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Abstract

In our previous study, a genetically-modified (GM) rhizosphere bacterium, Pseudomonas putida
strain 101-97 harboring the chitinase-expression vector pKAC9-p07, showed over-production of
chitinase and suppressed the damping-off of cucumber seedlings caused by the plant-pathogenic
fungus Rhizoctonia solani. To assess the effects of the GM bacterium on other soil microorgan-
isms, we monitored the microbial population in the cucumber rhizosphere after inoculation with
the GM bacterium by culture-dependent and -independent methods. In the culture-dependent
analysis, total bacterial and fungal populations in the cucumber rhizosphere did not differ after in-
oculation with either the GM bacterium or its parental strain, P. putida 101R. In the culture-
independent analysis, we determined changes in the microbial communities by PCR-denaturing
gradient gel electrophoresis (DGGE). The DGGE profiles of bacterial 16S rDNA genes differed
significantly depending on whether they had been inoculated with the GM bacterium or its paren-

tal strain, whereas the profiles of fungal 18S rDNA genes remained similar.
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Introduction

The biological control of plant diseases using mi-
croorganisms with antipathogenic activities is one way
to reduce the application of agricultural chemicals for
sustainable  agriculture. Consequently, disease-
suppressive soils, which possess biological activities that
suppress plant diseases, have attracted interest’. Some
forms of disease suppression may be caused by bacteria
of the genus Pseudomonas, which aggressively colonize
root surfaces'. Several fluorescent pseudomonads are
important rhizosphere organisms that can promote plant
growth by suppressing phytopathogenic microorganisms,
producing plant growth hormones, and/or inducing dis-
ease resistance in host plants®***°. To develop effective
strategies to control soil-borne diseases, it is important
to use bacteria that occupy a niche similar to that of the
pathogen in the environment®. In a previous study, we
screened fluorescent Pseudomonas putida strains from

the rhizosphere of cucumber plants and used them as
host strains to construct a genetically-modified (GM)
biological control agent, which harbored an antipatho-
genic gene expression vector. To achieve high antifungal
activity in the biological control agent, we screened for
a strong promoter in Pseudomonas putida strain Paw8
to control the expression of the chi9 chitinase gene®
from the marine bacterium Alteromonas sp. strain 79401
in the antipathogenic gene expression vector, pKAC9-p
07*. Chitinases are useful in the biological control of
soil-borne fungal pathogens because they degrade chitin,
a major component of fungal cell walls®. The GM bacte-
ria were tested for activity against the plant-pathogenic
fungus Rhizoctonia solani, which causes the damping-
off of crop seedlings. The pathogen lives in the rhi-
zosphere of many plants and has significant effects on
crop production, both in the field and under greenhouse
conditions* %, The GM P. putida strain harboring pKAC
9-p07, which could decompose colloidal chitin on agar
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plates, showed significantly increased chitinase activity,
and suppressed the growth of hyphae of R solani as
well as the development of damping-off*.

Although biological control agents with antipatho-
genic activities may have fewer negative impacts on hu-
man health than traditional agrochemicals, concerns
have been expressed about the potential environmental
effects of GM bacteria on rhizosphere microorganism
communities. The aim of this study was to assess the
effects of the GM biological control agent on microbial
diversity in the soil. We used quantitative methods based
on colony isolation on selective agars, and monitored
the 16S rDNA and 18S rDNA DGGE (PCR-denaturing
gradient gel electrophoresis) profiles of rhizosphere soil
samples from cucumber roots.

Materials and methods

1. Bacterial strains, plasmids, culture conditions, and
soils

The bacterial strains and plasmids used in this
study are listed in Table 1. Cells were grown at 30°C
on a Luria-Bertoni (LB) medium. If necessary, kanamy-
cin (50 pg/mL final concentration) and/or rifampicin
(100 pg/mL) were added to the medium. For the selec-
tion and growth of rifampicin mutant strains of P. pu-
tida, cells were grown in a 1/3 KMB medium?® contain-
ing rifampicin. To remove contaminant fungi from un-
sterilized soil samples, we added 100 pug/mL cyclohex-
imide to the medium if needed. The fertilized granulated
soil was bought from Kureha Corporation (Tokyo Ja-
pan), and field soil was collected from a field at the Na-

tional Institute for Agro-Environmental Sciences (NI-
AES) Japan.

