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ABSTRACT

Mulberry bacterial blight caused by Pseudomonas syringae pv. mori, is one of the most serious diseases on
mulberry (Morus alba L.), and threatens sericulture development. An endophytic Pantoea agglomerans SWg2
(referred to as SWg2), originally isolated from roots of healthy mulberry, is extremely inhibitory activity to P.
syringae. Greenhouse tests were first conducted to examine the biological control properties of SWg2. A sus-
pension of SWg2, introduced to the host plant, significantly reduced disease symptoms caused by P. syringae.
Likewise, when a suspension of SWg2 was sprayed onto plantlets 2 days before inoculation with P. syringae, its
disease control efficacy was up to 65.6% even after inoculation with P. syringae 18 days later. Interestingly, the
control effect of the traditional agrochemical streptomycin was just 33.2% at 18 days post inoculation (DPI),
although it was 55.6% at 9 DPI. Furthermore, SWg2 promoted the growth of mulberry seedlings. The immersion
of 107 CFU mL ™" suspension of SWg2 had the most distinctive growth-promoting role since the seed germination
rate and radicle length development were enhanced up to 100% and 144.2%, respectively. Based on the green
fluorescent protein (GFP) labeling technique and a re-isolation method, it was determined that the SWg2 strain
colonized and spread in mulberry seedlings. The bacteria entered seedlings through the areas of emergence of
root hairs and cracks in the rhizodermis. Eventually these cells spread to other tissues of the plant with colo-
nization occurring mainly in the intercellular spaces. Furthermore, the GFP-tagged SWg2 strain could be de-
tected in stems and leaves, but the quantity was smaller than that in roots. There appears to be no outward
negative effects of SWg2 on treated plants and silkworms feed on them in a normal manner. This work indicates
that P. agglomerans SWg2 possesses the biological potential to provide protection of its host against the pathogen

of mulberry bacterial blight will at the same time promoting the growth and vigor of the host plant.

1. Introduction

Mulberry (Morus alba L.), the unique food source of the silkworm
(Bombyx mori), but it has the potential of being infected by a plethora of
diseases throughout the year in subtropical and temperate zones, which
results in a severe threat to the production and quality of mulberry
leaves (Kumar and Gupta, 2004). Mulberry bacterial blight alias mul-
berry rotten head disease, caused by Pseudomonas syringae pv. Mori
(Boyer and Lambert) (Young et al., 1978), is one of the most common
and serious diseases of mulberry. There are a myriad of symptoms as-
sociated with this disease including crinkle leaf, black blight, and
broken leafstalks. The disease spreads rapidly and can cause major

damage (Kuai, 2012). Furthermore, feeding silkworm larvae with in-
fected leaves is detrimental to the development of the cocoon and ne-
gatively affects the normal characteristics of the worms. Meanwhile,
improper application of chemical pesticides to suppress this disease
may also result in hazards to the silkworms. In addition, the method of
disease control using agrochemicals has disadvantages in environ-
mental contamination and the ultimate development of resistance by
the pathogens. Therefore, there is a requirement to find an alternative
management style that is both safe to silkworms and friendly to the
environment. Biological control against plant pathogens by plant
treatment with antagonistic pseudomonads was firstly reported by Lam
in PNAS (Lam et al., 1987). Since then, it has been a promising strategy
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for plant protection from the damage caused by pathogens, and has
been practiced worldwide (Erdogan and Benlioglu, 2010; Kloeppe et al.,
1999; Luo et al., 2010; Mizumoto et al., 2007).

Plant endophytic bacteria and fungi, which reside within plant tis-
sues mainly in intercellular (rarely in intracellular) spaces without
showing any external disease symptoms (Ryan et al., 2008), have been
widespread employed as the biological control agents. Antagonistic
endophytic bacteria and fungi can inhibit the pathogen through the
following mechanisms: production antibiotics, competition for nu-
trients and niches, induction of systemic resistance of the host plant and
plant-growth-promotion. The above factors can contribute to the sup-
pression of the invasion of phytopathogens (Calderén et al., 2014).

This strain SWg2 of P. agglomerans (GenBank, KC783460) is an
antagonistic endophytic bacterium against P. syringae pv. mori, isolated
from healthy mulberry roots (Zhang et al., 2013). Pantoea agglomerans
also known as Erwinia herbicola (Lohnis) Dye are members of the E.
herbicola-Enterobacter agglomerans cluster belonging to the En-
terobacteriaceae, which are ubiquitous in nature, inhabiting soil, water,
plants, animals and humans (Graham and Hodgkiss, 1967; Gavini et al.,
1989). As endophytic bacteria, isolates of the P. agglomerans are re-
ported to have the abilities of producing diverse antibiotics like Her-
bicolin I (APV), Pantocin A (Herbicolin O), Pantocin B, Andrimd and
AGA (alanylgriseoluteic acid) (Pidot et al., 2014; Sammer et al., 2009),
along with stimulating growth properties of several crop plants (Feng
et al., 2006; Quecine et al., 2012). However, no attempt has been made
to protect mulberry plants from the blight disease using endophytic P.
agglomerans as a plant colonization agent. This work was aimed to in-
vestigate endophytic P. agglomerans SWg2 as a potential agent for the
biocontrol mulberry bacterial blight. In addition the growth promoting
ability of this organism as well as its plant colonization potential was
studied, and finally preliminary studies were made on how it may
promote the plant growth.

