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Abstract The primary mechanism of biocontrol by
Pseudomonas fluorescens strains HC1-07 and HC9-
07 is production of a cyclic lipopeptide (CLP) and
phenazine-1-carboxylic acid, respectively. We introduced
the seven-gene operon for the synthesis of phenazine-1-
carboxylic acid (PCA) from P. synxantha 2-79 into
Pseudomonas fluorescens HC1-07rif to determine if the
biocontrol activity of the recombinant strain HC1-07PHZ
increased against Gaeumannomyces graminis var. tritici,
causal agent of take-all disease of wheat. In vitro inhibition
assays showed that strain HC1-07PHZ consistently
inhibited the hyphal growth of three isolates of the take-
all pathogen on plates of both PDA and KMB, and the
recombinant consistently inhibited G. graminis. var. tritici
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to a greater extent than the wild type. Strain HC1-07PHZ
applied at a dose of 10> CFU seed ' suppressed take-all
better than strains HC1-07rif and HC9-07rif applied either
individually or in combination. When the dose of the
bacteria was increased to 10 CFU seed ', the strain com-
bination HC1-07rif + HC9-07rif showed significantly
better disease suppression than did HC1-07rif, HC9—
07rif or HC1-07PHZ applied individually. However,
when the bacterial dose was increased to 107 CFU seed !,
strains HC1-07rif and HC1-07PHZ showed significantly
better disease suppression than HC9—07rif and the combi-
nation HC1-07rif + HC9—07rif.

Keywords Cyclic lipopeptide - Gaeumannomyces
graminis var. tritici - Biological control - Phenazine

Introduction

Take all, caused by Gaeumannomyces graminis var.
tritici (Sacc.) von Arx & Olivier var. tritici Walker
(G. graminis var. tritici), is considered one of the most
important root diseases of wheat in the USA and world-
wide (Ramsey 2001; Cook 2003; Freeman and Ward
2004; Kwak et al. 2009; Weller 2015). Crops including
barley, rye and triticale are also susceptible to
G. graminis var. tritici. Take-all is controlled by crop
rotation and tillage, but the modern farming practices of
using less tillage for erosion control, and growing sev-
eral crops of wheat or barley before a break, greatly
exacerbate the incidence and severity of the disease.
Take-all can also be controlled by take-all decline
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(TAD), which is the spontaneous decrease in the inci-
dence and severity of take-all that occurs with monocul-
ture of wheat or barley after a severe outbreak of the
disease (Weller 2015; Weller et al. 2002). TAD fields
owe their suppressiveness to a build-up of pseudo-
monads in the Pseudomonas fluorescens group
(Loper et al. 2012) that produce the antibiotic
2,4-diacetylphloroglucinol (DAPG) (Raaijmakers
et al. 1997; Weller et al. 2002; Weller 2015).
Beneficial bacteria have been studied intensively as
biocontrol agents against soilborne diseases (Weller
2007; Weller and Thomashow 2015), and fluorescent
Pseudomonas spp. are one of the most extensively
investigated groups (Weller 2007). Pseudomonads are
well adapted to colonizing roots and the rhizosphere,
and they suppress disease by a wide variety of mecha-
nisms (Pieterse et al. 2014; Weller 2007) but especially
important are the production of antimicrobial metabo-
lites. Antibiotics such as DAPG, pyrrolnitrin,
pyoluteorin, phenazines and lipopeptides (LPs) are com-
monly produced by some of the most effective biocon-
trol pseudomonads both in culture (Raaijmakers et al.
2002; Raaijmakers et al. 2009; Raaijmakers et al. 2010;
Haas and Defago 2005; D’aes et al. 2010; Wang et al.
2014) and in the rhizosphere (Kwak et al. 2012;
Mavrodi et al. 2012). Phenazines are a diverse and
colorful group of secondary metabolites of bacterial
origin that have a broad spectrum of activity and func-
tion in the biocontrol of a wide range of plant pathogens
including Rhizoctonia root rot of bean, take-all of wheat,
Fusarium wilt of flax, Pythium myriotylum on cocoyam,
and stem rot disease of groundnut (Tambong and Hofte
2001; Chin-A-Woeng et al. 2003; Weller et al. 2007;
Mazurier et al. 2009; D'aes et al. 2011; Mavrodi et al.
2010, 2013; Le et al. 2012). One of the most widely
studied phenazine producers is strain P. synxantha 2—79
(formerly known as P. fluorescens 2—79) (Parejko et al.
2012, 2013). Strain 2—79 produces the simplest of the
phenazines, phenazine-1-carboxylic acid (PCA), which
provides suppression of take-all (Thomashow and
Weller 1988). PCA-producing strains are widely distrib-
uted on the roots of dryland wheat in the Pacific
Northwest of the USA and the antibiotic accumulates
on the roots (Mavrodi et al. 2012). Yang et al. (2011)
conducted a survey of pseudomonads in Chinese wheat
fields and unexpectedly found that PCA-producing
Pseudomonas spp. exemplified by P. fluorescens
HC9-07 were abundant on wheat, were phylogenetical-
ly similar to 2—79, produced PCA in the rhizosphere,
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and controlled take-all with PCA providing the
suppression.

