for amplification of the functional genes are listed
in Table S1.

2.5.3. Determination of plant growth-promoting (PGP) traits of antagonists

The PGP traits of the antagonists, including phosphate solubiliza-
tion, siderophore production, nitrogen fixation, and hydrolytic enzymes
activity (cellulose, protease, and chitinase) were qualitatively de-
termined by following standard procedures. A cell suspension of each
antagonist was prepared as described above and 10 L of each culture
was spotted on different agar medium plates, respectively. Pikovskaya’s
(PVK) agar medium containing tricalcium phosphate (Caz[PO4],) (Vyas
et al., 2007), chrome azurol-s (CAS) agar medium (Jasim et al., 2013),
and nitrogen-free (NFM) agar medium (Ben Abdallah et al., 2018) was
used for evaluation of phosphate solubilization, siderophore produc-
tion, and nitrogen fixation, respectively. The cellulose, protease, and
chitinase activities was detected on carboxymethyl cellulose (CMC)
agar medium containing 0.2% (w/v) Congo red, skim milk agar (SMA)
medium, and half strength tryptic soya agar (TSA) medium supple-
mented with 0.6% (w/v) colloidal chitin, respectively (Afzal et al.,
2017; Patagundi et al., 2014). These activities were qualitatively eval-
uated by the presence of a transparent zone or hydrolysis-induced halo
around the bacterial colony after 7 days of incubation at 30 °C, whereas
nitrogen fixation activity was indicated by positive growth on the
medium after 2 days of incubation at 30 °C. All experiments were per-
formed in triplicate.

2.5.4. Effects of the antagonistic endophytes on the growth of mulberry
seedlings

The antagonistic isolates, exhibiting good antifungal ability and
high PGP potential, were selected from the dominant groups of mul-
berry endophytic bacteria and subjected to further evaluation of their
effects on mulberry seedling growth. Ten milliliters of bacterial culture,
which was prepared in King’s medium (Glickmann and Dessaux, 1995)
and adjusted to a density of 1.0 X 107 CFU/mL with sterilized distilled
water, was applied to each pot in which 25-day mulberry seedlings
were planted. Seedlings inoculated with water served as a control. Five
pots with three plants per pot were used in each treatment. After in-
oculation forty-five days, five seedlings were randomly selected from
each treatment to measure parameters associated with plant growth,
including the root and shoot length, and fresh weight of root and shoot
(Xie et al., 2017).
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Table 1
Diversity profile of the endophytic bacterial communities in mulberry.

Seasons Mulberry cultivars

winter spring autumn CSQ CGS HGE XLJ

Number of isolates 127 188 293 147 169 143 149
Number of genera 18 22 23 23 22 15 13

Shannon-Weaver (H) 2.18 2.04 1.75 221 204 167 1.82
Simpson’s index (D) 0.83 0.81 0.72 0.84 0.78 070 0.78
Pielou’s evenness (E)  0.75 0.66 0.56 071 0.66 0.62 0.71

Diversity indices were calculated at the genus level. Winter, spring, and autumn
represent the community isolated in the winters, springs, and autumns of 2015
and 2016, respectively; CSQ, CGS, HGE, and XLJ represent community isolated
from Chuan Sang No. 7637, Changguo Sang, Hong Guo No. 2, and Xin Lunjiao,
respectively.

2.5.5. Statistical analysis

Data for bacterial promoting plant growth were analyzed by a one-
way analysis of variance (ANOVA) with a least significant difference
(LSD) test, and the means were compared at a significance level of
P < 0.05. The program SPSS, version 17.0 (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis.

3. Results
3.1. Isolation of endophytic bacteria and bacterial community analysis
A total of 608 endophytic bacteria were isolated from all samples

(127 from the winter community, 188 from the spring community, 293
from the autumn community, 147 from the CSQ community, 169 from
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the CGS community, 143 from the HGE community, and 149 from the
XLJ community) (Table 1). Based on the 16S rRNA gene sequencing
results, culturable bacterial isolates were divided into 36 genera, which
were distributed into 4 phyla, 7 classes, 13 orders, and 20 families as
shown in Table 2.

All of the isolates belonged to the phyla Proteobacteria, Firmicutes,
Actinobacteria, and Bacteroidetes, and the first three were the pre-
dominant phyla among the endophytic bacterial communities of mul-
berry (Table 2). Under the most abundant phylum Proteobacteria (382
of the 608 isolates, accounting for 62.83%), bacteria belonging to the
classes Alphaproteobacteria, Betaproteobacteria, and Gammaproteo-
bacteria were detected, and a majority of the isolates were obtained
from the class Gammaproteobacteria (337 of the 382 isolates, ac-
counting for 88.22%). As the second most dominant bacterial phylum,
Firmicutes only contained the class Bacilli (163 isolates), consisting of
Bacillus spp. (158 of the 163 isolates, accounting for 96.93%) and
Paenibacillus spp. (5 of the 163 isolates, accounting for 3.07%). Isolates
from the phylum Actinobacteria (60 isolates), including representatives
of Curtobacterium (50 of the 60 isolates, accounting for 83.33%), were
also major bacterial groups, but only 3 isolates were from the phylum
Bacteroidetes (Table 2). At the genus level, the most common bacterial
genera in the collection were Pantoea (31.25% of 608 isolates), Bacillus
(25.99% of 608 isolates), and Pseudomonas (13.32% of 608 isolates)
(Table S2 and Table S3). Species of the genus Curtobacterium (8.22% of
608 isolates) have also been identified as frequently occurring en-
dophytic bacteria in mulberry. Several genera, such as Sphingo-
bacterium, Klebsiella, and Streptomyces, only contained one isolate
(Table 2).

Table 2
Cumulative list of cultivable endophytic bacteria in mulberry and their taxonomic information.
Phyla Classes Orders Families Genera
Actinobacteria Actinobacteria Micrococcales Microbacteriaceae Curtobacterium spp. (50)
(60) Frigoribacterium spp. (2)
Microbacterium spp. (4)
Schumannella sp. (1)
Geodermatophilales Geodermatophilaceae Geodermatophilus sp. (1)
Corynebacteriales Nocardiaceae Rhodococcus sp. (1)
Streptomycetales Streptomycetaceae Streptomyces sp. (1)
Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Agrobacterium spp. (5)
(382) Ensifer sp. (1)
Rhizobium spp. (15)
Methylobacteriaceae Methylobacterium spp. (3)
Brucellaceae Ochrobactrum sp. (1)
Sphingomonadales Sphingomonadaceae Sphingomonas spp. (11)
Sphingobium sp. (1)
Novosphingobium spp. (2)
Betaproteobacteria Burkholderiales Alcaligenaceae Achromobacter spp. (2)
Comamonadaceae Comamonas sp. (1)
Delftia spp. (3)
Gammaproteobacteria Enterobacterales Enterobacteriaceae Atlantibacter spp. (19)
Buttiauxella sp. (1)
Cronobacter sp. (1)
Enterobacter spp. (2)
Klebsiella sp. (1)
Kluyvera spp. (14)
Leclercia spp. (2)
Pantoea spp. (190)
Erwiniaceae Erwinia spp. (7)
Yersiniaceae Rouxiella sp. (1)
Pseudomonadales Moraxellaceae Acinetobacter spp. (2)
Pseudomonadaceae Pseudomonas spp. (81)
Xanthomonadales Xanthomonadaceae Stenotrophomonas spp. (8)
Xanthomonas spp. (8)
Bacteroidetes Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Sphingobacterium sp. (1)
3) Flavobacteriia Flavobacteriales Flavobacteriaceae Chryseobacterium spp. (2)
Firmicutes Bacilli Bacillales Bacillaceae Bacillus spp. (158)
(163) Paenibacillaceae Paenibacillus spp. (5)
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Fig. 1. Relative abundances (%) of cultivable endophytic bacteria in different communities isolated from mulberry at the phylum (A and B) and genus (C and D)
levels. (A) and (C), communities isolated in different seasons, winter, spring, and autumn represent the community isolated in the winters, springs, and autumns of
2015 and 2016, respectively; (B) and (D), communities isolated from different mulberry cultivars, CSQ, CGS, HGE, and XLJ represent community isolated from Chuan
Sang No. 7637, Changguo Sang, Hong Guo No. 2, and Xin Lunjiao, respectively.
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3.2. Composition and diversity of endophytic bacteria in different