2. Materials and methods
2.1. Strains and plasmid

SWg2 strain was isolated from the surface-disinfected root of a
healthy mulberry sampled from the mulberry experimental field of
Southwest University, Chongging, China (29 °48’47” N, 106 °24’30” E)
(Zhang et al., 2013). This strain possessed significant antagonistic ac-
tivity against Pseudomonas syringae pv. mori by the inhibitory halo assay
in an agar plate. And then, it was identified to be Pantoea agglomerans
by morphological features, physiological and biochemical character-
istics and molecular methods (Zhang et al., 2013). It has been stored at
—80°C in 15% glycerol. The SWg2 strain was inoculated on potato
dextrose agar (PDA) medium at 28 °C and incubated 24 h before used.
P. syringae pv. mori, pathogen of mulberry bacterial blight, was kindly
donated by professor Wenbing Wang of the Institute of Life Science,
Jiangsu University. The pathogen was grown on PDA at 28 °C and only
freshly transferred cultures were used in the bioassay tests.

In order to transform P. agglomerans SWg2 and obtain the gfp-tagged
strain, plasmid pGFP4412, an Escherichia coli-Bacillus cereus shuttle
vector that contains one copy of the gfp (mut3a) gene controlled by the
rpsD promoter of Bacillus subtilis, ampicillin and kanamycin resistance
marker in tandem, was kindly donated by professor Xianling Ji of
College of Forestry, Shandong Agricultural University.

2.2. Pot experiments assayed the biocontrol efficiency of SWg2 towards
mulberry bacterial blight

The mulberry seedlings being used in the present study were free of
contamination because they were derived by using nodal explants
tissue culture, planted individually in 10 X 10 cm diameter pots and
were cultivated in a greenhouse at natural temperatures ranging from
25 to 30°C and a 90% relative humidity until 4-6 leaves had

developed.

Fresh P. agglomerans SWg2 was inoculated into potato dextrose
broth (PDB) and incubated at 28 °C with a shaking speed of 180 rpm for
4 days. The P. agglomerans SWg2 cultures were centrifuged at
12,000 rpm for 20 min, and then the cell-free supernatant was obtained
by being passed through 0.22 pm micropore filter. On the other hand,
after this strain was incubated in PDB liquid medium for 24-32 h, the
cultures were centrifuged and the bacterial cells pellets were re-sus-
pended in sterile distilled water which was adjusted to 7.6 x 10%
colony-forming units (CFU) per milliliter to prepare the SWg2 bacterial
suspension. The artificial inoculation of the mulberry bacterial blight
pathogen, P. syringae, was made as follows: after P. syringae was grown
in PDB liquid medium at 28 °C for 24-36 h, the cultures were adjusted
to a1 x 108 CFUmL™’. The seedlings were inoculated with the sus-
pension of P. syringae by wiping on the leaf with a surface-sterilized
brush.

The pot experiments were designed with eleven treatments as fol-
lows: (1) the seedlings in this treatment were sprayed with sterile dis-
tilled water only as blank control; (2) CK, mulberry plantlets under this
treatment were inoculated only with pathogen P. syringae and con-
sidered as a positive control; (3) Stre —2 d, the streptomycin solution
(100 mg L™ ') was sprayed on plantlets 2 days prior to inoculation with
P. syringae; (4) Stre 0 d, the streptomycin was applied at the same time
of inoculation with P. syringae; (5) Stre 2 d, the mulberry plantlets were
treated with streptomycin 2 days after inoculation with the pathogen;
(6) Supernatant — 2 d, the mulberry plantlets were applied with a cell-
free supernatant of SWg2 strain 2 days before inoculation with P. syr-
ingae; (7) Supernatant 0 d, the plantlets were sprayed with SWg2 su-
pernatant at the same time of inoculation with the pathogen; (8)
Supernatant 2 d, the plantlets were treated with a cell-free supernatant
of SWg2 strain 2 days after inoculation with P. syringae; (9) Suspension
—2d, the SWg2 whole cell suspension was sprayed onto plantlets
2 days before inoculation with P. syringae; (10) Suspension 0 d, the
application of SWg2 whole cell suspension on plantlets was done at the
same time of inoculation with P. syringae; and (11) Suspension 2 d, the
whole cell bacterial suspension was applied 2 days after inoculation
with P. syringae. Each treatment was replicated in three blocks with 10
pots in each and one pot with one seedling. The pots experiments were
conducted in a greenhouse under natural conditions with the tem-
perature ranging from 25 °C to 30 °C.