Cyclic lipopeptides (CLPs) are versatile molecules
with antimicrobial, cytotoxic, and surfactant properties
produced by a variety of bacterial genera including
Pseudomonas spp. associated with plants (Raaijmakers
et al. 2010). Many studies have demonstrated the in-
volvement of biosurfactants in biological control of
plant pathogens (Tambong and Hofte 2001; Tran et al.
2007; D'aes et al. 2011; Le et al. 2012; Olorunleke et al.
2015; Nam etal. 2016). Yang et al. (2014) showed that a
viscosin-like CLP was the primary mechanism of sup-
pression in the biocontrol of take all on wheat by
P. fluorescens strains HC1-07, however the viscosin-
like CLP appeared to have less of a role in the control of
Rhizoctonia root rot. This strain was isolated from the
same field from which the PCA producer HC9-07 was
isolated. Perneel et al. (2008) demonstrated that both
phenazines and biosurfactants in Pseudomonas
aeruginosa PNA1 were important in the biocontrol of
Pythium splendens on bean and Pythium myriotylum on
cocoyam. A biosurfactant-deficient mutant and a
phenazine-deficient mutant of PNAT1 applied individu-
ally did not suppress disease, but when the two mutants
were concurrently introduced in the soil, the biocontrol
activity was restored to wild-type levels. Xu etal. (2011)
demonstrated the involvement of CLPs during
Pseudomonas CMR12a-mediated biocontrol of
Rhizoctonia root rot of bean. Olorunleke et al. (2015)
further investigated the interplay of phenazines and
CLPs (orfamides and sessilins) produced by CMR12a
in two pathosystems: damping-off disease on Chinese
cabbage (Brassica chinensis) and root rot disease on
bean (Phaseolus vulgaris L.). They found that on cab-
bage, phenazines alone were sufficient to suppress
Rhizoctonia damping-off, whereas the co-production
of the two CLPs was required for disease suppression
in the absence of phenazines. In contrast, in the
Rhizoctonia root rot of bean pathosystem, the co-
production of phenazines, sessilins and orfamides was
important for effective disease suppression. These re-
sults suggest that for suppression of some diseases and
on some crops, CLPs and phenazines operate in concert
to promote disease control.

Our observations that both CLP- and PCA-producing
pseudomonads are common in Chinese wheat fields
(Yang et al. 2011, 2014; Yang 2011) and that these
metabolites play a key role in the biocontrol of take-all
by the Chinese strains HC1-07 and HC9-07, prompted
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us to determine whether combining the two biocontrol
traits into a single strain of Pseudomonas would en-
hance the biocontrol activity of the recombinant against
G. graminis var. tritici. We stably introduced phenazine
biosynthetic operon from P. synxantha 279 into HC1—
07 and showed a significant increase in biocontrol ac-
tivity against take-all as compared to the wild-type
strain. However, the activity was affected by the bacte-
rial dose applied to the wheat seed.

Material and methods
Bacterial strains, plasmids and fungi

Strains and plasmids used in this study are listed in
Table 1. Escherichia coli strains were routinely grown
at 37 °C on Luria-Bertani (LB) agar or broth (Ausubel
et al. 2002). The spontaneous rifampicin-resistant deriv-
ative of P. fluorescens HC1-07 and HC9-07 with
growth characteristics similar to those of wild-type
strains were used through this study. Pseudomonas
strains were cultured on King’s medium B (KMB) or
M9 media at 27 °C (King et al. 1954; Ausubel et al.
2002). When needed, antibiotics were used at the fol-
lowing concentrations: chloramphenicol (13 pg ml™"),
tetracycline (25 pg ml "), ampicillin (40 pg ml™"), cy-
cloheximide (100 pg ml™"), kanamycin (100 pug ml™")
and rifampicin (100 pug ml™") (Table 1). All bacteria
were stored at —80 °C in LB broth supplemented with
40% (vol/vol) glycerol. G. graminis var. tritici isolates
LD5, ARS-A1, and R3-111a-1 (Kwak et al. 2012) were