communities

Seasonal communities differed with respect to the richness of class

and genus, although there was no obvious difference in bacterial
community variations at the phylum level: the winter community
harbored 4 phyla, 6 classes, and 18 genera; the spring community
harbored 4 phyla, 6 classes, and 22 genera; and the autumn community
harbored 4 phyla, 5 classes, and 23 genera (Fig. 1A, C and Table S2).
Gammaproteobacteria was the dominant class for each seasonal com-
munity, accounting for 52.76, 48.94, and 60.75% of the total bacteria
isolated from the winter, spring, and autumn community, respectively.
However, within the class Gammaproteobacteria, seasonal variations
resulted in a higher abundance of Pseudomonas spp. in the winter

Fig. 2. Venn diagram of endophytic bacteria isolated from mul-
berry. (A) grouping by season, winter, spring, and autumn re-
present the community isolated in the winters, springs, and au-
tumns of 2015 and 2016, respectively; (B) grouping by cultivar,
CSQ, CGS, HGE, and XLJ represent community isolated from
Chuan Sang No. 7637, Changguo Sang, Hong Guo No. 2, and Xin
Lunjiao, respectively. Values represent the number of genera.

community (34.33% of 67 isolates), whereas a higher abundance of
Pantoea spp. in the spring community (56.52% of 92 isolates) and au-
tumn community (74.72% of 178 isolates). Furthermore, parts of iso-
lates were seasonally specific: Stenotrophomonas spp., Delftia spp., and
Ensifer sp. were only detected in the winter community; Rhizobium spp.
were not included in the spring community; and Paenibacillus spp. oc-
curred in the spring and autumn communities. Interestingly, noticeable
changes were not observed in the seasonal endophytes of the genera
Bacillus and Curtobacterium, especially Bacillus spp. with a generally
stable relative abundance (surpasses 23% in each season) (Fig. 1C,
Table S2).

Meanwhile, the structures of the bacterial communities in mulberry
were also influenced by the plant cultivars (Fig. 1B and D). At the
phylum level, Bacteroidetes occurred in all the mulberry cultivar
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Fig. 3. Isolation frequency of the core mulberry endophytic bacteria in the
communities isolated from different seasons (A) and different cultivars (B).
Winter, spring, and autumn represent the community isolated in the winters,
springs, and autumns of 2015 and 2016, respectively; CSQ, CGS, HGE, and XLJ
represent community isolated from Chuan Sang No. 7637, Changguo Sang,
Hong Guo No. 2, and Xin Lunjiao, respectively.

communities except the XLJ community, and the other three phyla
(Actinobacteria, Firmicutes, and Proteobacteria) were detected in all
mulberry cultivar communities (Fig. 1B). At the genus level, the
number of genera in the communities of the resistant cultivars (22
genera in CGS and 23 genera in CSQ) was higher than that in the sus-
ceptible cultivars (15 genera in HGE and 13 genera in XLJ) (Table 1).
Additionally, although the isolates belonging to the genera Pantoea,
Bacillus, Pseudomonas, Curtobacterium, Rhizobium, and Sphingomonas
were present in all the mulberry cultivars, but the highest relative
abundance of Bacillus spp. were detected in the CSQ community
(24.49%) and the HGE community (47.55%), respectively, whereas the
highest relative abundance of Pantoea spp. were detected in the CGS
community (40.83%) and the XLJ community (35.57%), respectively.
Among the isolates with low abundance, Agrobacterium spp. were only
detected in the CSQ and XLJ communities, Kluyvera spp. occurred in all
the mulberry cultivar communities except the CSQ community, and
Paenibacillus spp. were only observed in the CSQ and CGS communities
(Fig. 1D and Table S3).

The common and unique bacterial genera in different communities
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are shown in the Venn diagram (Fig. 2). In all groupings, the number of
shared genera (n = 10, Fig. 2A) among different seasonal communities
was higher than that (n = 6, Fig. 2B) among different plant cultivar
communities. Additionally, the number of shared genera was higher
than the number of unique genera in a majority of the communities,
except the CGS and CSQ communities. Among the shared genera,
Pantoea, Bacillus, Pseudomonas, Curtobacterium, and Sphingomonas oc-
curred in all communities, regardless of the season or cultivar com-
munity, suggesting that the bacteria of these five genera are the core
members of mulberry endophytes (Fig. 3).

The biodiversity profiles of the 7 endophytic bacterial communities
in mulberry were compared based on the diversity indices, including a-
diversity indices (Shannon-Wiener index and Simpson’s diversity index)
and Pielou’s evenness. For the seasonal communities, all the diversity
indices for the winter community (H” 2.18, D 0.83, E 0.75) were highest
compared with that of the spring community (H’ 2.04, D 0.81, E 0.66)
and autumn community (H’ 1.75, D 0.72, E 0.56) (Table 1). The di-
versity of endophytic bacteria in mulberry markedly differed at dif-
ferent sampling time, suggesting that season was an important factor
for endophytic bacterial community variation. Regarding the mulberry
cultivar communities, the Shannon-Wiener diversity index in the re-
sistant cultivar communities (H” 2.21 in CSQ and H’ 2.04 in CGS) was
higher than that in the susceptible cultivar communities (H’ 1.67 in
HGE and H’ 1.82 in XLJ). Moreover, the Simpson’s diversity index was
highest in the CSQ community (D 0.84) and lowest in the HGE com-
munity (D 0.70). Pielou’s evenness was mostly uniform in all the mul-
berry cultivars and ranged between 0.62 and 0.71 (Table 1). The above
observations indicated that resistant mulberry cultivars (CGS and CSQ)
harbored more diverse endophytes than susceptible cultivars (XLJ and
HGE).