Generally, Pseudomonas syringae pv. Mori when inoculated on
mulberry results in the abundant production of symptoms at about the
10th to 12th day. Therefore, the staged development of mulberry bac-
terial blight disease on inoculated plantlets was scored at 9 days after
inoculation with P. syringae and verified after 18 days. The blight dis-
ease development was rated according to the scale as following: 0
(whole seedling was healthy); 1 (just several disease spots on leaves); 2
(< 25% of leaf area damaged); 3 (26-50% of leaf area damaged); 4
(51-75% of leaf area damaged); 5 (75% above of leaf area damaged or
emergence of rotten head). The disease severity was quantified with
percent disease index before analysis of variance. The disease indexes
were calculated as the following formula (Tian and Li, 1996), and the
control efficacies were calculated based on the mean disease index of
each treatment (Chen et al., 2014).

> (Rating X Number of leaves rated)
Total number of leaves X Hingest rating

X 100%

Disease index =

Control efficacy
_ Mean disease index of CK—Mean disease index of the treatment
Mean disease index of CK

X 100%



2.3. Effect of SWg2 on mulberry seeds germination and growth of seedlings

Mulberry seeds were soaked in the SWg2 cell suspensions and pre-
pared as described above while PDB medium instead by the King’s B
medium (Glickmann and Dessaux, 1995), and the suspensions were
adjusted to 10%, 107, 10° and 10° CFUmL ™! with sterilized distilled
water. The cell-free supernatants of SWg2 in King’s B medium were
diluted in sterilized distilled water as O-fold, 100-fold and 500-fold
dilution.

Seed germination tests were done on healthy mulberry seeds by
washing them in running tap water for 5min, and then they were
surface-sterilized for 1-2 min by using 75% ethanol, shaken in ben-
zalkonium bromide (1:24) for 2 min, and followed by washing 5 times
with sterile distilled water. Seeds were immersed in the SWg2 cell
suspensions of different bacterial densities or the SWg2’s cell-free su-
pernatants of different dilution degree for 24 h at 25°C with the
shaking speed of 160 rpm. The seeds were placed on sterile moist filter
paper and incubated at 26 °C for 8 days in Petri dishes with 12 h of
light. At the fourth day of cultivation, the germination energy was
calculated as the percentage of germinated seeds. The germination rate,
plumule length and radicle length of seedlings were recorded at the
eighth day. Surface-disinfected seeds treated in King’s B medium or
sterile distilled water served as a control. Each treatment was replicated
three times with 20 seeds apiece.

2.4. Construction of GFP-tagged SWg2

The pGFP4412 plasmid containing the GFP gene was introduced
into the wild type strain SWg2 by electroporation as described pre-
viously (Lanna Filho et al., 2013) with some modifications: Cells for
electroporation were initially grown in 5mL LB broth medium for
14-16 h at 28 °C. And then, 0.5 mL cultural suspension was added to
50mL 2 X TY LB liquid medium and incubated at 28 °C with shaking
until the OD600 reached 0.4-0.6. The cells were harvested by cen-
trifugation at 4 °C and 4000 rpm for 15 min. After they were washed
two times by cold ultrapure water, the supernatant was discarded and
these cells were re-suspended in 1 mL of 10% glycerol. For electro-
poration, 50 pL the competent SWg2 cells was mixed with 1 pL (50 ng)
of pGFP4412 plasmid in an ice-cold electroporation cuvette (2 mm)
with incubation for 10 min, and then was electroporated using a Gene-
Pulser (Bio-Rad) set at 2.5 kV, 25 pF, 200 Q. The transformed cells were
immediately added to 1 mL SOC medium and shaken for 1 h at 37 °C,
and then plated on the LB medium containing 50 g mL~' kanamycin
and 100 pg mL~' ampicillin. Transformants that emitted green fluor-
escence stably under fluorescence microscopy (Olympus BX53, Japan)
were obtained after subculturing 20 generations without selective
pressure, and were designated SWg2-gfp.

2.5. Microscopy observation on colonization of mulberry plantlets by SWg2-

4/

Mulberry seeds were surface disinfected as described above. After
being washed five times by sterilized distilled water, the seeds were
placed on Petri plates with sterile water-wetted filter paper to germi-
nate. The germinated seedlings were aseptically transplanted into the
autoclaved soil, and maintained in growth chamber at 26 °C, humidity
90% and a 12 h photoperiod. When the seedlings grew to 4 leaves-old,
their roots were immersed in physiological saline containing
108 CFU mL ™! SWg2-gfp bacteria for 5h (Meng et al., 2014), and then
they were re-planted into the soil after inoculation. The control plant-
lets were treated in the same way using sterile physiological saline. The
roots were removed from soil at 2, 3, 4, 5, 7, and 9 days after in-
oculation and surfaced sterilized as described above, and cut into small
pieces to mount on microscopic slides. To examine the colonization of
the SWg2-gfp in tissues, these slides were observed under fluorescence
microscopy (Olympus BX53, Japan) and a confocal laser scanning

microscopy (CLSM, Olympus FV1200, Japan) with an excitation wa-
velength of 488 nm, and the emitted light in the range of 500-520 nm
was collected for GFP examination. Images were obtained using
OLYMPUS FV10-ASW 4.0 software.