grown on commercial or home-made one-fifth-strength
potato dextrose agar (1/5 PDA) (Yang et al. 2011).
Briefly, the commercial PDA was made from potato
dextrose broth (Becton Dickinson, Sparks, MD) with
agar (15 g/L) and adjusted to pH 6.5. To prepare home-
made PDA, diced potato (200 g) was cooked in water in
a microwave for 15 min, the resultant broth was strained
and brought to 1 1, then supplemented with dextrose
20 g, and agar 15 g. The pH was adjusted to 6.5, then the
medium was autoclaved. Fungi were stored at 4°Con
1/5-strength PDA and amended with rifampicin (100 pg
ml™") (Kwak et al. 2009).

Construction of recombinant phenazine-producing
derivatives of P. fluorescens HC1-07rif

The phenazine biosynthetic operon phzABCDEFG from
P. synxantha 2—79 was cloned into pUC18Sfi (Mavrodi
et al. 1998), and then moved into the Sfil site of a mini-
Tn5Kml, yielding pUTKm-phz. This plasmid was
transformed into E. coli S17-1, and mobilized into
P fluorescens HC1-07rif by using a biparental filter
mating technique (Huang et al. 2004). Transformants
were selected on M9 minimal medium supplemented
with kanamycin, and isolates containing presumptive
transposed phz genes in genomic DNA were transferred
ten times on King’s Medium B agar to assure the stabil-
ity of kanamycin resistance in the isolates. Isolates also
were compared morphologically to the wild type. The
insertion of phz genes in each of the recombinant clones
was confirmed by PCR with phenazine-gene primers
Ps upl and Ps_lowl (Mavrodi et al. 2001) and

Table 1 Bacteria and plasmids

used in this study Organism, strain or Genotype/characteristics Source/reference

plasmid

Pseudomonas fluorescens
HC1-07 CLP* Yang et al. 2011
HC9-07 PCA™*
HC1-07rif Rif" CLP* Yang et al. 2011
HC1-07PHZ Rif' CLP*PCA+ This study
HC9-07rif Rif" PCA+ Yang et al. 2011

Escherichia coli

DHS5«x F endAl hsdR17 supE44 thi-1 gyrA96 relAl
AargF-lacZYA U169 ®80d lacZAMI15 A-

thi pro hsdR hsdM recA rpsL RP4-2 Tet"::
Mu Kan"::Tn7 Apir, phzABCDEFG

S17-1 (phz)

Laboratory collection

Huang et al. 2004
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phenazine production was confirmed by thin layer chro-
matography (TLC) plates. Growth kinetics of wild-type
HC1-07 and its PCA-producing derivatives were
compared in M9 and KMB broth in vitro (Huang
et al. 2004).

In vitro inhibition of fungal pathogens

Inhibition of the growth of G. graminis var. tritici iso-
lates LD5, ARS-A1, and R3-111a-1 (Kwak et al. 2012)
by HC1-07rif, HC9-07rif and the HC1-07 PCA-
producing derivative HC1-07PHZ were tested on
homemade potato dextrose agar (PDA) and KMB agar
plates (Yang et al. 2011). Briefly, a 0.5-cm plug from the
leading edge of a culture of G. graminis var tritici
grown for 5 days at 24 °C on 1/5-strength PDA was
placed in the center of the plate. After that, 5-ul drops
from an overnight culture of each bacterium grown in
KMB broth were spotted 1 cm from the edge of a Petri
dish and allowed to soak into the agar (four spots per
plate, each spot represents one isolate). Control plates
were inoculated only with G. graminis var. tritici iso-
lates. Plates were incubated at 24 °C and scored after
7 days by measuring the distance between the edges of
the bacterial colony and the fungal mycelium. Each
bacterial treatment was replicated three times and a
single plate served as a replicate (Yang et al. 2011).

Isolation and detection of phenazine-1-carboxylic acid
(PCA) in vitro

Extraction of PCA from P, fluorescens HC9-07 and the
PCA-producing recombinant of HC1-07 (HC1—
07PHZ) was conducted as described by Yang et al.
(2011). Briefly, HC9-07 and HC1-07PHZ were grown
with shaking in test tubes containing 5 ml of LB broth
supplemented with 0.2% glucose or KMB broth at
28 °C for 48 h. Cells were removed by centrifugation
(5000 rpm for 5 min) and the culture supernatants were
acidified with 45 ul of 10% trifluoroacetic acid. PCA
was extracted twice with 10 ml of ethyl acetate. Organic
phases were pooled and evaporated to dryness, and
residues were suspended in methanol. PCA was detected
by thin-layer chromatography (TLC). Twenty pl of
methanol was added to the residue, the tubes were
shaken to dissolve it, and 2 ul of each sample was
loaded onto a Uniplate Silica Gel GHLF plate
(Analtech, Inc., Newark, DE, USA). The plate was then
placed in a glass tank containing a mix of benzene/acetic
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acid (95:5 by volume) and allowed to develop for 1 h.
PCA was visualized by UV irradiation at 256 nm and
migration on the plate was compared to a standard of
pure PCA.