3.3. Screening of antagonistic endophytes

A total of 100 isolates (16.45% of 608) exhibited antimicrobial
activity against S. sclerotiorum, as revealed by the presence of an in-
hibition zone (Fig. S2), and 68% of the antagonists belonged to the
genus Bacillus (data not shown). Among the 100 antagonistic isolates,
33 strains showed stable and strong antifungal activity (Di > 1.0 cm).
The quantitative assay results also indicated that these strains exhibited
varying degrees of antagonistic potential against the three target pa-
thogens, with inhibition rates ranging from 38.18% to 73.94% against
S. sclerotiorum, 33.20% to 69.50% against B. cinerea, and 19.44% to
72.21% against C. gloeosporioides (Table 3 and Fig. S2). Seven Bacillus
strains (CW16-5, XW15-6, XS16-10, XS16-5, XA15-9, XP-27, and HA15-
19) efficiently antagonized S. sclerotiorum, and the inhibition rates were
higher than 68%, of which the isolate CW16-5 presented the highest
antagonism (73.94%). Bacillus sp. XP-27, Pseudomonas sp. XA15-33,
and Curtobacterium sp. XA15-35 exhibited outstanding inhibitory ac-
tivity against all the tested phytopathogens, with inhibition rates
greater than 51%, although the antagonistic activity of isolate XA15-35
against C. gloeosporioides was slightly weak (40.61%) (Table 3).

The preliminary analysis results of antifungal mechanism showed
that at least one antibiotic biosynthesis-related gene could be amplified
in all 33 target strains, and all positive amplification products were
consistent with the expected size (Wang et al., 2016; Gond et al., 2015).
Fourteen antagonists (42.42% of 33) had the potential to produce
polyketides, and all 26 antagonistic Bacillus strains were found to
harbor genes involved in lipopeptides biosynthesis (Table 3). The strain
Bacillus sp. CW16-5 with marked antagonistic activity, tested positive
for the genes PKSI, NRPS, sfp, srfC, and ItuD, suggesting that the ben-
eficial effects of CW16-5 might be due to the direct antagonism toward
phytopathogens through the efficient production of polyketide and two
families of lipopeptides (surfactin and iturin).
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Table 3
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Determination of antimicrobial activity and functional genes associated with antibiotic biosynthesis for 33 antagonists.

No. Strain Inhibition rate = SD (%) Functional genes
Ss ° Bc*® Cg*® PKSI NRPS Sfp srfC ItuD FenD

1 Bacillus sp. CW15-1 50.55 + 2.62 34.82 * 1.27 43.59 + 1.41 +P + 2 + + +
2 Bacillus sp. CW15-2 57.15 = 1.17 49.19 + 2.23 29.03 + 1.74 + + - + + +
3 Bacillus sp. CW15-3 56.36 + 0.55 48.81 + 1.65 31.10 + 3.73 + + - + + +
4 Bagcillus sp. CW15-4 50.97 + 0.90 34.30 = 1.26 36.31 + 1.69 + + - + + +
5 Pantoea sp. CA15-44 39.21 = 0.92 49.32 = 1.35 44.25 + 1.65 - + + -
6 Pantoea sp. CA15-43 39.64 £ 0.55 57.77 +* 1.32 42.85 + 0.38 + - - - - -
7 Bacillus sp. CW16-5 73.94 + 0.82 43.39 + 1.46 37.39 + 1.65 + + + + + -
8 Pantoea sp. CA15-30 38.18 £ 0.18 52.93 * 0.59 38.88 + 1.65 - - + - - -
9 Bacillus sp. XW15-3 58.00 + 0.36 43.26 + 1.24 56.24 + 2.58 + + - + + +
10 Bacillus sp. XW15-6 70.67 + 1.75 43.07 = 0.73 50.79 + 1.61 + + - + + -
11 Bacillus sp. XS16-9 50.24 + 1.17 35.10 = 0.39 31.18 + 3.72 + + + + - +
12 Bacillus sp. XS16-10 71.64 = 1.11 57.96 + 1.37 51.03 + 1.00 - + + + - -
13 Bacillus sp. XS16-4 61.94 + 0.64 50.55 + 1.84 39.70 + 3.02 + + + + - +
14 Bacillus sp. XS16-5 68.97 + 0.38 57.58 + 1.13 68.98 + 1.49 + + - + + -
15 Bacillus sp. XA15-9 68.91 + 0.36 48.48 = 1.94 19.52 = 4.09 - + + + + -
16 Bacillus sp. XA15-10 62.18 + 0.83 56.93 + 1.18 21.92 + 1.22 - - + + + +
17 Curtobacterium sp. XA15-35 59.58 + 1.94 55.64 + 1.46 40.61 + 2.25 - - + + + -
18 Pantoea sp. XA15-46 56.48 + 0.46 50.03 = 2.07 26.14 = 1.52 - + + + + -
19 Pseudomonas sp. XA15-33 51.76 + 1.18 52.10 = 1.07 68.49 + 2.21 + + - - - -
20 Bacillus sp. XA15-11 64.61 + 0.86 49.97 + 1.24 56.82 + 1.14 - + + + + -
21 Bacillus sp. XP-27 69.94 + 1.00 69.50 = 1.10 72.21 * 2.23 + + - + + +
22 Bacillus sp. QW16-9 54.67 = 1.91 59.77 = 1.02 63.94 + 1.83 - + + + + -
23 Bacillus sp. QW16-12 54.67 + 0.28 41.46 + 0.87 59.39 + 1.25 - + + + + +
24 Bacillus sp. QW16-13 48.30 + 1.11 61.64 = 1.13 56.24 + 1.17 - + + - + -
25 Rhizobium sp. QW16-15 57.27 = 1.01 43.33 = 1.18 19.44 = 1.41 - + + + + +
26 Bacillus sp. QW16-16 47.21 * 0.46 49.13 + 2.86 58.15 + 2.24 - + + - + -
27 Bacillus sp. QW16-17 45.39 + 0.47 46.42 = 1.18 29.20 + 2.11 - + + + +

28 Bagcillus sp. HW16-12 59.45 + 2.07 48.81 + 1.46 57.65 + 2.38 + + + + + -
29 Bacillus sp. HA15-7 51.45 = 1.11 35.98 = 1.51 54.51 + 5.23 - + + + -

30 Bacillus sp. HA15-19 73.03 + 1.51 33.20 + 0.40 46.48 + 2.65 - + + + - -
31 Bacillus sp. HA15-23 50.36 + 0.96 54.93 * 0.58 52.44 + 0.76 - + + - + +
32 Bacillus sp. HA15-6 52.18 + 0.83 50.93 + 2.23 37.14 £ 145 - + + + -
33 Bacillus sp. HA15-34 55.88 + 1.34 57.83 + 1.35 67.00 + 2.27 - - + - - -

Percentage of fungal growth inhibition compared to the growth obtained in control plates. Data represent the mean *+ standard deviation (SD) from three replicates.
2 (Ss) Sclerotinia sclerotiorum, (Bc) Botrytis cinerea, (Cg) Colletotrichum gloeosporioide.

b negative, (+) positive.

3.4. PGP traits and plant growth promotion assay of antagonistic
endophytes

Among the 33 antagonists with stable and strong antifungal activ-
ities, the isolates that tested positive for siderophore production up to
90.9%, followed by cellulase (78.8%), and protease production (72.7%)
(Table 4 and Fig. S3). Twenty one isolates (63.6%) possessed nitrogen
fixation activity, and phosphate solubilization was detected in 16 iso-
lates (48.5%) (Table 4). In addition, the Pantoea spp. CA15-44 and
CA15-30 presented distinct phosphate solubilization as well as both
siderophore production and nitrogen fixation. The isolates Bacillus spp.
QW16-12 and HW16-12 could produce siderophores, cellulase, and
protease. This phenomenon revealed that mulberry endophytic an-
tagonists also possess high PGP potential and might be good candidate
strains as biofertilizers.