2. Population dynamics of P. putida strains in sterile
soil

Strain PawW8?* is a commonly used laboratory strain
of P. putida, while strain 101 had been isolated from
cucumber rhizosphere in our previous study*. The GM
P. putida strains harboring the pKAC9-p07 plasmid,
Paw8-97 and 101-97, showed chitinase production and
suppressed the damping-off of cucumber seedlings in
soils infected with Rhizoctonia solani AG-4". To moni-
tor the population dynamics of the biological control
agents in soil after inoculation, we used the spontaneous
rifampicin-resistant mutants P. putida PaW8R and 101R
as recipients for the chitinase expression vector pKAC9-
p07. Three milliliters of suspensions (approximately 1 x
10% CFU/mL) of P. putida strains 101R-97 or PaW8R-
97 carrying pKAC9-p07 were added to sterilized vials
containing 3 g of soil. The vials were then kept in
28°C. One hour, and 1, 3 and 7 days respectively after
inoculation, 5 mL of sterile water was added to each
vial, and the contents were mixed with a vortex mixer.
The soil suspensions were then diluted and spread on
plates of 1/3 KMB with 100 pg/mL rifampicin to select
rifampicin-resistant colonies, or with 100 pg/mL rifam-
picin and 50 pg/mL kanamycin to select chitinase
plasmid-harboring colonies. Plates were incubated at
30°C for 48 h, before the colonies on the plates were
counted to estimate the P. putida populations.

Table 1. Bacterial strains and plasmids used in this study

Strain/plasmid

Relevant properties and remarks

References

Pseudomonas putida isolates

Paws8 A plasmid-cured strain of P. putida Paw1 Worsey & Williams?*
101 Isolated from cucumber rhizosphere Ohno et al.*
Paw8R Spontaneous rifampicin-resistant mutant of PaWs8 Ohno et al.*
101R Spontaneous rifampicin-resistant mutant of 101 Ohno et al.*
Paws-97 PaW8 harboring pKAC9-p07 Ohno et al.*
101-97 101 harboring pKAC9-p07 Ohno et al.4
PaWw8R-97 PaW8R harboring pKAC9-p07 This study
101R-97 101R harboring pKAC9-p07 This study
Plasmids
pKT230 Km', Sm’ Bagdasarian et al.?
pKAC9-p07 Km', chi9 Ohno et al.4
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Km', kanamycin-resistant; Sm’, streptomycin-resistant; chi9, chitinase gene from Alteromonas sp. 794018;

JARQ 45 (4) 2011



3. Monitoring the colonization of the cucumber
rhizosphere by the GM P. putida

Germinating cucumber seeds (Cucumis sativus L.,
cv. Shimoshiradzu) were soaked in suspensions of P. pu-
tida 101R-97 (approximately 1 x 10® CFU/mL) for 1
hour, and grown in pots with 270 g fertilized granulated
soil (Kureha Corporation) in a closed system green-
house at 25°C. One hour and 1, 3 and 7 days respec-
tively after inoculation, the plants were excavated, and
after shaking off loosely adhering soil, the tightly adher-
ing soil was collected as rhizosphere soil samples. Bulk
soil control samples were taken at distances greater than
7 cm from any roots. The soil suspensions were diluted
and spread on plates of 1/3 KMB with 50 ug/mL kana-
mycin and 50 upg/mL cycloheximide to select
kanamycin-resistant bacteria (plasmid-containing bacte-
ria) in the rhizosphere, or with 100 ug/mL rifampicin,
50 pg/mL kanamycin, and 50 pg/mL cycloheximide to
select kanamycin- and rifampicin-resistant bacteria
(plasmid-containing strains) in the samples. To assess
the potential of bacteria to be transformed with DNA
derived from the GM biological control agents, we in-
oculated soils with DNA (26 ug/g dry soil) extracted
from P. putida 101R-97.

4. Analysis of bacterial and fungal population
dynamics in the rhizosphere after inoculation
with GM bacteria

Germinating cucumber seeds were soaked in sus-
pensions of strains 101R and 101R-97 (approximately 1
x 10% CFU/mL) for 1 hour, and grown in pots with 270
g field soil in a closed system greenhouse at 25°C. One
hour and 2, 7 and 12 days respectively after inoculation,
the plants were excavated, and after shaking off loosely
adhering soil, tightly adhering soil was collected as rhi-
zosphere soil samples. To characterize the population
dynamics of microorganisms, viable bacteria colonies
were counted by a dilution plating technique on a
PTYG! medium with 100 pg/mL cycloheximide. Total
fungal CFUs were determined by dilution plating on
Martin’s rose Bengal medium™.