Preparation of oat-kernel inoculum of G. graminis Var
tritici

Inoculum of G. graminis vart tritici was prepared as
described by Yang et al. (2011). Briefly, 250 ml of
treated whole oat grains plus 350 ml of water were
combined in a 1-] flask and autoclaved for 90 min twice
on two successive days. Sterile oat grains were inocu-
lated with agar disks of G. graminis var. tritici strain R3-
111a-1. After 3—4 weeks of growth at room temperature,
the contents of each flask were removed, air dried on
paper in a laminar flow hood, and stored at 4 °C.

Bacterial treatment of wheat seed

For biocontrol tests in the greenhouse, wheat seeds (cv.
Penawawa) were coated with bacteria at doses of ap-
proximately 10%, 10*, or 10" CFU/seed as described
previously (Yang et al. 2011). Briefly, KMB plates were
spread-inoculated with the test bacterium and incubated
for 48 h at room temperature. Wheat seeds were thor-
oughly mixed with an appropriately-diluted cell suspen-
sion in 1% methylcellulose (MC) in a tube, and air-dried
for several hours in a laminar flow hood. The final
density of bacteria was checked at each inoculum den-
sity. Since, in previous experiments we found that con-
trol treatments of seeds coated with or without MC did
not differ, we used non-MC coated seeds in this study.

Take-all biocontrol assay

A tube assay previously described by Yang et al. (2011)
was used to determine the biocontrol activity of the
bacterial strains against take-all. Briefly, plastic tubes
(2.5 cm diam., 16.5 cm long), each with a hole at the
bottom, were supported in a hanging position in racks
(200 cones per rack). A cotton ball was used to plug the
hole and then the tubes were filled with a 6.5-cm-thick
column of sterile vermiculite followed by 10 g of air-
dried and sieved Quincy Virgin soil (Shano sandy loam
from a non-cropped virgin site near Quincy, WA).
G. graminis var. tritici R3-111a-1 was blended into the
soil as colonized oat kernels that had been pulverized in
a blender and sieved into fractions of known particle
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sizes. The fraction 0.25-0.5 mm in size was added to the
soil at 0.7% (w/w). Three wheat seeds treated with
bacteria as described above were placed in each tube
and covered with a 1.5-cm-thick topping of vermiculite.
Each tube received 10 ml of water and then tubes were
covered with plastic. The rack of tubes was incubated at
15-18 °C in a dark/light cycle of 12 h. After the plastic
was removed, each cone received 10 ml of water and
diluted (1:3, v/v) Hoagland’s solution (macroelements
only) twice and once per week, respectively. As a con-
trol, we used non-MC coated seeds in this study. Each
replicate of a treatment consisted of five tubes and each
treatment was replicated at least three times for a total of
15 tubes. Treatments were arranged in a randomized
complete block design and the experiment was repeated
three times. After 34 weeks, plants were removed from
the tubes, the roots were washed free of soil, and plants
were evaluated for disease severity on a scale of 0—8 as
previously described (Pierson and Weller 1994; Huang
et al. 2004), where 0 = no disease evident, 8 = plants
dead or nearly so.

Rhizosphere colonization assays

Strains HC1-07rif, HC9-07rif, HC1-07PHZ and a
combination of strains HC1-07rif and HC9—-07rif (1:1)
were tested for the ability to colonize the rhizosphere of
wheat grown under controlled conditions. Bacterial in-
ocula were prepared and suspended in a solution of 1%
methyl cellulose and then added to Quincy virgin soil
(Shano sandy loam) as previously described (Landa
et al. 2002; Yang et al. 2011) to obtain 10* CFU gﬁl of
soil. Control treatments consisted of soil amended only
with a 1% methylcellulose suspension. The density of
each introduced strain was determined by assaying 0.5 g
of inoculated soil as described below. Spring wheat (cv.
Penawawa) seeds were pre-germinated on moistened
sterile filter paper in Petri dishes for 24 h in the dark,
and were sown (six seeds per pot) in square pots (height,
6.5 cm; width 7 cm) containing 200 g of the Quincy
virgin soil inoculated with one or two bacterial strains
(Landa et al. 2002). Each treatment was replicated six
times and each pot served as a replicate. Wheat was
grown in a controlled environment chamber at 15 °C
with a 12-h photoperiod. After 3 weeks of growth, the
roots were harvested and immediately processed, and
the population density of each bacterial strain was de-
termined by the dilution-endpoint assay as described by
Mavrodi et al. (2006). Briefly, for each replicate pot, the