2.6. Enumeration of GFP-tagged SWg2 in mulberry seedlings by re-isolation

The inoculated seedlings were surface disinfected and separated
into roots, stems and leaves at 1, 3, 7, 10, 15, 21 and 28 days post
inoculation. The aseptic samples were weighed and then ground in
1 mL of sterile distilled water. The homogenates were serially diluted
and plated on LB medium supplemented with kanamycin (50 pg mL ™)
and ampicillin (100 pg mL™!) to incubate 24-48 h at 28 °C, and then
the CFU was counted. For each kind of tissue, the average value of
triplicate plates of a specific dilution was recorded.

2.7. The effect of SWg2 on silkworms

In order to lay a good foundation for the use of the SWg2 strain for
the biological control of mulberry pathogens in the field, the safety of P.
agglomerans SWg2 was studied through using infected mulberry leaves
to feed the silkworm in the normal manner. Freshly transferred SWg2
was inoculated into PDB media and incubated at 28 °C with a shaking
speed of 180 rpm for 18-24 h. The SWg2 cultures were centrifuged at
8000 rpm for 5 min, and then discarded the supernatant. The SWg2
suspension was prepared through re-suspend the bacterial cells in the
sterile water of equal volume, and the concentration of the bacteria was
3.5 x 10”7 CFU mL ™. Then the suspension of SWg2 was sprayed on to
the surface of the mulberry leaves in the amount of 1 mL suspension per
each leaf. Meanwhile, the mulberry leaves, which were sprayed sterile
water, were used as control. After the surface of mulberry leaves dried
naturally, they were applied to feed healthy silkworm larvae (HL strain)
at the first day and the second day of the 4th instar silkworm, fed them
three times each day. And then, all silkworms were fed with clean
mulberry leaves until pupation. Each treatment was 33 silkworms and
the growth status of silkworm was observed every day.

2.8. Evaluation of the plant growth-promoting traits displayed by SWg2

In order to explore the growth promoting effects of SWg2, we as-
sayed the organism for its nitrogen fixation, phosphate solubilization
and indole-3-acetic acid (IAA) production activities. Nitrogen-free
Ashby medium (Meng et al., 2014) was used to detect nitrogenase ac-
tivity of SWg2. The Ashby plates were spot-inoculated with SWg2 and
incubated at 28 °C for 7 days. The nifH gene was detected by PCR
amplification from genomic DNA isolated from pure SWg2 bacterial
colonies as described previously (Loiret et al., 2004). The primers used
for PCR were nifH-F (5’-AAA GGY GGW ATC GGY AAR TCC ACC AC-3")
and nifH-R (5-TTG TTS GCS GCR TAC ATS GCC ATC AT-3") (Rosch
et al., 2002). SWg2 strain was evaluated for potential phosphate solu-
bilization using spot-inoculated on Pikovskaya’s (PVK) agar medium
containing tricalcium phosphate (Ca3[PO4]»), the development of a
hydrolysis halo indicated positive result. Phosphate solubilization ac-
tivity was determined by the method described as Pratibha et al. (2007)
at 456 nm with a spectrophotometer. Indole-3-acetic acid (IAA) pro-
duction was estimated by inoculating this strain into King’s B medium
with or without 0.2 gL™! i-tryptophan incubated under 28 °C. A
quantitative determination of IAA-producing activity was performed as
Patten and Glick (2002) examined at 530 nm using Salkowski’s reagent.
The determination of nitrogen fixation, phosphate solubilization and
indole-3-acetic acid (IAA) production by this organism were replicated
three times for each individual treatment.

2.9. Statistical analysis

Data for biocontrol assay were analyzed by Duncan’s analysis of
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variance (ANOVA) and means were compared by Duncan’s test at
P < 0.05. Data for bacterial promoting plant growth were evaluated by
Student’s t-test. The program SPSS, version 17.0 (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis.