DNA was extracted from soil samples (400 mg) us-
ing the FastDNA Spin kit for soil (Biol01, Vista, CA,
USA) according to the manufacturer’s recommendations,
except that 16 mg skim milk was added to the soil
slurry. Skim milk had to be used as a competitor during
DNA extraction from certain types of Andisol because
of its high DNA adsorption to clay particles®. Bacterial
16S rRNA genes and fungal 18S rRNA genes were am-
plified from soil DNA by PCR for DGGE. Amplifica-
tion of the DNA was performed with an iCycler™ (Bio-
Rad laboratories, Hercules, CA, USA). The bacterial 16
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S rRNA genes were amplified with the primers GC-338
F*/907R™, and the fungal 18S rRNA genes were ampli-
fied with the primers FF390/GC-FR1% The PCR mix-
tures (50 pL) contained 0.2 umol/L of each primer, 200
umol/L of each dNTP, 1.5 mmol/L of MgSQO., 5 pL of
10 x PCR buffer, 1.0 U of KOD-plus DNA polymerase
(TOYOBO, Osaka Japan), 100 ~ 200 ng of template soil
DNA, and sterile water. The PCR program was as fol-
lows: initial denaturation at 94°C for 2 min, 30 cycles
of denaturation at 94°C for 30 s, annealing at 50°C for
1 min, and extension at 68°C for 1 min. The PCR prod-
ucts were separated by electrophoresis on 1.0% agarose
gels to ascertain their size and quality.

DGGE was performed using the D code system
(Bio-Rad), based on the method of Muyzer et al**. PCR
products were loaded on 6 % (w/v) polyacrylamide gels
(37.5:1, acrylamide: bisacrylamide) in a TAE buffer.
Gels had a denaturing gradient ranging from 45 to 65 %
and from 30 to 55 % for bacterial 16S rDNA and fun-
gal 18S rDNA, respectively (where 100% denaturant
contains 7 M urea and 40 % formamide). Electrophore-
sis was carried out at 60°C and 65 V for 21 h. Gels
were stained with SYBR Green | (1:10,000 dilution;
FMC Bioproducts, Philadelphia, PA, USA) for 30 min,
photographed, scanned, and analyzed with a Molecular
Imager FX (Bio-Rad). Banding patterns of DGGE pro-
files were analyzed to compare changes of microbial
communities after the inoculation of P. putida strains.
The presence or absence of bands was converted into
binary data (1 and O respectively for the presence and
absence of each band). Multidimensional scaling (MDS)
maps were generated using the R software (ver. 2. 4.
1)*® and we generated dissimilarity matrices based on
the Dice index®. Clustering was performed using UP-
GMA (unweighted pair group method using averages)
and the DARwin software 5.07. Bootstrap analyses
were performed using 1,000 replicates.

Results

1. Survival and plasmid stability of GM P. putida
strains in soil

In order to demonstrate biological control activity
in the field, it is necessary for GM bacteria carrying a
vector with an antipathogenic gene to survive in the en-
vironment and maintain the vector with high stability. In
our previous study, we screened the rhizosphere of cu-
cumber plants for fluorescent pseudomonads as potential
vector hosts. In the present study, we compared the sur-
vival rates and plasmid stabilities of the GM P. putida
strain 101R-97 and the typical laboratory strain PaW8R-
97 in sterile soil (Fig. 1). Over 1 week following inocu-

379



K. Yamamoto-Tamura et al.

108

107

106 |

Mean log CFU/g soil

105 |

104

Days after inoculation

Fig. 1. Population dynamics of rifampicin-resistant
bacteria (open symbols) and of bacteria
resistant to both rifampicin and kanamycin
(solid symbols) after inoculation with strain
PaW8R-97 (triangles) or with strain 101R-97
(circles)

Error bars represent standard deviations (n=3).
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Fig. 2. Detection of kanamycin-resistant (open
triangles) and rifampicin- and
kanamycin-resistant bacteria in the rhizosphere
(solid triangles) after inoculation with strain 101
R-97

Error bars represent standard deviations (n=3).