Eight strains with prominent antagonistic activity and high PGP
potential, were selected from the dominant genera of endophytic bac-
teria, and their effects on the growth of mulberry seedlings were further
evaluated in pot experiments (Fig. 4). The results showed that all the
tested endophytes stimulated the growth of mulberry seedlings at dif-
ferent levels compared with the water-treated control, and the strain
Bacillus sp. CW16-5 exhibited the highest PGP activities. When the
seedlings were treated with CW16-5, all the growth parameters, in-
cluding root length, shoot length, and fresh weight of root and shoot,
were significantly (P < 0.05) higher than those of the water-treated
control, especially with shoot length and root fresh weight increasing
by 83.37% and 217.70%, respectively. In addition, isolates Bacillus sp.
HW16-12 and Pseudomonas sp. XA15-33 also greatly facilitated

mulberry seedling growth in comparison with the water-treated con-
trol, as the shoot length of these seedlings increased by 75.06% and
21.48%, respectively, and the root fresh weight of these seedlings in-
creased by 158.06% and 103.88%, respectively. Furthermore, the strain
Pantoea sp. CA15-44 increased both the root (43.64%) and shoot bio-
mass (206.14%) (Fig. 4).

4. Discussion

Plants harbor an abundance of endophyte, and some endophytic
bacteria exert several beneficial effects on host plants, such as stimu-
lation of plant growth and enhancement of disease resistance (Hardoim
et al.,, 2008; Reinhold-Hurek and Hurek, 2011; Porras-Alfaro and
Bayman, 2011). The genetic diversity of endophytic bacteria is de-
termined by environmental conditions and host plant characteristics.
The former include climate, temperature, moisture, and drought stress,
while the latter include various plant properties, such as genotype,
period of growth, and plant tissue (da Silva et al., 2014; Liotti et al.,
2018; Mocali et al., 2003; van Overbeek and van Elsas, 2008). Eluci-
dation of the diversity of endophytic bacteria is beneficial for under-
standing the function and potential role of these bioactive bacteria in
the micro-ecosystems of host plants. Currently, culture-dependent
methods and culture-independent approaches have been successfully
used for bacterial community analysis in diverse environments (Shen
and Fulthorpe, 2015; Mocali et al., 2003). With the development and
implementation of next-generation sequencing (NGS) technologies,
culture-independent methods based on 16S rDNA amplicon sequencing
in the Illumina MiSeq and HiSeq systems have played an important role
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Table 4
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Characterization of antagonists for plant growth-promoting (PGP) traits and extracellular enzymes.

No. Strain PGP properties Extracellular enzymes
P-solubilization Siderophores Nitrogenase Celluase Chitinase Protease
1 Bacillus sp. CW15-1 - +++ - + + - 4+
2 Bacillus sp. CW15-2 + ++ + + + + - + +
3 Bacillus sp. CW15-3 + + 4+ + - + + + +
4 Bacillus sp. CW15-4 - +++ - +++ - 4+ +
5 Pantoea sp. CA15-44 +++ + + - - —
6 Pantoea sp. CA15-43 ++ + + + - - -
7 Bacillus sp. CW16-5 + 4+ + - + - _ _
8 Pantoea sp. CA15-30 +++ + + - —
9 Bacillus sp. XW15-3 - +4++ - +4++ - ++
10 Bacillus sp. XW15-6 + +++ - ++ + - ++
11 Bacillus sp. XS16-9 - + - + - ++
12 Bacillus sp. XS16-10 - ++ - ++ + +
13 Bacillus sp. XS16-4 + + + + + + +
14 Bacillus sp. XS16-5 - +++ + 4+ _ +
15 Bacillus sp. XA15-9 - ++ + + - + +
16 Bacillus sp. XA15-10 - + + + + + - + 4+ +
17 Curtobacterium sp. XA15-35 +++ - + - + +
18 Pantoea sp. XA15-46 - + + + + - -
19 Pseudomonas sp. XA15-33 + - + - + -
20 Bacillus sp. XA15-11 ++ + - + - +
21 Bacillus sp. XP-27 - +++ - + _
22 Bacillus sp. QW16-9 + + + + - +
23 Bacillus sp. QW16-12 - ++ + ++ - +
24 Bacillus sp. QW16-13 - ++ - + - +++
25 Rhizobium sp. QW16-15 - ++ + 4+ - _
26 Bacillus sp. QW16-16 - ++ - ++ + - +++
27 Bacillus sp. QW16-17 + + - - - +
28 Bacillus sp. HW16-12 + +++ + ++ - +
29 Bacillus sp. HA15-7 + + + + - ++
30 Bacillus sp. HA15-19 - + + + - +
31 Bacillus sp. HA15-23 - ++ + + _
32 Bacillus sp. HA15-6 + ++ + ++ - +
33 Bacillus sp. HA15-34 - ++ + + - +

For phosphate solubilization, + indicates diameters < 4 mm, + + indicates diameters of 4 ~8 mm, and + + + indicates diameters > 8 mm. For siderophore pro-
duction, + indicates diameters < 2mm, + + indicates diameters of 2~5mm, and + + + indicates diameters > 5 mm. For extracellular enzyme activities (cellulase,
chitinase, and protease), + indicates diameters < 5mm, + + indicates diameters of 5~10mm, and + + + indicates diameters > 10 mm. For nitrogenase activity,
+ indicates positive activity of the corresponding strain and - indicates no activity. Diameters represent the means of three replicates.

in the analysis of complex microbial communities, but most information
regarding microbial diversity has been obtained using conventional
cultivation techniques.

In the present study, we adopted a culture-dependent approach to
analyze seasonal fluctuations in the cultivable endophytic bacterial
communities isolated from mulberry stems. To better understand the
relationship between microbial community and host cultivar, four
healthy mulberry cultivars with different disease resistance properties
were applied. A total of 608 bacterial isolates and 36 bacterial genera
were collected from 24 mulberry samples (Table 2). In all analyzed
samples, the genera Pantoea, Bacillus, and Pseudomonas were the major
groups in the mulberry endophytic bacterial communities, and both the
season and plant cultivar could affect the characteristics of these en-
dophytic communities (Fig. 1 and Table 2). To the extent of our
knowledge, this study is the first to characterize and compare the en-
dophytic bacterial communities in different mulberry cultivars over a
relatively long period. Although the diversity of endophytic bacteria
was not investigated by the culture-independent technique, the culture-
dependent method remains a valid tool for understanding the char-
acteristics of cultivable microorganisms and further obtaining func-
tional isolates with good bioactive capacities for use in plant protection
areas.

