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A total of 84 bacterial endophytes were isolated from seeds of 6 cultivars of ornamental hostas, and they were identified to
5 species based on morphological characteristics and 16S rDNA sequence analysis. Among them, the strain ‘Blu-v2’,
which was isolated from the seeds of cultivar ‘Blue Umbrella’ and identified to be Bacillus amyloliquefaciens, showed
highest antifungal activity and capacity to deter feeding by Fall armyworms (Spodoptera fruigiperda). Lipopeptides in
cultures of Blu-v2 were determined using matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) and its antifungal activities were verified. However, the lipopeptide preparation did not show
toxicity to larvae of Fall armyworms. In a greenhouse experiment, Blu-v2 was inoculated into small plantlets of hosta
(cultivar ‘Rainforest Sunrise’). The leaves of plants with bacteria (endophyte-infected =E+) and without bacteria
(endophyte-free = E—) were used in seven-day feeding experiments employing fourth-instar larvae of Fall armyworms.
We found that there was a significant decrease in the weights of larvae fed with E+ compared to E— plants; and the
mortality rate of larvae fed with E— leaves was lower (3.33%) compared to that of larvae fed with E+ leaves (30%).
Based on our studies, we suggest that endophytic B. amyloliquefaciens strain Blu-v2 has potential value as a

biocontrol agent to reduce damage from fungal diseases and insect pests of hosta cultivars.
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Introduction

Bacterial endophytes live inside plants for at least part
of their life cycle without causing conspicuous symp-
toms (Stone et al. 2000). Although the presence of bac-
terial endophytes in plants is variable and occasionally
transient, they are often capable of enhancing plant
growth and improving their stress tolerance through
production of various metabolites or modulation of
host plant gene expression (Hardoim et al. 2008; Mei
& Flinn 2010; Brader et al. 2014). Endophytic bacteria
are of considerable interest for agricultural, horticultural
and forestry applications. During the past several
decades, numerous studies have been carried out on
plant disease control, growth promotion and biomass
improvement through use of bacterial endophytes, and
many useful strains have been identified, resulting in
several commercial products (Mei & Flinn 2010;
Pérez-Garcia et al. 2011; Alfonzo et al. 2012; Li et al.
2012a).

Bacillus amyloliquefaciens is one of the most common
bacterial endophytes infecting many plants, and due to its
beneficial effect of improving plant disease resistance, it
has gained considerable attention (Sun et al. 2006; Chen
et al. 2009a; Li et al. 2012b; Chen et al. 2013). Previous
studies have demonstrated that various lipopeptides are
among the main metabolites responsible for anti-pathogen
activity of B. amyloliquefaciens (Sun et al. 2006; Ongena
& Jacques 2008; Alfonzo et al. 2012). Besides antibiosis,

lipopeptides may also stimulate ‘induced systemic resist-
ance’ (ISR) in plants (Ongena & Jacques 2008; Choudhary
& Johri 2009). Thus, endophytic B. amyloliquefaciens
should be an ideal biocontrol agent against pathogens
(Koumoutsi et al. 2004). The study of the complete
genome of B. amyloliquefaciens FZB42 revealed that
more than 8.5% of the genome is devoted to synthesizing
various kinds of antibiotics and siderophores by pathways
not involving ribosomes (Chen et al. 2009b). These results
hint that B. amyloliquefaciens may have more ecological
functions than has been previously suspected.

Hostas (Hosta spp.; Asparagaceae) are among the
most popular perennial ornamental plants grown in
urban landscapes. In the USA, the cultivation and pro-
duction of hostas are a multimillion-dollar industry in
which nurseries grow and sell over 500 cultivars of 10
different species and their hybrids. Gardeners grow
hostas because of their attractive leaf shapes, texture
and color, and low maintenance costs. However, there is
a growing concern among the growers and nursery man-
agers about the serious leaf damage caused by fungi,
slugs, nematodes and foliar feeding insects (Wang &
Jeffers 2000; Jagdale & Grewal 2008; Zhen & Agudelo
2012). At the same time, there is increasing reluctance
to apply potentially toxic agrichemicals to control pests
and pathogens in the residential environment.