lation, the population level of strain 101R-97 remained
at approximately 107 CFU/g soil, whereas that of strain
PaW8R-97 declined from 107 to 10° CFU/qg soil, indicat-
ing the improved adaptability of strain 101R-97 to the
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Fig. 3. (A) Bacterial and (B) fungal population
dynamics in the rhizosphere after inoculation
with P. putida strains 101R-97 (solid triangles)
101R (open triangles), and without inoculation
(open circles)

Error bars represent standard deviations (n=3).

soil environment compared to the laboratory strain PawW
8R-97. The proportion of plasmid-cured colonies was
given by the number of rifampicin-resistant colonies mi-
nus the rifampicin- and kanamycin-resistant colonies,
while the plasmid-curing rate in strain 101R-97 was sig-
nificantly lower than that in strain PaW8R-97 (Fig. 1).

In the cucumber rhizosphere, the population level
of strain 101R-97 declined from 8x10° to 1 x 10° CFU/
g soil within 7 days, indicating that more than 10% of
the bacteria had survived (Fig. 2). Control samples
taken at a distance of more than 7 cm from any root
contained undetectable levels of GM bacteria, which
evidently did not colonize the soil or transmit genetic
information during the experimental period (data not
shown). After inoculation of the soil with free DNA ex-
tracted from strain 101R-97, no increase of the number
of kanamycin-resistant colonies was observed (data not
shown).
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Fig. 4. Changes in the DGGE profiles of bacterial 16S rDNA (A) and fungal 18S rDNA (B) collected
from rhizosphere soil after inoculation with P. putida strains
The bands of strains 101R and 101R-97 are indicated by black and white arrows, respectively.
Non-GM, inoculation with strain 101R; GM, inoculation with strain 101R-97. 0D, immediately
after inoculation; 2D, 2 days after inoculation; 7D, 7 days after inoculation; 12D, 12 days after
inoculation. Numbers on lanes indicate the trial number.

2. Changes of microbial populationsin the
rhizosphere

Bacterial and fungal CFUs per gram of rhizosphere
soil showed no significant differences when the soil had
been inoculated with P. putida 101R as opposed to
strain 101R-97 (Fig. 3). The populations of bacteria in
the rhizosphere increased for 7 days after inoculation
with P. putida, and then decreased after 12 days. In con-
trast, the population of fungi generally increased during
the entire experimental period. We also characterized
changes in the soil communities following inoculation
with the two P. putida strains by PCR-DGGE analysis
based on bacterial or fungal ribosomal DNA genes, a
method that does not require cultivation of these com-
munities (Fig. 4). The banding patterns obtained were
transformed to numerical data for further statistical
analysis. Two-dimensional plots of MDS scores for 16S
and 18S rDNA are shown in Figs. 5A and 5C, respec-
tively. The closer together the points, the more similar
the DGGE banding patterns they represent. In the MDS
map of the 16S rDNA profiles, the samples from rhi-
zosphere soils inoculated with strain 101R and those in-
oculated with strain 101R-97 were separate (Fig. 5A).
In contrast, their positions in the map of 18S rDNA pro-
files were not clearly distinguished (Fig. 5C). In the
UPGMA dendrogram based on 16S rDNA, samples of
the plots inoculated with strains 101R and 101R-97
were clearly separated into two major clusters (Fig. 5B),
but this was not the case in the dendrogram based on 18

S rDNA (Fig. 5D).
Discussion

In sterile soil, strain 101R-97 showed a higher sur-
vival rate than strain PaW8R-97 (Fig. 1). Strain 101 (a
parental strain of 101R and 101R-97) is an environ-
mental isolate from the rhizosphere of cucumber plants,
whereas strain PaW8 (a parental strain of Paw8R and
PaW8R-97) is a laboratory strain. Thus, the strains de-
rived from 101 might be better adapted to soil environ-
ments than derivatives from the laboratory strain PawWs8.
Obviously, biological control agents need to survive in
the soils to which they are applied. To efficiently sup-
press the damping-off of cucumber seedlings caused by
Rhizoctonia solani, strain 101R-97 must survive in cu-
cumber rhizosphere for almost one week after inocula-
tion, because cucumber seedlings are most sensitive to
the pathogen in the early growth stages. In our experi-
ments, about 10% of the inoculated strain 101R-97 sur-
vived for one week, as opposed to only 1% of the labo-
ratory strain PaW8R-97 (Fig. 1). In addition, the plas-
mid (pKAC9-p07) stability in strain 101R-97 (the ratio
of kanamycin- and rifampicin-resistant CFUs compared
to rifampicin-resistant CFUs) was higher than in strain
PaW8R-97 (Fig. 1). Presumably for these reasons, strain
101R-97 previously showed significant disease-
suppression activity. We conclude that strain 101 is a
promising material for the creation of efficient biologi-
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Fig. 5. Two-dimensional plots of MDS analyses of the
DGGE profiles of 16S rDNA (A) and 18S rDNA
(C), and dendrogram cluster analyses
(UPGMA) of the profiles of 16S rDNA (B) and
18S rDNA (D)