3. Results

3.1. Biocontrol efficacy of P. agglomerans SWg2 against mulberry bacterial
blight in the greenhouse

No disease symptoms were detected in the sterile distilled water-
treated blank control during the entire pot experiment, but the most
serious blight symptoms were noted in the positive control (CK) in
which the mulberry seedlings were inoculated only with the pathogen
Pseudomonas syringae pv. mori, which showed the highest disease in-
dexes 41.8% (9 DPI) and 48.5% (18 DPI) (Fig. 1). At 9 days post in-
oculation with P. syringae pv. mori, the average disease indexes of the
treatment blocks of streptomycin (100 mg L™ %, i.e. Stre) 2 d, cell-free
supernatant of SWg2 (i.e. Supernatant) 2 d and cell suspension of SWg2
(i.e. Suspension) 2 d were reduced 7.5%, 11.2% and 10.6% respec-
tively, and that of the treatment Stre 2 d was not found significantly
different from that of the positive control treatment (Fig. 1). However,
the application of Stre, Supernatant and Suspension reduced the disease
indexes of seedlings over 21% (from 21.8% to 26.8%) when they were
applied 2 days before or simultaneously with the blight pathogen, and
those significantly (P < 0.05) different from that of the positive con-
trol treatment (Fig. 1). Although there was no statistical significant
difference in disease index between these six treatment blocks, the
Suspension treatment blocks (Suspension —2d and Suspension 0 d)
exhibited the relatively lowest one, thus their control efficacies were
detected as the highest one of 64.1%, and the control efficacies of the
Stre treatment blocks (Stre —2 d/0 d) and Supernatant blocks (Super-
natant —2 d/0 d) both were about 55.0% (Table 1). Overall, applica-
tion time of the treatment was vital to the control efficacy, thus the
treatment applied 2 days before or simultaneously with the blight pa-
thogen was better than that applied 2 days after inoculation with the
pathogen (Table 1).

At 18 days after inoculation with P. syringae pv. mori, there was a
slight increase in the disease indices in all treatment blocks compared

bc

Fig. 1. Disease index of mulberry seedlings of different
treatments. Note: DPI indicates days post inoculation. Error
5 bars represent standard error of the mean (SE) and different
letters mean significant difference at 0.05 level with
Duncan’s multiple range test.
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Table 1
Control efficacies of the endophyte SWg2 against mulberry bacterial blight disease of
seedlings in greenhouse.

Investigation date Treatment time Control efficacy (%)

Stre  SWg2 cell-free Swg2
supernatant suspension
9 DPI -2d 55.6 52.0 64.1
od 55.3 56.4 64.1
2d 18.0 26.8 25.5
18 DPI -2d 33.2 414 65.6
od 55.2  60.2 55.3
2d 171 27.7 33.9

with those of 9 days after inoculation, especially which the Stre —2d
treatment that grew most significantly (Fig. 1), thus its control efficacy
decreased distinctly from 55.6% to 33.2% (Table 1). However, the
application of the suspension of SWg2 before challenge with P. syringae
(Suspension —2 d) maintained a high level of plant protection since its
control efficacy was still as high as 65.6% (Table 1). Furthermore, the
application of SWg2 (Suspension or Supernatant) had relatively better
control efficacy than streptomycin (Table 1).

3.2. Growth-promoting traits of SWg2 strain on mulberry seedlings

An added benefit of using the SWg2 as a plant inoculant is its ability,
as a cell suspension as well as a cell-free supernatant, to significantly
(P < 0.01) increase the germination rate and germination energy
along with the subsequent development of the seeds as compared with
the sterile water treatment (Table 2). Seedling development, as mea-
sured by plumule length and radicle length, were significantly
(P < 0.01) increased over the sterile water control with SWg2 treat-
ments (Table 2).

Seeds soaked in SWg2 suspensions of different concentrations, were
observed for germination energy as well as germination rate. The most
striking effect was observed only in the treatment with a SWg2 sus-
pension having 10”7 CFU mL ™. It resulted in an increase germination
energy from 70.0% to 81.7%, and promoted the germination rate from



Table 2
Impaction of the endophyte SWg2 to mulberry seeds’ germination and growth.

Treatments Dilution time Germination energy (%) Germination rate (%) Plumule length (mm) Radicle length (mm)
Sterile water - 15.0 = 5.0 51.7 =+ 7.6 39 + 0.8 51 * 1.5
King’s B medium - 70.0 + 17.3 86.7 = 7.6 6.5 + 1.2 11.3 + 2.1
SWg2 suspension (10® CFU mL™ ") 0 60.0 = 13.2 90.0 = 5.0 9.3 + 1.9 18.9 + 3.2"
10 81.7 = 2.9 100.0 + 0.0 101 * 2.2 27.6 = 3.4
100 75.0 + 13.2 85.0 = 15.0 78 + 1.7 18.0 + 31"
1000 66.7 + 2.9 81.7 + 2.9 6.2 + 1.2 15.1 + 2.8"
Swg2 cell-free supernatant 0 53.3 = 11.5 73.3 + 12.6 10.0 + 1.9" 26.8 + 4.0"
100 56.7 + 2.9 76.7 = 2.9 8.4 + 21" 17.5 + 3.9
500 78.3 * 5.8 883 + 7.6 9.8 + 1.8" 202 + 51"

Note: Values are the results of mean plus standard deviation, and "P < 0.05, “P < 0.01, t-Test.