In order to develop knowledge regarding the potential
of endophytic microbes of hosta that might be used to
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protect hosta plants from fungal pathogens and insect
pests, we initiated studies to identify protective bacterial
endophytes of hostas. In this study, bacterial endophytes
were isolated from seeds of ornamental hosta cultivars.
The strain Blu-v2, which was isolated from hosta cultivar
‘Blue Umbrella’ and identified as B. amyloliquefaciens,
was used to evaluate effects on pathogens and pests.

Materials and methods
Bacterial endophytes isolation and identification

For bacterial endophyte isolation, a total of 180 mature
seeds of 6 hosta cultivars (‘August Moon’, ‘Blue
Umbrella’, ‘Halcyon’, ‘Sum and Substance’, ‘Hinkley
Collection’ and ‘Dandy Lion”) (30 seeds for each culti-
var) were selected at random and washed in running tap
water and processed as follows: the seeds were surface-
disinfected by sequentially dipping into 70% ethanol
(2 min) and 0.5% sodium hypochlorite (2 min), then
washed 3 times in sterile distilled water and dried on auto-
claved paper towels (Li et al. 2012b). Finally, the seeds
were placed in a Petri dish containing trypticase soy
agar (TSA), incubated at 37°C, and checked for bacterial
growth every other day for 20 d. The bacteria growing out
of the seeds were transferred to fresh TSA plates. The
endophyic isolates were sorted into morphotypes by
first matching macroscopically similar colonies in color,
shape, texture and growth rate, then by comparing micro-
scopic characteristics such as cell shape, size, endospore
production. Then, 3-5 isolates of each morphotype
were selected at random and further identified based on
16S rDNA sequence analysis.

Antifungal activity of endophytes

The pathogenic fungi Alternaria alternata, Colletotri-
chum crassipes and Fusarium oxysporum were used in
an antifungal activity test as follows: the bacterial endo-
phytes were streaked to form a cross pattern on potato dex-
trose agar (PDA) plates and incubated at 37°C for 1 d.
Then, the test fungi were inoculated between the cross
arms and incubated at 25°C for 3-6 d, after which inhi-
bition zones were determined. At the same time, nitrogen
fixation ability and seed germination enhancing capacity
(data not shown) were evaluated.

Based on these tests, an endophytic bacterium with
strain designation ‘Blu-v2’, isolated from hosta ‘Blue
Umbrella’, was selected to conduct the following
experiments.

Greenhouse experiments

Small plantlets of hosta (cultivar ‘Rainforest Sunrise’)
were transplanted into 6-inch standard pots containing
a mixture of Canadian sphagnum peat with perlite (7:1
volume, Fafard, Canada). The pots were placed in a
greenhouse at 17°C/16°C day/night cycle, 75% relative
humidity, and a photoperiod of 15h (300 uE). Plants
were watered every other day with tap water and ferti-
lized weekly with Peter’s General Purpose 20-20-20

fertilizer (Grace Sierra Horticultural Products, Milpitas,
CA).

Bacterial endophyte strain Blu-v2 was cultured in
TSA plates at 37°C for 48 h, then washed with sterile
distilled water and diluted to 1x 10> CFUs (colony
forming units) bacterial suspension. Then, the suspen-
sion was sprayed onto surfaces of small plantlets of
hosta until they were wet (the treatment), and plantlets
sprayed with sterile distilled water were used as the
control. Spraying was done 3 times over 45 d (the l1st,
15th and 35th days after transplanting), and 10 replicates
were made. To confirm bacterial colonization inside
inoculated plants, plant leaves were excised on the
18th and 38th days after the first inoculation, and were
washed under running tap water and surface-disinfected
by sequentially dipping into 0.5% sodium hypochlorite
(1 min) and 70% ethanol (2 min). After washing with
sterile distilled water, the leaves were homogenized by
grinding, and diluted suspensions were grown in TSA
medium for detection of the strain inoculated. Coloniza-
tion was confirmed by re-isolation of the strain Blu-v2
from plants.

Feeding tests

Larvae of Fall armyworms (Spodoptera fruigiperda) were
obtained from a commercial supplier. Larvae at the
second- to third-instar arrived in sterilized Bio-Serv Lepi-
doptera diet trays with special food, and remained in the
lab at approximately 22°C until most had developed to
the 4th-instar.