Notably, Bacillus was an extremely common mulberry endophytic
group in our study, regardless of season (Fig. 1A, C and Table S2) or
cultivar communities (Fig. 1B, D and Table S3). This finding was con-
sistent with observations for elm trees and other plants (Leifert et al.,
1989; Mocali et al., 2003; Shen and Fulthorpe, 2015). The dominant

status of Bacillus species throughout the two years might be due to their
inherent capacity with production of stable endospores, which persist
for long periods in a number of microenvironments associated with
plants (Chen et al., 2014; Hu et al., 2014; Zhao et al., 2014). Ad-
ditionally, it has been verified that different plant hosts can attract
specific bacteria through the release of certain compounds via their
roots, making these microorganisms successful endosphere colonizers
(de Weert et al., 2002; Compant et al., 2005), and the Bacillus group
with strong environmental adaptability is a typical colonizer of various
crops (Compant et al., 2010; Liu et al., 2006). Bacillus strains were also
detected in all the mulberry cultivars used in our experiments, in other
words, the presence of this group was independent of the mulberry host
genotype. The data from this study revealed Bacillus was the pre-
ponderant bacterial endophyte among all bacterial forms appearing in
mulberry host, and it might be hinted in the importance of Bacillus
genus for this plant genus. This speculation was consistent with the
functional description of mulberry endophytic B. subtilis 7PJ-16 in our
previous study, and strain 7PJ-16 was able to control mulberry fruit
sclerotiniosis in the field and stimulate the mulberry seed germination
as well as mulberry seedling growth under greenhouse conditions (Xu
et al., 2019).

Compared with chemical control, biological control through the use
of natural antagonistic microorganisms has emerged as a promising
strategy due to the rare environment contaminants and low health risks.
As many literatures have verified, the development of new BCAs against
plant diseases requires the screening of high numbers of candidate
antagonists (Du et al, 2017; Liotti et al., 2018). Among these
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Fig. 4. Effects of the antagonists on the growth of mulberry
seedlings under greenhouse conditions. (A) root and shoot
lengths; (B) root and shoot fresh weights. Data are given as the
mean =+ SD of five replicates, and the different letters on the bars
define groups of treatments that showed significant differences at
the P < 0.05 level of confidence by one-way analysis of variance
(ANOVA) and the least significant difference (LSD) test.
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antagonists, members of the genus Bacillus (Chen et al., 2014; Hu et al.,
2014; Zhao et al., 2014; Sun et al., 2017a), Pseudomonas (Lee et al.,
2017; Sun et al., 2017b; Wicaksono et al., 2018), and Pantoea (Xie et al.,
2017) can be considered ideal candidates. In recent years, Bacillus spp.
have received much attention because they are well-known antibiotic
producers, and various Bacillus species have been found to control di-
verse phytopathogenic fungi and bacteria, such as Fusarium grami-
nearum (Dunlap et al., 2013; Zhao et al., 2014), S. sclerotiorum (Chen
et al., 2014; Hu et al., 2014; Sun et al., 2017a), and Xanthomonas oryzae
(Lin et al., 2001). In this study, 100 out of 608 strains were selected
from the mulberry endophytic bacterial community, of which 33 ex-
hibited strong antagonistic activities against S. sclerotiorum (a pathogen
that causes mulberry fruit sclerotiniosis). In addition, four strains of
Pantoea spp. (CA15-30, CA15-43, CA15-44, and XA15-46), one strain of
Pseudomonas spp. (XA15-33) and 26 isolates of Bacillus spp. also ex-
hibited broad-spectrum antagonism toward different phytopathogens
(Table 3). Using PCR assay, at least one functional gene associated with
antibiotic biosynthesis was detected in each antagonist. A majority of
the antagonists were positive for the presence of the lipopeptide genes,
including Sfp, srfC, ItuD, and FenD, and these microorganisms mainly
originated from the group of Bacillus spp. with excellent antagonistic
effects. Our study demonstrated that the antifungal effect of antag-
onistic Bacillus strains was closely associated with lipopeptide bio-
synthesis. Similar results have been observed in numerous studies (Zhao
et al., 2014; Gond et al., 2015; Zouari et al., 2016).

Apart from controlling diseases, endophytic bacteria have also at-
tracted considerable attention for their capacity to promote plant
growth via direct or indirect mechanisms: 1) direct PGP mechanisms
include nitrogen fixation, siderophore biosynthesis, phosphate solubi-
lization, and phytohormone production such as indol-3-acetic acid
(IAA), the former three of which are associated with plant nutrient
acquisition; and 2) indirect PGP mechanisms include antifungal com-
pound production and bioactive enzyme secretion, such as cellulases,
chitinases, proteases, and these hydrolytic enzymes can promote the
lysis of fungal cell walls (Jasim et al., 2013; Reinhold-Hurek and Hurek,

XN Curtobacterium sp.XA15-35

2011; Santoyo et al., 2016). Our study concerning functional PGP traits
and pot experiments found that many antagonists were positive for
several enzymatic activities and PGP traits, and some greatly stimulated
the development of mulberry seedlings (Table 4 and Fig. 4). In parti-
cular, Bacillus sp. CW16-5 showed the highest promotion activity in
terms of all the growth parameters when compared with the water-
treated control, including the root length, shoot length and fresh weight
of the root and shoot. The roles and mechanisms of these mulberry
endophytic bacteria with antifungal and PGP functions remain to be
further characterized.

Additionally, bacteria of the genus Curtobacterium, a high G + C
gram-positive group, is worth mentioning because they are also
common endophytic inhabitants of mulberry (Fig. 3, Table S2, and
Table S3). This observation was consistent with the presence of Curto-
bacterium species in many plants, including rice (Elbeltagy et al., 2000),
citrus (Aradjo et al., 2001), and prairie plants (Zinniel et al., 2002).
Several reports have indicated that Curtobacterium isolates can function
as biological control agents against many pathogens by inducing sys-
temic resistance (Raupach and Kloepper, 1998; Lacava et al., 2007) or
producing antibiosis (Sturz and Matheson, 1996). Also, Sturz et al.
(1997) suggested that Curtobacterium luteum can stimulate intensive
plant growth for red clover (Trifolium pratense L.) when applied in-
dividually or in mixtures with Rhizobium strains. In our work, both cell
suspensions and cell-free filtrates of Curtobacterium sp. XA15-35 ex-
hibited obvious antifungal activity toward S. sclerotiorum (Table 3), and
the application of this strain had positive effects on the growth of
mulberry seedlings (Fig. 4). The function of XA15-35 might be closely
associated with the high phosphate solubilization as well as the pro-
duction of hydrolysis enzymes (chitinase and protease) (Table 4).
Therefore, Curtobacterium sp. XA15-35 might also be a potential bio-
logical resource for the biocontrol of mulberry fruit sclerotiniosis.

5. Conclusions

The present research elucidated the structures, diversity, and
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functions of cultivable endophytic bacterial communities in mulberry.
Overall, 608 isolates were obtained from all the mulberry samples, and
these strains belonged to four bacterial phyla (Proteobacteria,
Firmicutes, Actinobacteria, and Bacteroidetes), including re-
presentatives of Pantoea, Bacillus, Pseudomonas, Curtobacterium, and
Sphingomonas. Based on the comparative analysis of the bacterial
communities, seasonal and mulberry cultivar differences could lead to
the structural alteration of the endophytic bacterial communities, and it
was noted that higher diversities of endophytic bacteria were found in
the winter and also in the resistant cultivar communities. In addition, a
total of 100 bacterial endophytes among all the isolates exhibited an-
tagonistic activity against S. sclerotiorum, and 33 antagonists showed
strong and stable activity. Furthermore, some antagonistic strains also
possessed high PGP potential and 8 tested strains promoted mulberry
seedling growth at different levels in the pot experiments. Our findings
indicated that mulberry harbors rich endophytic bacteria and some
isolates exhibit great antagonistic activity as well as PGP properties,
which could facilitate the further application of these benificial en-
dophytes as biocontrol and plant growth-promoting agents in plant
protection areas.