86.7% to 100% as compared with the medium-immersed control (CK)
(Table 2). The SWg2 suspension of 107 CFUmL™! also extremely
(P < 0.01) facilitated the growth of germinated seedlings, since the
plumule length and radicle length of these seedlings increased by 55.4%
(from 6.5 mm to 10.1 mm) and 144.2% (from 11.3 mm to 27.6 mm),
respectively, as compared with CK (Table 2). Except this concentration,
the other density-inoculation tended to show significant (P < 0.01)
increase in radicle length of the seedlings (Table 2).

Likewise, immersion treatment of seeds in cell-free supernatants of
different concentrations, seemly did not stimulate the germination of
seeds but significantly (P < 0.05) increased the plumule length and
radicle length of these seedlings (Table 2). Also noted, with the non-
diluted cell-free supernatant, was the most significant (P < 0.01)
growth promotion function, resulting in an increase in plumule length
by 53.8% (from 6.5 mm to 10.0 mm), and a promotion in radicle length
by 137.2% (from 11.3 mm to 26.8 mm), respectively, when compared
to the medium control (Table 2).

3.3. Colonization and population dynamics of SWg2-gfp in mulberry
seedlings

To examine the localization of SWg2 on/in mulberry seedlings, the
pGFP4412 plasmid containing the gfp gene (gfpmut3a) was transferred
into wild type strain by electroporation resulting in the construction of
the GFP-labeled SWg2-gfp. The SWg2-gfp strain was easily characterized
by its green fluorescence under a fluorescence microscope, and had a
similar growth rate, the same culture phenotype and equally inhibitory
activity on the pathogen as the wild type, indicating the introduced
plasmid did not interfere with the normal growth and metabolism of
SWg2 strain (data not be shown). The hand-cut sections of mulberry
seedlings were detected by using fluorescence microscopy and confocal
laser scanning microscopy at different times after inoculation with
SWg2-gfp. The microscopic image revealed that the control using 0.85%
saline water solution did not exhibit the existence of GFP-tagged bac-
terial cells (Fig. 2A), but there were a few SWg2-gfp cells attached onto
the root surface of mulberry seedling inoculated with GFP-tagged
bacteria of 10 CFU mL ™! just at 2 DPI (Fig. 2B). At the same time,
many GFP-tagged bacterial cells were also observed to adhere along the
root hair and accumulate in microcolonies at the sites of root hair
emergence (Fig. 2C). And at 3 DPI, the rhizodermis showed a dense
colonization pattern that large numbers of the bacteria were found as
microcolonies to colonize the cracks on rhizodermis besides the sites of
root hair emergence, also a few bacterial cells were observed to live in
the intercellular spaces of epidermis or exodermis (Fig. 2D). Moreover
some bacteria progressed towards the cortex of the root simultaneously.
The bacteria congregated in the cellular spaces of exodermis and were
sparsely occurring in cortical parenchyma at 4 DPI (Fig. 2E). At five
days post inoculation, bacteria at the inner root were mostly distributed
on cortical cells and in their intercellular spaces mainly in divergence
(Fig. 2F, G). At 7 DPI, the tagged bacteria were found in cortex and
inner cortex (Fig. 2H, I), and finally they were also discovered in xylem

vessels and pith cells in the central cylinder at 9 DPI (Fig. 2J, K).

The enumeration of SWg2-gfp in roots, stems, and leaves tissues was
recorded by re-isolation and quantification. The amount of bacteria
colonized in root gradually decreased after an initial increase, which
the population once increased to approximately 10° CFU g~ of fresh
root tissue at 3 DPI, then declined slowly to 10®> CFU g~ ! root at 28 DPI
(Fig. 3). The GFP-tagged bacteria were observed in stems and leaves at
7 DPL. The number of bacteria fluctuated within stem was similar to
that in leaf and that both changed gradually from the highest ap-
proximately 107 CFUg™' in stems and 10°CFUg™! in leaves to
108 CFU g™ ! in stems tissue and 10%® CFU g~ ! in leaves at 28 DPI
(Fig. 3). It was possible to re-isolate SWg2-gfp from the inoculated plant
tissues. These tissues showed no visible disease damage indicating that
the SWg2 was a true endophyte spreading from roots to other parts of
mulberry seedlings.

3.4. The effects of SWg2 strain on the growth of silkworm

31 out of 33 experimental silkworms lived, and of these at least 26
of them pupated in the P. agglomerans SWg2 treatment group (Fig. 4A).
The survival rate and the pupation rate were 93.9% and 78.8% re-
spectively in this treatment. Meanwhile, in the sterile water group, 24
among 33 experimental silkworms lived and 20 of them pupated finally
(Fig. 4B). The survival rate and the pupation rate were 72.7% and
60.6% respectively in this group. Overall, the survival rate and pupa-
tion rate of the P. agglomerans SWg2 treatment group were obviously
higher than the control group. Furthermore, almost all dead silkworms
died at the fifth instar stage, the body of the dead silkworm was black
and soft. It thus appeared from this experiment that SWg2 was not
harmful to the silkworm.