The effect of the bacterial endophyte on insect resist-
ance of hosta was determined through assessing growth
and survival of Fall armyworm (S. fruigiperda) larvae
in ‘no-choice tests’ and in ‘choice tests’. In no-choice
tests, one larva was weighed with a balance up to 0.01
mg and then placed into a 90 mm Petri dish containing
a wet filter paper on the bottom, and leaves of endo-
phyte-infected (E+) and endophyte-free (E—) plants
were put into separate plates and changed every other
day. To maintain humidity in plates, water was added to
the filter paper as needed. Survival was assessed every
day, and larvae were weighed after 7 d. In choice tests,
one leaf blade of an E— plant and one leaf blade of an
E+ plant of the same age were put into a 90 mm Petri
dish together. Then, one 4-5th-instar larva was placed
into the plate. After 36 h feeding, the area of the leaves
eaten by the larva was measured by placing leaves on
graph paper and counting grids (1 mm?) under the con-
sumed part of the leaf. Thirty replicates were made for
each treatment.

Lipopeptide production and MALDI-TOF MS analysis

Blu-v2 was inoculated into a 250 ml flask containing 100
ml of Landy medium, and incubated at 30°C at 150 rpm
for 36 h (Landy et al. 1948). Then, the culture was centri-
fuged at 10,000 x g for 20 min to remove bacterial cells,
and the broth was adjusted to pH 2 with 6 M HCI to pre-
cipitate lipopeptides. Finally, the precipitate was readjusted



226

to pH 7 with 4 M NaOH, and crude lipopeptides were
extracted by ethanol and stored in a refrigerator for later
use (Wang et al. 2010).

MALDI-TOF MS analysis of crude lipopeptides was
performed using an ABI-MDS SCIEX 4800 MALDI-
TOF/TOF mass spectrometer equipped with an N,
laser (337 nm). The sample was 5% serial diluted with
matrix medium (a saturated solution of a-cyano-4-
hydroxycinnamic acid in 50% aqueous acetonitrile con-
taining 0.1% [vol/vol] TFA) before deposition. Data
were acquired at reflector positive mode from 800 to
4000.

Anti-pathogen and anti-insect activity of lipopeptides

The pathogenic fungi A. alternata, C. crassipes,
F. oxysporum were inoculated onto PDA plates as
follows: the fungus was inoculated onto four corners of
a square about 30 mm on a side. Then, 10 pl crude lipo-
peptide solution (1.6 mg/ml) was injected into the
medium between two corners of the square, and the
plate was incubated at 25°C for 3—6 d and the inhibition
was observed.

Leaves of E— plants were dipped in a lipopeptide
water solution (L+) and were used to rear larvae, and E
— leaves dipped in water (L—) were used as controls.
The feeding method was the same as above in no-
choice tests.

Statistical analyses

Student’s #-test was used to compare the difference in
feeding scores in the choice experiments between endo-
phyte-infected (E+) and uninfected plants (E—) leaves,
and larval weight gains between larvae fed with E+ and
E— as well as larvae fed with leaves dipped in lipopep-
tides (L+) and control leaves.

H. Li et al.

Results
Bacterial endophytes and their antifungal activity

Total 84 bacterial endophytes were isolated from 180
seeds of 6 hosta cultivars. They were sorted into six mor-
photypes and were further identified to five species based
on morphological characteristics and 16S rDNA region
analysis (Table 1). Among them, B. amyloliquefaciens
was the dominant species, about 1/3 of the isolates
belonging to it. We found that all B. amyloliquefaciens
isolates, including August-M1 and Blu-v2, showed anti-
fungal activity against three pathogenic fungi and were
capable of growth on Norris Nitrogen-Free Media
(Table 1). The isolates of other species did not exhibit
antifungal activity. Among all isolates, Blu-v2, whose
16S 1DNA region showed 99% identity to
B. amyloliquefaciens in Genbank, showed better antifun-
gal activity and seed germination enhancement than other
strains, was selected for inoculation into hosta to evaluate
its effects on fungal pathogens and insect.

Strain Blu-v2 colonization confirmation

To confirm endophytic colonization of hosta seedlings
with Blu-v2, on the 18th and 38th days after inoculating
seedlings with Blu-v2, we attempted isolation of the bac-
terium from inoculated and non-inoculated plants. Blu-v2
was only re-isolated from the inoculated plants. Blu-v-2
was not obtained from non-inoculated controls.