roots plus adhering rhizosphere soil from three plants
were excised, individually placed in 10 ml of sterile
water, vortexed for 1 min and then sonicated in an
ultrasonic bath (Bransonic 521; Branson, Shelton, CT)
for 1 min. Each plant was processed separately. The root
washings were serially diluted in 96-well microtiter
plates prefilled with 200 pl of sterile water per well
and then 50 pl was transferred into 96-well microtiter
plates containing 1/3-strength KMB broth supplement-
ed with rifampin, cycloheximide, ampicillin, and chlor-
amphenicol. Bacterial growth was assessed after 72 h of
incubation at room temperature with a microplate spec-
trophotometer (MR5000; Dynatech Laboratories,
Burlington, MA) and an OD600 of >0.1 was scored as
positive (McSpadden Gardener et al. 2001). In mixed
inoculations the two different populations were identi-
fied by PCR with Ps upl/Ps lowl (Mavrodi et al.
2001) and viscB1/viscB2 primers (Yang et al. 2014)
for detecting HC9—-07rif and HC1-07rif, respectively.
Population densities of total culturable aerobic hetero-
trophic bacteria were determined by performing the
same assay in one-tenth-strength TS broth (1/10x
TSB) supplemented with cycloheximide (McSpadden
Gardener et al. 2001). The experiment was repeated
three times with similar results.

Statistical analyses

Plant heights and rating of diseased roots were com-
pared with STATISTIX (version 8, Analytical Software,
St. Paul, MN). Differences among treatments were de-
termined at each bacterial dilution by standard one-way
analysis of variance (ANOVA), and mean comparisons
among treatments were performed by using Fishers
protected least significant difference (LSD) test at
P =0.05 or Kruskal Wallis test at P = 0.05. Bacterial
population densities were log transformed before statis-
tical analysis.

Results

Selection and characterization of recombinant strains
Recombinant colonies resulting from the mating of
P. fluorescens HC1-07rif with E. coli S17-
1(Apir)(pUTKm-phz) were selected on M9 agar con-

taining kanamycin. Twenty colonies were initially iso-
lated and the clone designated HC1-07PHZ was
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selected for further study. It remained kanamycin-
resistant after 10 successive transfers on KMB agar
and did not differ morphologically from the wild type
strain. It also maintained the same growth rate as the
wild type. The presence of the introduced phenazine
biosynthesis genes was confirmed by PCR with the
phenazine-specific primers PHZ1 and PHZ2 (Delaney
et al. 2001). The HC1-07PHZ recombinant strain pro-
duced both CLP and PCA in vitro as confirmed by the
drop collapse test (Yang et al. 2014) and by thin-layer
chromatography (TLC), respectively (results not
shown).

In vitro inhibition of fungal pathogens

In vitro inhibition analyses of G. graminis var. tritici
isolates LD5, ARS-A1 and R3-111a-1 were conducted
on KMB and PDA media. The recombinant strain HC1—
07PHZ was more inhibitory to the three G. graminis var.
tritici 1solates on both media than was strain HC1-07,
except that both strains inhibited isolate R3-111a-1 on
PDA to the same extent (Table 2). Also strain HC1—
07PHZ produced larger zones of inhibition on PDA
medium against the three pathogens than did the natural
PCA-producing strain HC9-07 (Table 2). In the control
treatment with no bacteria, G. graminis var. tritici grew
normally and reached the edge of the Petri plate (4.5 cm)
after 7 days.