Acknowledgments

The authors acknowledge the financial support provided by the
National Natural Science Foundation of China
(31601678and31870518) and the Fundamental Research Funds for the
Central Universities (XDJK2019B047) to Jie Xie.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.micres.2019.126328.

References

Adams, P.D., Kloepper, J.W., 2002. Effect of host genotype on indigenous bacterial en-
dophytes of cotton (Gossypium hirsutum L.). Plant Soil 240 (1), 181-189.

Afzal, 1., Iqrar, 1., Shinwari, Z.K., Yasmin, A., 2017. Plant growth-promoting potential of
endophytic bacteria isolated from roots of wild Dodonaea viscosa L. Plant Growth
Regul. 81, 399-408.

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J.H., Zhang, Z., Miller, W., Lipman,
D.J., 1997. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389-3402.

Aratijo, W.L., Maccheroni Jr., W., Aguilar-Vildoso, C.I., Barroso, P.A.V., Saridakis, H.O.,
Azevedo, J.L., 2001. Variability and interactions between endophytic bacteria and
fungi isolated from leaf tissues of citrus rootstocks. Can. J. Microbiol. 47, 229-236.

Bacon, C.W., White, J.F., 2000. Microbial Endophytes. Taylor & Francis, New York.

Bae, H.J., Kim, H.C., Kim, T.C., 2010. Damage mitigation effect of popcorn disease
(Sclerotinia shiraiana Hennings) in mulberry (Morus nigra L.) according to soil man-
agement method. Korean J. Hortic. Sci. Technol. 28, 88-93.

Ben Abdallah, D., Frikha-Gargouri, O., Tounsi, S., 2018. Rizhospheric competence, plant
growth promotion and biocontrol efficacy of Bacillus amyloliquefaciens subsp. plan-
tarum strain 32a. Biol. Control 124, 61-67.

Bredow, C., Azevedo, J.L., Pamphile, J.A., Mangolin, C.A., Rhoden, S.A., 2015. In silico
analysis of the 16S rRNA gene of endophytic bacteria, isolated from the aerial parts
and seeds of important agricultural crops. Genet. Mol. Res. 14 (3), 9703-9721.

Carroll, G., 1988. Fungal endophytes in stems and leaves: from latent pathogen to mu-
tualistic symbiont. Ecology 69, 2-9.

Cawoy, H., Debois, D., Franzil, L., De Pauw, E., Thonart, P., Ongena, M., 2015.
Lipopeptides as main ingredients for inhibition of fungal phytopathogens by Bacillus
subtilis/amyloliquefaciens. Microb. Biotechnol. 8, 281-295.

Chen, Y.F., Gao, X.N., Chen, Y.X., Qin, H.Q., Huang, L.L., Han, Q.M., 2014. Inhibitory
efficacy of endophytic Bacillus subtilis EDR4 against Sclerotinia sclerotiorum on rape-
seed. Biol. Control 78, 67-76.

Commare, R.R., Nandakumar, R., Kandan, A., Suresh, S., Bharathi, M., Raguchander, T.,
Samiyappan, R., 2002. Pseudomonas fluroscences based bioformulation for the man-
agement of sheath blight disease and leaf folder insect in rice. Crop Prot. 21 (8),
671-677.

Compant, S., Clément, C., Sessitsch, A., 2010. Plant growth-promoting bacteria in the
rhizo- and endosphere of plants: their role, colonization, mechanisms involved and
prospects for utilization. Soil Biol. Biochem. 42, 669-678.

Compant, S., Duffy, B., Nowak, J., Clement, C., Barka, E.A., 2005. Use of plant growth-
promoting bacteria for biocontrol of plant diseases: principles, mechanisms of action,
and future prospects. Appl. Environ. Microbiol. 71, 4951-4959.

da Silva, D.A., Cotta, S.R., Vollu, R.E., Jurelevicius Dde, A., Marques, J.M., Marriel, LE.,

10

Microbiological Research 229 (2019) 126328

Seldin, L., 2014. Endophytic microbial community in two transgenic maize genotypes
and in their near-isogenic non-transgenic maize genotype. BMC Microbiol. 14,
332-341.

de Weert, S., Vermeiren, H., Mulders, I.H.M., Kuiper, 1., Hendrickx, N., Bloemberg, G.V.,
Vanderleyden, J., De Mot, R., Lugtenberg, B.J., 2002. Flagella-driven chemotaxis
towards exudate components is an important trait for tomato root colonization by
Pseudomonas fluorescens. Mol. Plant Microbe Interact. 15 (11), 1173-1180.

Du, N.S., Shi, L., Yuan, Y.H., Sun, J., Shu, S., Guo, S.R., 2017. Isolation of a potential
biocontrol agent Paenibacillus polymyxa NSY50 from vinegar waste compost and its
induction of host defense responses against Fusarium wilt of cucumber. Microbiol.
Res. 202, 1-10.

Dunlap, C.A., Bowman, M.J., Schisler, D.A., 2013. Genomic analysis and secondary me-
tabolite production in Bacillus amyloliquefaciens AS 43.3: A biocontrol antagonist of
Fusarium head blight. Biol. Control 64, 166-175.

Elbeltagy, A., Nishioka, K., Suzuki, H., Sato, T., Sato, Y.L, Morisaki, H., Mitsui, H.,
Minamisawa, K., 2000. Isolation and characterization of endophytic bacteria from
wild and traditionally cultivated rice varieties. Soil Sci. Plant Nutr. 46 (3), 617-629.

Fang, X., Xu, W.F., Niu, N., Ou, T., Wang, F., Zuo, W.D., Xie, J., 2018. Screening, iden-
tification and optimization of fermentation conditions of an antagonistic endophytic
bacterium from mulberry. Acta Microbiol. Sin. 58 (12), 2147-2160 (In Chinese).

Glickmann, E., Dessaux, Y., 1995. A critical examination of the specificity of the sal-
kowski reagent for indolic compounds produced by phytopathogenic bacteria. Appl.
Environ. Microbiol. 61, 793-796.

Gond, S.K., Bergen, M.S., Torres, M.S., James, F., White, J., 2015. Endophytic Bacillus spp.
produce antifungal lipopeptides and induce host defence gene expression in maize.
Microbiol. Res. 172, 79-87.

Hardoim, P.R., van Overbeek, L.S., Elsas, J.D., 2008. Properties of bacterial endophytes
and their proposed role in plant growth. Trends Microbiol. 16 (10), 463-471.

Hong, S.K., Kim, W.G., Sung, G.B., Nam, S.H., 2007. Identification and distribution of two
fungal species causing sclerotial disease on mulberry fruits in Korea. Mycobiology 35
(2), 87-90.