3.5. Preliminary exploration of the growth promotion mechanisms of SWg2
strain

The research results of growth-promotion mechanism of SWg2 on
the mulberry seedling showed that the SWg2 strain could promote the
seedling growth through the dissolution of tricalcium phosphate and
IAA production, but the strain could not fix nitrogen. The SWg2 strain
was able to grow and form a halo of phosphate solubilization on PVK
plate (Fig. 5A). The quantitative determination of soluble phosphate
showed that the concentration of soluble phosphate in the PVK liquid
medium increased gradually but the pH declined during cultivation
time, and the highest amount of soluble phosphate was 118.3 ug mL ™!
after cultivation for 8 days (Fig. 5B). The development of a pink color
indicated the production of IAA after addition Salkowski reagent to the
culture filtrate. The IAA synthesis by SWg2 strain was significantly
enhanced in the presence of i-tryptophan that the IAA production in-
creased from 6.6 to 11.7 ug mL ™' at the eighth day within the culture
medium supplemented with this amino acid (Fig. 6). SWg2 was unable
to grow on a nitrogen-free medium plate, and the nifH gene was unable
to duplicate through PCR amplification with its genomic DNA.



Root surface

Fig. 2. Infection and colonization of gfp-tagged P. agglomerans SWg2 in mulberry seedlings. (A) Control of 0.85% saline water inoculation. (B, C) 2 DPI, Root hair and its emerged junction
and root surfaces. (D) 3 DPI, Root hair emerged junction in primary root surface, cracks in rhizodermis and cellular space within epidermis. (E) 4 DPI, Exodermis, cortex and their cellular
space in them. (F, G) 5 DPI, Cortex and inner cortex of primary root. (H, I) 7 DPI, Cortex, inner cortex and their cellular space of primary root. (J) 9 DPI, Xylem vessels in primary root. (K)
9 DPIJ, Pith in the central cylinder. Bacterial cells are indicated by white arrows (B-I) or enlarged (J, K). Note: PR: Primary root. RH: Root hair. Ep: Epidermis. C: Cortex.

4. Discussion

Mulberry bacterial blight also known as mulberry rotten head dis-
ease, caused by Pseudomonas syringae pv. mori, is a serious common
disease worldwide on Morus alba L. (Young et al., 1978, 2001; Kuali,
2012). Increasing concern about the negative impaction of chemicals to
the environment has facilitated an interest in the development of novel
biocontrol methods (Getha et al., 2005). The present study investigated
the control efficacy of the mulberry endophytic bacterium SWg2
against mulberry bacterial blight by pot experiments under greenhouse
conditions. This P. agglomerans SWg2 strain had an effective role on

suppression of bacterial blight caused by P. syringae pv. mori, since
application of the cell-free supernatant or cell suspension of SWg2
strain both had relatively good control on the mulberry blight’s de-
velopment, which was similar or even better than the streptomycin
(100 mg L.™1). Meanwhile, the safety evaluation experiment results
indicated the P. agglomerans SWg2 had no side effects to the silkworm
or its reproduction. On the contrary it showed the capability of pro-
tection the silkworm from the infection of pathogens. The application of
SWg2 on plantlets beforehand or co-inoculation with the pathogen
exhibited a more effective bio-control than the post treatment, sug-
gesting that the SWg2 might represented an excellent competitor for
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Fig. 3. Population dynamics of gfp-tagged P. agglomerans SWg2 in mulberry seedling.

Fig. 4. Evaluation the safety of P. agglomerans SWg2 to the silkworm of the 4th instar. (A)
The pupae of silkworm which were fed the mulberry leaves with P. agglomerans SWg2 six
times at the first and second day of the 4th instar stage. (B) The pupae of the synchronous
feeding control group silkworm which did not be treated by the P. agglomerans SWg2.
Note: Total 33 experimental silkworms in each group, and parts of them died at the 5th
instar stage.

nutrients and niches compared with this pathogenic microorganism,
since the utilization of carbon sources between Pantoea agglomerans and
P. syringae are very much alike (Sammer et al., 2012). While it was
reported that induced systemic resistance (ISR) might be one of the
most important mechanisms of disease suppression triggered by in-
oculation with biocontrol bacteria (De Vleesschauwer et al., 2008;
Kloeppe et al., 1999; Perazzolli et al., 2008; Siddiqui and Shaukat,
2002; Verhagen et al., 2004; Yedidia et al., 2003). We therefore suggest
that induction of resistance in mulberry seedling might be one of the
mechanisms underlying biocontrol by SWg2 strain as well, given that
applied SWg2 prior to the inoculation of P. syringae pv. mori, the SWg2’s

populations were over the threshold necessary to trigger ISR (Siddiqui
and Shaukat, 2002; Yedidia et al., 2003). Furthermore, Giddens et al.
(2003) reported that the antibiotic AGA (alanylgriseoluteic acid) pro-
duced by P. agglomerans EH1087 (Giddens and Bean, 2007) sig-
nificantly contributed to the competition with Erwinia amylovora, the
pathogen caused fire blight in apple and pear. Likewise, antibiotic ac-
tivity was observed by extracting and testing the active component of
SWg2 against pathogenic organism (Xie unpublished). Thus, we spec-
ulate that the disease suppression of SWg2 might also be due to the
production of an antibiotic resulting in antagonistic competition.