Suppression of take-all disease
All strains and strain combinations (HC1-07rif, HC1—

07PHZ, HC9-07rif and HC1-07rif + HC9-07) at all
doses (102, 10*, and 10" CFU/seed) suppressed take-all

Table 2 In vitro inhibition of G. graminis var. tritici isolates by
P, fluorescens HC1-07, HC9-07 and HC1-07PhZ

Treatment G. graminis var. tritici isolates
LD5  ARS-Al R3-111a-1
KMB PDA KMB PDA KMB PDA
HC1-07 +* + + + + ++
HC9-07 ++ + ++ + ++ +
HCI-07PHZ ++ ++ ++ ++ ++ ++

# “4” means zone of inhibition of >0—5 mm, “++” means zone of
inhibition of 5—-10 mm, “4++” means zone of inhibition of

”»

>10 mm, and “-” means no inhibiton

@ Springer

on wheat as compared to the non-treated control (Fig. 1).
At a dose of 10> CFU per seed the recombinant strain
HC1-07PHZ suppressed G. graminis vat. tritici signif-
icantly better than did the wild type strain HC1-07rif,
but at doses of 10* and 10’ CFU/seed the wild-type and
recombinant strains were not different. At a dose of
10* CFU/seed, the combination of strains HC1-07rif +
HC9-07rif reduced take-all significantly better than the
other strains applied individually. At a dose of 10’ CFU/
seed, strains HC1-07rif and HC1-07PHZ applied indi-
vidually showed significantly better disease suppression
than the treatments HC9-07rif and HC1-07rif + HC9—
07. Biocontrol activity, as determined by measurements
of shoot length, was in general agreement with those of
disease ratings (Fig. 2). Overall, better disease suppres-
sion increased with the dose of the bacteria (Figs. 1 and
2).

Bacterial population densities in the rhizosphere
of wheat

Strains HC1-07rif, HC9-07rif, HC1-07PHZ, and the
combination of HC1-07rif + HC9—07rif were applied to
the soil at a concentration of 10* CFU/g soil (Table 3).
Three weeks after planting, the population density of
HC1-07rif reached log 7.4 CFU g ' root, a level that
was significantly higher than the populations of the
other treatments, which ranged from log 6.6 to log
6.9 CFU g ' root, but were not significantly different.
When HC1-07rif and HC9-07rif were introduced to-
gether, the population densities of each strain on the
roots did not differ significantly (Table 3). The popula-
tion densities of the total culturable aerobic bacteria in
the rhizosphere ranged from log 8.5 to log 8.9 CFU g !
root but did not differ significantly among any of the
treatments (Table 3).

Discussion

During the last four decades, thousands of biocontrol
agents (BCAs) have been tested on hundreds of plant
diseases. Although the use of biocontrol technology still
remains a small fraction of that of chemical pesticides,
the number of new BCAs, their performance, and ac-
ceptance by farmers continues to increase. However,
there are several chronic problems that need to be over-
come before the use of biocontrol technology can reach
its full potential as an integral component of modern
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Fig. 1 Suppression of take-all by

HC1-07rif, HC9-07rif, the

combination HC1-07rif + HC9—

07rif, and HC1-07PHZ. Strains

were applied at a concentration of

10%, 10%, 107 CFU/seed in 1% 7

s HC1-07rif
HC9-07rif

s HC1-07rif+tHC9-07rif
HC1-07PHZ

methylcellulose. Wheat seeds of
the Control treatment were not
inoculated with bacteria (0
Bacterial dose). All bars at the 0
dose represent the same control.
Disease rating was evaluated

3 weeks after planting. Bars with 5
the same letters at the same dose
are not significantly different by
Kruskal-Wallis all-pairwise
comparison test (P = 0.05)

Rating

>
1>

B B
BCBC B
B BCD

agriculture. The first problem is inconsistent perfor-
mance. Why a BCA suppresses a disease in one field
or year but not in the next is an important unanswered
question. A second problem is the narrow spectrum of
activity of most BCAs. An agent may be effective
against a single disease, but often a disease complex
must be controlled. Thirdly, BCAs usually operate over
a narrower range of environmental conditions and thus
are more sensitive to environmental extremes than
chemicals (Weller and Thomashow 2015).

Genetic engineering offers an approach to enhance
the consistency of performance, spectrum of activity
and colonizing ability of BCAs. All mechanisms of
biocontrol have been targeted for improvement (Weller
and Thomashow 2015). Antibiotics produced by
Pseudomonsas spp. are not only important mechanisms
of biocontrol (Haas and Defago 2005; Weller et al.
2007), but their biosynthesis genes have been the ones
most frequently used to generate recombinant agents
(Weller and Thomashow 2015). In our previous study,
Yang et al. (2011) collected hundreds of bacterial