Hu, J.H., Cai, Y.X., Zhou, S.J., Zhang, J.C., Zhang, H.L., Chen, Y.B., Li, P.M., Ying, G.M.,
2011. Diversity of mulberry sclerotiniosis pathogen and ITS analysis. J. Ningbo Univ.
24 (3), 20-23 (In Chinese).

Hu, X.J., Roberts, D.P., Xie, L.H., Maul, J.E., Yu, C.B., Li, Y.S., Jiang, M., Liao, X.S., Che,
Z., Liao, X., 2014. Formulations of Bacillus subtilis BY-2 suppress Sclerotinia scler-
otiorum on oilseed rape in the field. Biol. Control 70, 54-64.

Huang, C.S., Tang, X.P., Tei, T., 2012. Study on the difference of resistance to mulberry
sclerotinia disease in different fruit mulberry varieties. Newslett. Sericult. Sci. 32 (3),
10-12 (In Chinese).

Huang, L., Li, Q.C., Zhang, Y., Li, D.W., Ye, J.R., 2016. Colletotrichum gloeosporioides sensu
stricto is a pathogen of leaf anthracnose on evergreen spindle tree (Euonymus japo-
nicus). Plant Dis. 100 (4), 672-678.

Jasim, B., Joseph, A.A., John, C.J., Mathew, J., Radhakrishnan, E.K., 2013. Isolation and
characterization of plant growth promoting endophytic bacteria from the rhizome of
Zingiber officinale. 3 Biotech 4, 197-204.

Ju, W.T., Kim, H.B., Sung, G.B., Park, K.Y., Kim, Y.S., 2016. Mulberry popcorn disease
occurrence in Korea region and development of integrative control method. Int. J.
Indust. Entomol. 33 (1), 36-40.

Jurick, W.M., Macarisin, O., Gaskins, V.L., Park, E., Yu, J., Janisiewicz, W., Peter, K.A.,
2017. Characterization of postharvest fungicide-resistant Botrytis cinerea isolates from
commercially stored apple fruit. Phytopathology 107 (3), 362-368.

Kuai, Y.Z., Wu, F.A,, 2012. A review on pathogens of mulberry fruit sclerotiniosis and its
control technology. Sci. Seric. 38 (6), 1099-1104 (In Chinese).

Lacava, P.T., Li, W., Araujo, W.L., Azevedo, J.L., Hartung, J.S., 2007. The endophyte
Curtobacterium flaccumfaciens reduces symptoms caused by Xylella fastidiosa in
Catharanthus roseus. J. Microbiol. 45, 388-393.

Lee, J., Cho, Y.J., Yang, J.Y., Jung, Y.J., Hong, S.G., Kim, O.S., 2017. Complete genome
sequence of Pseudomonas antarctica PAMC 27494, a bacteriocin-producing psychro-
phile isolated from Antarctica. J. Biotechnol. 259, 15-18.

Leifert, C., Waites, W.M., Nicholas, J.R., 1989. Bacterial contaminants of micro-
propagated plant cultures. J. Appl. Bacteriol. 67 (4), 353-361.

Liang, G.Q., Wu, J.J., Shen, W., Lu, C.X., He, J., 2011. Nutritional analysis and evaluation
of mulberry fresh fruit. Mod. Agric. Sci. Technol. 16, 320-321 +325. (In Chinese).

Lin, D., Qu, L.J., Gu, H., Chen, Z., 2001. A 31-kb genomic fragment of Bacillus subtilis
encodes the protein inhibiting growth of Xanthomonas oryzae pv. oryzae. J. Appl.
Microbiol. 91, 1044-1050.

Liotti, R.G., da Silva Figueiredo, M.IL., da Silva, G.F., de Mendonca, E.A.F., Soares, M.A.,
2018. Diversity of cultivable bacterial endophytes in Paullinia cupana and their po-
tential for plant growth promotion and phytopathogen control. Microbiol. Res. 207,
8-18.

Liu, X., Zhao, H., Chen, S., 2006. Colonization of maize and rice plants by strain Bacillus
megaterium C4. Curr. Microbiol. 52, 186-190.

Lii, R.H., Zhao, A.C., Jin, X.Y., Du, Y.W., Wu, W.B., Wang, X.L., Yu, M.D., 2011. A primary
experiment on the control of mulberry fruit sclerotiniosis using herbicide glyphosate.
Sci. Seric. 37 (5), 907-913 (In Chinese).

L, R.H., Zhao, A.C., L1, J., Wang, X.L., Yu, Y.S., Lu, C., Yu, M.D., 2013. Biological study of
hypertrophy sorosis scleroteniosis and its molecular characterization based on LSU
rRNA. Afr. J. Microbiol. Res. 7 (26), 3405-3411.

Marques, J.M., da Silva, T.F., Volli, R.E., de Lacerda, J.R.M., Blank, A.F., Smalla, K.,
Seldin, L., 2015. Bacterial endophytes of sweet potato tuberous roots affected by the
plant genotype and growth stage. Appl. Soil Ecol. 96, 273-281.

Mocali, S., Bertelli, E., Di Cello, F., Mengoni, A., Sfalanga, A., Viliani, F., Caciotti, A.,
Tegli, S., Surico, G., Fani, R., 2003. Fluctuation of bacteria isolated from elm tissues
during different seasons and from different plant organs. Res. Microbiol. 154 (2),
105-114.



W. Xu, et al.

Mu, Z.M., Lu, G.B., Ji, X.L., Gai, Y.P., Wang, Y.W., Gao, H.J., Cha, C.Y., 2008.
Identification and colonization of an antagonistic endophytic Burkholderia cepacia
Lul0-1 isolated from mulberry. Acta Microbiol. Sin. 48 (5), 623-630 (In Chinese).

Passari, A.K., Mishra, V.K., Leo, V.V., Gupta, V.K., Singh, B.P., 2016. Phytohormone
production endowed with antagonistic potential and plant growth promoting abilities
of culturable endophytic bacteria isolated from Clerodendrum colebrookianum Walp.
Microbiol. Res. 193, 57-73.

Patagundi, B.I., Shivasharan, C.T., Kaliwal, B.B., 2014. Isolation and characterization of
cellulase producing bacteria from soil. Int. J. Curr. Microbiol. App. Sci. 3 (5), 59-69.

Pereira, S.I.A., Monteiro, C., Vega, A.L., Castro, P.M.L., 2016. Endophytic culturable
bacteria colonizing Lavandula dentata L. plants: isolation, characterization and eva-
luation of their plant growth-promoting activities. Ecol. Eng. 87, 91-97.

Porras-Alfaro, A., Bayman, P., 2011. Hidden fungi, emergent properties: endophytes and
microbiomes. Annu. Rev. Phytopathol. 49, 291-315.

Priyatno, T.P., Abu Bakar, F.D., Kamaruddin, N., Mahadi, N.M., Abdul Murad, A.M.,
2012. Inactivation of the catalytic subunit of cAMP-dependent protein kinase A
causes delayed appressorium formation and reduced pathogenicity of Colletotrichum
gloeosporioides. Sci. World J. 545784, 1-12.