Feeding tests

In feeding experiments, it was found that there was a signifi-
cant increase in the weights of larvae fed with E— compared
to E+ leaves after 7 d of feeding (¢-test, p =.0057, df=48),
and the average weight of larvae fed with E— was 50.1 +
20.6 mg, but only 35.61 £+ 12.6 mg for larvae fed with E+

Table 1. Characteristics of endophytic bacteria from hosta cultivars.
Antifungal
Characteristics activity
Origin Color/Cell Growth on Taxa (Genebank accession Isolation
Isolate (Cultivar) shape Norris agar F1* F2 F3 number) Frequency (%)°
August- August Moon  white, rod + + + + B. amyloliquefaciens 233
Ml (KM454169)
August- August Moon  white, rod + + + o+ B. amyloliquefaciens 16.7
M2 (KM454170)
Blu-v2 Blue Umbrella  white, rod + + + + B. amyloliquefaciens 30.0
(KM454171)
Halcyon 1 Halcyon white, rod + + +  + B. amyloliquefaciens 36.7
(KM454172)
Sum 1 Sum and yellow, rod + - - - Bacillus aryabhattai 233
Substance
Herl Hinkley yellow, rod + - - - Curtobacterium sp. 10.0
Collection
Wat 2 Dandy Lion white, rod - - - - Enterobacterium sp. 6.7
Iss 2 Dandy Lion pink, rod - - - - Methylobacterium sp. 33

(KM454173)

3F1’ is A. alternata, ‘F2’ is C. crassipes, ‘F3’ is F. oxysporum.
®Isolation Frequency = No. of isolates/30 seeds.
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leaves. In addition, the mortality rate of larvae fed with E+
(30%) was higher than that of E— (3.33%).

In the choice experiments, we found that larvae
tended to prefer E— leaves over E+ leaves, however,
the difference between area consumed on leaf blades
from E+ and E— leaves was not significant (#-test,
p=.1281, df=28). The mean area consumed on leaf
blades from E+ leaves was 228 +38.4 cm?, while, the
mean area consumed on leaf blades from E— plants
was 309 +57.0 cm®.

MALDI-TOF MS identification of lipopeptide products
of Blu-v2

The product patterns determined by MALDI-TOF mass
spectrometry for the crude lipopeptides from cultures of
Blu-v2 are shown in Figure 1. The mass spectra show
that there were three well-resolved groups of peaks at
m/z values between 1000 and 1060, between 1070 and
1150, and between 1420 and 1550. The groups of peaks
could be attributed to the isoform ensembles of surfactins,
iturins, and fengycins by comparing their mass data with
those previously obtained by MS analysis of the lipopep-
tide products of numerous B. amyloliquefaciens and
B. subtilis strains (Vater et al. 2002; Koumoutsi et al.
2004).

Anti-pest activity of lipopeptides

Crude lipopeptides from cultures of Blu-v2 showed
antagonistic activity against three test fungi. However,
the larval feeding test did not show a significant differ-
ence in weight gains between larvae fed with leaves
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Figure 1. MALDI-TOF mass spectrometric of lipopeptide from
Blu-v2. (a) Groups of peaks at m/z values between 1000 and
1150 attributed to the isoform ensembles of surfactins and
iturins and (b) Groups of peaks at m/z values between 1420
and 1550 attributed to the isoform ensembles of fengycins.

dipped in crude lipopeptides and with control leaves
(t-test, p=.3289, df=24).

Discussion

Endophytes of five species were isolated from hosta seeds
of multiple cultivars (Table 1), which indicated that hostas
associate with diverse endophytic bacteria and that those
bacteria transmit through seeds. Among these species,
Bacillus amyloliquefaciens is the dominant endophyte. It
was isolated from five hosta cultivars, but not from cultivar
‘Sum and Substance’. Similarly, B. amyloliquefaciens has
been reported to be an endophyte of numerous plants (Sun
et al. 2006; Choudhary & Johri 2009; Chen et al. 2013;
White et al. 2014).