0 2 4 7
Bacterial doses (LogCFU/seed)

isolates from wheat grown in fields in the Chinese
provinces of Hebei and Jiangsu. Wheat grown in these
fields historically had been rotated with either corn or
rice but nothing was known about the phytobiomes of
the crops in these fields. The viscosin-like CLP producer
HC1-07 and PCA-producer HC9-07 are representa-
tives of the fluorescent pseudomonads isolated from
these Chinese fields, and are effective biocontrol agents
of take-all and Rhizoctonia root rot (Yang et al. 2011,
2014). CLP and PCA-deficient mutants, respectively,
were significantly less suppressive against take-all than
the wild-type strains (Yang et al. 2011, 2014). Some
CLPs and phenazines can work in concert to promote
biocontrol of certain diseases (Perneel et al. 2008; D'aes
et al. 2011; Olorunleke et al. 2015). For example,
Perneel et al. (2008) demonstrated that both phenazines
and biosurfactants produced by P. aeruginosa PNALI
were important in the biological control of Pythium
splendens on bean and Pythium myriotylum on coco-
yam. When biosurfactant-deficient and phenazine-
deficient mutants of PNA1 were applied individually,
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Fig. 2 Shoot length of wheat .
= HC1-07rif
treated with HC1-07rif, HC9- ot
07rif, the combination HC1— HC9-07ri
L . s HC1-07rif+HC9-07rif
07rif + HC9—-07rif, and HC1— HC1-07PHZ
07PHZ at a concentration of 107,
10%, 10" CFU/seed in 1% 16
methylcellulose and grown for AB _ABCA
3 weeks. Wheat seeds of the e BCCD (‘P T
Control treatment were not 14 EEEE gEE pE! " gEDE
inoculated with bacteria (0 T T
bacterial dose). All bars at the 0
dose represent the same Control. 12
Bars with the same letters at the
same dose are not significantly .
different according to Fisher’s £ 10
protected least-significant- i
difference test (P = 0.05) or by 5
Kruskal-Wallis all-pairwise £ 8
comparison test (P = 0.05) =
3
5 6
4
2
0
0 2 4 7
Bacterial doses (LogCFU/seed)
no disease-suppression occurred, indicating the syner- We hypothesized that introducing the PCA biosyn-
getic interaction of the metabolites. They hypothesized thesis locus into HC1-07rif would substantially im-
that biosurfactants improve the physical contact be- prove the biocontrol activity of the recombinant strain.
tween hyphae and phenazines, and thus increase entry The operon phzABCDEF G from strain 2—79 was select-
of phenazines into the fungal cell. ed for insertion into HC1-07rif because strain HC9-07

Table 3 Population densities of indigenous, or introduced HC1-07rif, HC9—07rif and HC1-07PHZ on the roots of wheat grown in Quincy
virgin soil®

Strains Population densities (Log CFU/g fresh root + SD) °

HC1-07rif HC9-07rif HC1-07rif and HC9-07rif (1:1) HC1-07PHZ Control®
HC1-07rif 74+0.36 A ND 6.8+0.29B ND ND
HC9-07rif ND 6.9+0.28 B 6.6+0.46 B ND ND
HC1-07PHZ ND ND ND 6.8+0.48 B ND
Total indigenous bacteria 8.7+0.51A 8.7+0.55A 8.6+£0.51 A 8.8+045A 85+0.52A

*Raw Quincy virgin soil was treated with 10* CFU g™ of soil of HC1-07rif, HC9-07rif, HC1-07PHZ. Mixed-inoculation treatments
contained a 1:1 mixture of each strain (~0.5 x 10* CFU gf1 of soil of each strain)

® Values are mean population densities in log CFU g ' (fresh weight) of root. Population densities of introduced and indigenous bacteria in
each experiment were analyzed separately. Different letters indicate a statistically significant difference between treatments as determined by
Fisher’s protected LSD test (P = 0.05) or by the Kruskal-Wallis all-pairwise comparison test (P = 0.05). ND - not detected

“No bacterial inoculation
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and other Chinese PCA-producing strains clustered
closely with strain 2-79 based upon both analysis of
sequences within phzF and comparisons of partial 16S
rDNA sequences (Yang et al. 2011). PCA produced by
2-79 is not only the mechanism of suppression of take-
all but also contributes to the ecological competence of
the strain in the wheat rhizosphere (Mazzola et al. 1992;
Weller et al. 2007). The disarmed Tn5 vector (pUT::Py,-
phzZABCDEFG), originally constructed by Thomashow
and colleagues, has been used extensively to stably
introduce a single copy of the PCA biosynthesis genes
under the control of a P,,. promotor into Pseudomonas
spp. from sources worldwide to improve biocontrol
activity (Weller and Thomashow 2015). For example,
the phz operon was introduced into P. brassicacearum
(formerly P, fluorescens) Q8r1-96 (Loper et al. 2012), a
strain that naturally produces the antibiotic DAPG and
suppresses take-all. Several recombinants of Q8r1-96
were selected (Z30-97, Z32-97, Z33-97 and Z34-97)
and all produced both DAPG and PCA. Surprisingly,
these transgenic strains were no more suppressive of
take-all and Pythium root rot on wheat than the wild-
type strain Q8r1-96; however they showed remarkable
suppression of Rhizoctonia root rot at a dose of only
100 CFU seed !, which was 100 to 1000 times less than
the dose required for similar disease control by the wild-
type Q8r1-96 (Huang et al. 2004). In a similar study,
P. fluorescens SBW25 was transformed with the same
phz gene construction and the transgenic strains gained
enhanced ability to suppress Pythium ultimum damping-
off disease of pea when compared to the wild-type
strains SBW25 (Timms-Wilson et al. 2000).