Open circles, immediately after inoculation
with strain 101R; open triangles, 2 days after
inoculation with strain 101R; open squares, 7
days after inoculation with strain 101R; open
diamonds, 12 days after inoculation with
strain 101R; closed circles, immediately after
inoculation with strain 101R-97; closed trian-
gles, 2 days after inoculation with strain 101
R-97; closed squares, 7 days after inoculation
with strain 101R-97; closed diamonds, 12
days after inoculation with strain 101R-97.
Numbers next to the symbols indicate the trial
number. Scale bars under the dendrograms in-
dicate the distance between data points.

cal control agents.

Conversely, to minimize the effects on the natural
environment, long-term survival of GM bacteria is not
desirable. Kanamycin- and rifampicin-resistant bacterial
populations in sterilized soil declined constantly to 10°
CFU/g soil (1 % of the initial population) at 38 days af-
ter inoculation (data not shown). Strain 101R-97 did not
diffuse easily in soil, as kanamycin- and rifampicin-
resistant bacteria in bulk soil (at a distance of 7 cm
from cucumber seedlings) were not detected during the
incubation period (data not shown). Furthermore, the
potential for genetic transformation in the soil environ-
ment seemed very low (data not shown).
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The effect of the inoculation of strain 101R-97 on
the community structure of bacteria measured by PCR-
DGGE differed from that of fungi. In PCR-DGGE
analyses targeting bacterial 16S rDNA, the profiles in
the soil inoculated with the strain 101R-97, differed
from that with strain 101R (Fig. 5). Conversely, no sig-
nificant differences in terms of bacterial CFUs per gram
of rhizosphere soil were observed by plating (Fig. 3),
suggesting that the inoculation of strain 101R-97
changed only the member of bacteria in the rhizosphere
soil. Chitinase produced by strain 101R-97 might
change the nutritional conditions in the rhizosphere soil
by supplying nutrients derived from chitinous com-
pounds (fungal mycelia and arthropod exoskeletons con-
tained in the field soil), a condition to which the com-
munity structure of bacteria might respond sensitively.
Further analyses are necessary to understand the mecha-
nism of the change in the bacterial community structure
by inoculation with the GM bacterium.

In contrast to the case of bacteria, no differences
were observed between the rhizosphere soil inoculated
with strain 101R-97 and that with strain 101R, in either
the fungal CFUs or the PCR-DGGE patterns of the fun-
gal community, despite the cloned gene in strain 101R-
97 being for an antifungal enzyme. These observations
indicated that chitinase produced by strain 101R-97 may
not be strong enough to affect the biodiversity and total
biomass of the fungi in the rhizosphere, and/or the fun-
gal community in the soil may not be so sensitive to the
change of nutrient condition as bacteria. In the previous
study, however, strain 101R-97 successfully suppressed
the damping-off of cucumber seedlings in soils infected
with the plant-pathogenic fungus Rhizoctonia solani®.
Strain 101R-97 may block the colonization of the patho-
gen to the cucumber root. Analogous results were re-
ported in the case of another GM biocontrol agent P.
fluorescens. This agent producing an antifungal com-
pound, phenazine-1-carboxylic acid (PCA) could sup-
press the damping-off caused by Pythium spp. No struc-
tural changes in the microbial community were ob-
served following inoculation with the agent, whereas the
inoculation had only a transient impact on mycorrhizal
associations in established plant communities®.

The data presented in this work indicate that the
impact of strain 101R-97 on the environment was rela-
tively small. However, this strain showed a higher sur-
vival rate than that of a laboratory strain, indicating that
further genetic manipulation, such as the introduction of
suicidal genetic elements'?, might be required.
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