Previous studies have demonstrated that some isolates
of B. amyloliquefaciens can improve plant disease resist-
ance (Sun et al. 2006; Chen et al. 2013). Consistent with
this, we found that all B. amyloliquefaciens isolates from
hosta showed antifungal activity (Table 1). Surfactins,
iturins, and fengycins represent the well-known biosur-
factant families produced by B. amyloliquefaciens and
B. subtilis strains (Vater et al. 2002; Koumoutsi et al.
2004). Numerous studies have demonstrated that these
lipopeptides possess antagonistic activity —against
various pathogens (Sun et al. 2006; Ongena & Jacques
2008; Alfonzo et al. 2012). In the present study, it was
found that crude lipopeptides from cultures of Blu-v2
showed antifungal activity, and the MALDI-TOF MS
analysis indicated that strain Blu-v2 produced surfactins,
iturins, and fengycins at the same time (Figure 1). There-
fore, lipopeptides are the likely antifungal active metab-
olites of Blu-v2.

In a greenhouse experiment, Blu-v2 was inoculated
into small plantlets of hosta by spraying plants with a sus-
pension of the bacterium. We verified the infection state
of our experimental plants by re-isolation of Blu-v2
from inoculated plants; un-inoculated controls did not
show presence of Blu-v2. It seems clear that Blu-v2
readily colonizes hosta plants. The likely sites of bacterial
entry into the plant include meristems (shoot and root)
and stomata (White et al. 2014). We did not determine
precisely where Blu-v2 was entering hosta tissues.

Our results in the ‘no choice’ feeding tests indicated
that larvae fed with E+ leaves gained less weight than
larvae fed with E— leaves (¢-test, p =.0057, df =48); con-
sistent with this, the mortality rate of larvae fed E+ leaves
was 30%, while larvae fed E— leaves showed only 3.33%
mortality during the course of the experiment. Similarly,
some previous studies found that fungal endophyte-
infected plants reduced insect feeding and inhibited
insect development compared to endophyte-free plants.
For example, Boning and Bultman (1996) found that
S. frugiperda weighed less and took longer to develop
into adults when fed fungal endophyte-infected versus
endophyte-free grass. Crawford et al. (2010) found that
S. frugiperda larval survival was significantly higher on
endophyte-free than on fungal endophyte-infected plants
in two native grass species, and S. frugiperda had signifi-
cantly greater mass when reared on endophyte-free plants.
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In contrast, other studies found that some endophytes did
not appear to reduce feeding by insects; e.g. Crawford
et al. (2010) found that larvae raised on Lolium arundina-
ceum did not differ in mass when reared on fungal endo-
phyte-infected versus endophyte-free plants. Clement
etal. (2005, 2011) also concluded that endophyte infection
does not always confer resistance to insect herbivores.
They suggested that the outcome of an interaction, invol-
ving plant, endophyte and insect, is influenced by host
species or genotype, endophyte species or genotype, and
the insect species.

In choice experiments, we found that larvae tended to
prefer E— plant leaves over E+ leaves. The same phenom-
enon was observed by Clement et al. (2011), where it was
shown that the aphid Rhopalosiphum padi preferred
fungal endophyte-free grass over fungal endophyte-
infected grass in choice experiments. Crawford et al.
(2010) also found that both in the field and in experimen-
tal trials, herbivores showed a significant preference for
endophyte-free plant material for the majority of native
grasses. Our results suggest that development of a
program to select bacterial endophytes to improve hosta
resistance to herbivores and pathogens could yield posi-
tive results if enough endophytes are screened.

Yun et al. (2013) found that the lipopeptide surfactin
showed aphicidal activity. However, in our experiment,
we did not see a significant detrimental effect on larvae
fed with leaves dipped in lipopeptides (L+) (z-test, p
=.3289, df=24). It has been reported that lipopeptide
antagonism is influenced by host species, in some plant
species lipopeptides showed direct antagonism to phyto-
pathogens, but in other plant species, they acted as
plant resistance inducers (Tran et al. 2007; Ongena &
Jacques 2008). Because we did not see direct effects of
lipopeptides on the Fall armyworms, it seems likely that
the lipopeptides produced by Blu-v2 acted as resistance
inducers. In addition, presence of calcium oxalate crystals
in plant tissues has been associated with reduced feeding
and higher mortality for chewing insects (Doege & Korth
2003). Although we could not quantify it, a microscopic
examination of tissues scraped from leaves and stems of
plants infected with Blu-v2 and non-infected controls
suggests that infected plants may have larger and more
numerous calcium oxalate needle crystals (raphides)
than endophyte-free hosta plants. It will require additional
experimentation to determine whether increased calcium
oxalate crystals or another mechanism accounts for anti-
insect effects of Blu-v2.
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