In our current study, strain HC1-07PHZ produced
both CLP and PCA, and was more inhibitory of
G. graminis in vitro than was HC1-07; however, the
recombinant colonized the roots slightly less than did
the wild type, yet not enough to impact biocontrol
activity. Strain HC1-07PHZ also showed greater bio-
control activity against take-all than did the wild type
based on both root disease ratings and plant height
measurements, but only at a dose of 10 CFU per seed.
Our results differ from those of Huang et al. (2004), who
saw no improvement in the biocontrol activity against
take-all by PCA-producing recombinants of Q8r1-96
transformed with the same construction that we used.
Unexpectedly, however, we also found that at doses of
10* or 10" CFU per seed the wild-type strain and the
recombinant HC1-07PHZ did not differ. This phenom-
enon may be explained by the observation that

antibiotics produced in natural environments can have
multiple roles depending on the amount that accumu-
lates in a niche (Davies et al. 2006; Mavrodi et al. 2012).
For example, many Pseudomonas antibiotics that inhibit
pathogens also can be phytotoxic (Brazelton et al. 2008;
Kwak et al. 2012) if the dose is too high (Bull et al.
1991; M. Yang and D. M. Weller, unpublished data).
Thus, antibiotics must be produced by an agent in
sufficient quantities to suppress the pathogen, but too
much production can damage the roots and negate the
beneficial biocontrol effects. For example, the phena-
zine pyocyanin produced by P. aeruginosa TNSK2 ac-
tually increased the severity of sheath blight on rice
caused by R. solani, even though the pathogen is highly
sensitive to the antibiotic (De Vleesschauwer et al.
2006). An alternative explanation for the lack of im-
provement in HC1-07PHZ at the higher doses may
simply be that the additional amount of CLP produced
by higher populations provided all of the control possi-
ble at that time and PCA would have added little to the
suppression. This was an unexpected finding and thus is
a question that needs to be studied in greater depth.

It was equally surprising to find that the effectiveness
of each strain used individually (HC1-07rif, HC9-07rif
or HC1-09PHZ) or in combination (HC1-07rif + HC9—
07rif) depended on the bacterial dose applied to the
seed. Indeed at a dose of 10* the combination treatment
provided the best biocontrol of take-all, but at a dose of
107, HC1-07rif and HC1-07PHZ were the best treat-
ments. Combinations of Pseudomonas strains have been
tested to improve biocontrol activity against a wide
range of pathogens (including G. graminis var. tritici)
with mixed success (Pierson and Weller 1994; Weller
2007). For example, Weller and Cook (1983) showed
that the combination of P. synxantha 2-79 and
P. fluorescens13—79 increased wheat yields and reduced
take-all in field plots inoculated with G. graminis var.
tritici as compared to the same strains applied individu-
ally. However, Guetsky et al. (2002) showed that when
two biocontrol agents were applied together in a de-
tached strawberry leaf test, biocontrol efficacy was re-
duced. Xu et al. (2011) also found that combination of
two agents, each with a single main mechanism of
action, did not result in appreciable improvement of
biocontrol over applications of individual BCAs.

In summary, for the first time to our knowledge, we
determined the impact of combining PCA and a
viscosin-like CLP as mechanisms in the biocontrol of
take-all. Whether the metabolites were produced in a
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single recombinant strain (HC1-07PHZ) or in two sep-
arate strains used in combination (HC1-07rif + HC9—
07rif), the combination of metabolites provided a sig-
nificant improvement in biocontrol activity. Thus, fur-
ther strain mixtures or recombinants containing these
two metabolites should be tested against a wider range
of pathogens and diseases. Finally, our results support a
growing body of literature that a major benefit of re-
combinant strains is a reduction in the dose of a BCA
needed to provide disease suppression, which would
significantly reduce the cost of production of an agent
(Weller and Thomashow 2015).
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