Qadri, M., Rajput, R., Abdin, M.Z., Vishwakarma, R.A., Riyaz-Ul-Hassan, S., 2014.
Diversity, molecular phylogeny, and bioactive potential of fungal endophytes asso-
ciated with the Himalayan Blue Pine (Pinus wallichiana). Microb. Ecol. 67 (4),
877-887.

Raupach, G.S., Kloepper, J.W., 1998. Mixtures of plant growth-promoting rhizobacteria
enhance biological control of multiple cucumber pathogens. Phytopathology 88,
1158-1164.

Reinhold-Hurek, B., Hurek, T., 2011. Living inside plants: bacterial endophytes. Curr.
Opin. Plant Biol. 14 (4), 435-443.

Santoyo, G., Moreno-Hagelsieb, G., Orozco-Mosqueda Mdel, C., Glick, B.R., 2016. Plant
growth-promoting bacterial endophytes. Microbiol. Res. 183, 92-99.

Sharma, S., Sharma, S., Singh, R.K., Vaishampayan, A., 2008. Colonization behavior of
bacterium Burkholderia cepacia inside the Oryza sativa roots visualized using green
fluorescent protein reporter. World J. Microbiol. Biotechnol. 24 (7), 1169-1175.

Shen, S.Y., Fulthorpe, R., 2015. Seasonal variation of bacterial endophytes in urban trees.
Front. Microbiol. 6, 427-440.

Strobel, G.A., 2003. Endophytes as sources of bioactive products. Microbes Infect. 5 (6),
535-544.

Strobel, G.A., Li, J.Y., Ford, E., Worapong, J., Baird, G.I., Hess, W.M., 2000. Pestalotiopsis
Jjesteri, sp. nov. an endophyte from Fragraea bodenii, a common plant in the Southern
Highlands of Papua New Guinea. Mycotaxon. 76, 257-266.

Sturz, A.V., Christie, B.R., Matheson, B.G., Nowak, J., 1997. Biodiversity of endophytic
bacteria which colonize red clover nodules, roots, stems and foliage and their in-
fluence on host growth. Biol. Fertil. Soils 25, 13-19.

Sturz, A.V., Matheson, B.G., 1996. Populations of endophytic bacteria which influence
host-resistance to Erwinia-induced bacterial soft rot in potato tubers. Plant Soil 184,
265-271.

Sultana, R., Ju, H.J., Chae, J.C., Kim, K., Lee, K.J., 2013. Identification of Ciboria car-
unculoides RS103V, a fungus causing popcorn disease on mulberry fruits in Korea.
Res. Plant Dis. 19 (4), 308-312.

11

Microbiological Research 229 (2019) 126328

Sultana, R., Kim, K., 2016. Bacillus thuringiensis C25 suppresses popcorn disease caused by
Ciboria shiraiana in mulberry (Morus australis L.). Biocontrol Sci. Technol. 26 (2),
145-162.

Sun, G.Z., Yao, T., Feng, C.J., Chen, L., Li, J.H., Wang, L.D., 2017a. Identification and
biocontrol potential of antagonistic bacteria strains against Sclerotinia sclerotiorum
and their growth-promoting effects on Brassica napus. Biol. Control 104, 35-43.

Sun, D.L., Zhuo, T., Hu, X., Fan, X.J., Zou, H.S., 2017b. Identification of a Pseudomonas
putida as biocontrol agent for tomato bacterial wilt disease. Biol. Control 114, 45-50.

Tan, G.X., Wu, Q.Y., Jia, J.Q., Gui, Z.Z., Du, J.J., Chen, L., 2012. Isolation, identification
and antibacterial activity of an endophytic bacterial strain in mulberry. Sci. Seric. 38
(3), 412-417 (In Chinese).

van Overbeek, L., van Elsas, J.D., 2008. Effects of plant genotype and growth stage on the
structure of bacterial communities associated with potato (Solanum tuberosum L.).
FEMS Microbiol. Ecol. 64 (2), 283-296.

Vyas, P., Rahi, P., Chauhan, A., Gulati, A., 2007. Phosphate solubilization potential and
stress tolerance of Eupenicillium parvum from tea soil. Mycol. Res. 111, 931-938.

Wang, Y.T., Zhang, C.B., Qi, L., Jia, X.Q., Lu, W.Y., 2016. Diversity and antimicrobial
activities of cultivable bacteria isolated from Jiaozhou Bay. Acta Microbiol. Sin. 56
(12), 1892-1900.

Whetzel, H.H., Wolf, F.A., 1945. The cup fungus, Ciboria carunculoides, pathogenic on
mulberry fruits. Mycologia 37 (4), 476-491.

Wicaksono, W.A., Jones, E.E., Casonato, S., Monk, J., Ridgway, H.J., 2018. Biological
control of Pseudomonas syringae pv. actinidiae (Psa), the causal agent of bacterial
canker of kiwifruit, using endophytic bacteria recovered from a medicinal plant. Biol.
Control 116, 103-112.

Williamson, B., Tudzynski, B., Tudzynski, P., van Kan, J.A., 2007. Botrytis cinerea: the
cause of grey mould disease. Mol. Plant Pathol. 8 (5), 561-580.

Xie, J., Shu, P., Strobel, G.A., Chen, J., Wei, J.H., Xiang, Z.H., Zhou, Z.Y., 2017. Pantoea
agglomerans SWg2 colonizes mulberry tissues, promotes disease protection and
seedling growth. Biol. Control 113, 9-17.

Xu, W.F., Ren, H.S., Ou, T., Lei, T., Wei, J.H., Huang, C.S., Li, T., Stobel, G.A., Zhou, Z.Y.,
Xie, J., 2019. Genomic and functional characterization of the endophytic Bacillus
subtilis 7PJ-16 strain, a potential biocontrol agent of mulberry fruit sclerotiniosis.
Microb. Ecol. 77, 651-663.

Ye, M.Q., Kuang, Z.S., Zhao, X.J., Yang, Q., Li, Q.R., Xiao, Y., Wang, Z.J., Dai, F.W., Luo,
G.Q., 2014. Screening of fungicide to control Ciboria carunculoides under laboratory
conditions. Pakistan J. Zool. 46 (1), 53-59.

Zhao, Y.J., Selvaraj, J.N., Xing, F.G., Zhou, L., Wang, Y., Song, H.M., Tan, X.X., Sun, L.C.,
Sangare, L., Folly, Y.M., Liu, Y., 2014. Antagonistic action of Bacillus subtilis strain
SG6 on Fusarium graminearum. PLoS One 9, €92486.

Zinniel, D.K., Lambrecht, P., Harris, N.B., Feng, Z., Kuczmarski, D., Higley, P., Ishimaru,
C.A., Arunakumari, A., Barletta, R.G., Vidaver, A.K., 2002. Isolation and character-
ization of endophytic colonizing bacteria from agronomic crops and prairie plants.
Appl. Environ. Microbiol. 68, 2198-2208.

Zouari, 1., Jlaiel, L., Tounsi, S., Trigui, M., 2016. Biocontrol activity of the endophytic
Bacillus amyloliquefaciens strain CEIZ-11 against Pythium aphanidermatum and pur-
ification of its bioactive compounds. Biol. Control 100, 54-62.