In this study, we also demonstrated that the P. agglomerans SWg2
could significantly promote the growth of mulberry seedlings, which
the plumule length and radicle length of plants increased by large ex-
tent compared to the control. It has been reported that some plant
beneficial microorganisms that produce IAA could promote root elon-
gation resulting in shoot growth (Cattelan et al., 1999; Tanimoto,
2005). Sergeeva et al. (2007) confirmed that the inoculation of Pantoea
agglomerans could distinctly stimulate the growth of pea, hyacinth bean
and castor bean, probably due to the production of IAA enhancing the
elongation and differentiation of roots. Our results demonstrated that
SWg2 could synthesize IAA in vitro is consistent with the reports by
Quecine et al. (2012) which indicated that endophytic Pantoea ag-
glomerans 33.1 strain showed the capacity to produce IAA. Pandya and
Saraf (2010) showed that synthesis of IAA in culture broth was largely
dependent on the presence of tryptophan, and the density of IAA pro-
duced was also correlated with the amount of this amino acid. And the
production of IAA by SWg2 was significantly enhanced in the culture
medium containing 1-tryptophan (0.2 g L.™!), which corroborated the
statements above.

Phosphorus is one of most limiting mineral nutrients influencing
seedling development while is commonly in the insoluble existence
such as calcium phosphates in soil, thus usually unavailable to plants
(Rodriguez et al., 2006). Some plant growth-promoting microorganisms
can dissolve mineral P and facilitate P uptake by plants to promote
plant growth (Zaidi et al., 2006). Our results showed the SWg2 could
dissolve tricalcium phosphate significantly, consequently increasing the
amount of soluble phosphate in culture. Simultaneously, it was found
that the pH of culture broth declined gradually during cultivation
period, indicating that some organic acids might be secreted into cul-
ture by SWg2. The release of some organic acids by microorganisms
might be the main mechanism of phosphate solubilization
(Cunningham and Kuiack, 1992). However, unlike the endophytic
Pantoea sp. 9 C (Loiret et al., 2004), P. agglomerans 33.1 (Quecine et al.,
2012) strains of sugarcane and the endophyte P. agglomerans YS19 of
rice (Feng et al., 2006), this P. agglomerans SWg2 strain from mulberry
was negative for nitrogen fixation. This is probably due to strain dif-
ferences and it is not and an unexpected result. Overall, the results
above suggested that the growth-promoting traits of SWg2 is most
likely due to the production of IAA as well as the ability of the strain to
solubilize phosphate.

Many authors (Feng et al., 2006; Quecine et al., 2012) reported that
the plant growth-promoting effect of P. agglomerans was correlated with
its colonization on/in host plants. Rhizosphere colonization is believed
as the critical progress for interaction between beneficial microbes and
plants, contributing to plant growth promotion and suppression of some
pathogens (Bais et al., 2006; Compant et al., 2010, 2005; Zhao et al.,
2011). In this study, we explored the colonization of P. agglomerans
SWg2 in mulberry plants under the combination of GFP-mark tech-
nology with enumeration after re-isolation. The GFP-tagged SWg2 cells
were found attached to the emergence of root hair, root hair surface,
and cracks on rhizodermis, in the form of aggregation, firstly, indicating
that such bacteria might permeate through these import natural sites
into plant. Once the bacteria entered the mulberry root they colonized
the intercellular spaces of cortex and other tissues. Ultimately the
bacterial cells successfully invaded the vascular bundles and spread to
stem and leaf tissues. The population of SWg2-gfp colonized in roots
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Fig. 6. Production of indole acetic acid (IAA) by P. agglomerans SWg2.

was the highest, more than that in stems, and the amount of bacteria
within leaves was relatively the least. To our knowledge, this is the first
report of colonization pattern for endophytic P. agglomerans SWg2 in
mulberry, which is partly similar with other observations for some
biocontrol strains (An et al., 2000; Ji et al., 2010, 2008; Liu et al., 2006,
2003; Meng et al., 2014). Therefore, our data confirmed that the SWg2
strain is an endophyte that can colonize the roots, stems, and leaves of
mulberry plantlets using root immersion.

5. Conclusion

The present research results demonstrated that P. agglomerans SWg2
could successfully colonize different tissues of the mulberry plant. The
data showed the promising beneficial role of P. agglomerans SWg2 on
mulberry plantlets and it was able to effectively suppress the mulberry
bacterial blight, and distinctively promote the growth of seedlings as
well. Thus, P. agglomerans SWg2 was found to be a potentially biolo-
gical control agent for mulberry bacterial blight, and also may act as a
growth promoter.
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