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Abstract

This article provides a review of experiments conducted over a six-year period to develop a biological control
system for insect-transmitted diseases in vegetables based on induced systemic resistance (ISR) mediated by plant
growth-promoting rhizobacteria (PGPR). Initial experiments investigated the factors involved in PGPR induced
resistance to bacterial wilt disease in cucumber causéthivinia tracheiphila Results demonstrated that PGPR-

ISR against bacterial wilt and feeding by the cucumber beetle vectdes wachiphielawere associated with

reduced concentrations of cucurbitacin, a secondary plant metabolite and powerful beetle feeding stimulant. In other
experiments, treatment with PGPR led to ISR against bacterial wilt in the absence of the beetle vectors, suggesting
that PGPR-ISR protects cucumber against bacterial wilt not only by reducing beetle feeding and transmission of the
pathogen, but also through the induction of other plant defense mechanisms after the pathogen has been introduced
into the plant. Additional greenhouse and field experiments are described in which PGPR strains were selected for
ISR against cucumber mosaic virus (CMV) and tomato mottle virus (ToMoV). Although results varied from year to
year, field-grown tomatoes treated with PGPR demonstrated a reduction in the development of disease symptoms,
and often areduction in the incidence of viral infection and an increase in tomato yield. Recent efforts on commercial
development of PGPR are described in which biological preparations containing industrial formulated spores of
PGPR plus chitosan were formulated and evaluated for use in a transplant soil mix system for developing plants
that can withstand disease attack after transplanting in the field.

AbbreviationsPGPR — plant growth-promoting rhizobacteria, ISR — induced systemic resistance,
CMV - cucumber mosaic virus, ToMoV — tomato mottle virus.

Introduction PGPR by supplemental application to crops or soil were
first reported in the 1950s from studies in the former
The rhizosphere of plants is a zone of intense micro- Soviet Union, and later in Western countries (reviewed
bial activity, and some bacteria from this zone, termed in Backman et al., 1997). PGPR were initially applied
rhizobacteria, exhibit active root colonization in the to enhance crop fertility by increasing the amount of
presence of the existing native microflora. Rhizobac- available nitrogen (Cooper, 1959). Later, they were
teria that exert beneficial effects on plant development used as biological control agents for suppression of
are referred to as plant growth-promoting rhizobacteria soilborne pathogens (Dunleavy, 1955; Broadbent et al.,
(PGPR) (Kloepper et al., 1980), because their appli- 1971, Schippers et al., 1987; Kloepper, 1993). PGPR
cation is often associated with increased rates of plant antagonize soil pathogens by competing for resources
growth. Efforts to enhance the beneficial effects of such asiron, or by the production of antibiotics or lytic
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enzymes (van Loon et al., 1998). In 1985, Gustafson, for growth promotion and disease control in vegetable
Inc. (Plano, Texas) introduced the first commercial rhi- transplant production systems will also be reviewed.
zobacteria biological control products in the U.S. using
theBacillis subtilisA-13 strain (Broadbent etal., 1977)
and related strains GBO3 and GBO7 (sold under the
trade names QuantdimKodiak®, and Epi®, respec-
tively). These products are used in combination with
seed treatment fungicides to protect seed against attac
by fungal soil pathogens. In China, PGPR have been
in commercial development for over 20 years and are
referred to as ‘yield-increasing bacteria’ (YIB) that are
applied to over 20 million ha of crops (Chen et al.,
1996).

Resistance against cucumber beetles and
bacterial wilt disease

lﬁ_%acterial wilt of cucurbits is a systemic disease caused
by the xylem-inhabiting bacterial pathog&rwinia
tracheiphila(Smith), which survives in, and is trans-
mitted by the spottedOjabrotica undecimpunctata
howardi Barber) and striped¢alymma vittatgFabri-
cius]) cucumber beetle&. tracheiphilais thought to

During the 1980s, work on the mode of action of irel les for i |
PGPR with biological control activity began to suggest pe entire y depe_nde_nt on cucu_mber bet_at es lorinocufa-
tion and dissemination in the field (Agrios, 1978), and

that some PGPR strains may activate hOSt defense SYSihere is adirect relationship between beetle density and
tems based on lack of direct antibiosis of the strains

toward pathogens or on correlation of biocontrol with severity of disease (Yao etal., 1996). The primary con-

plant growth promotion (Scheffer, 1983: Voisard et al trol method for bacterial wilt involves use of synthetic
1989). In 1991, direct evidence s,upport’ing the COﬂC|J- insecticides targeted against cucumber beetle. Cucum-

sion that PGPR which remain on plant roots can induce per beetle feeding behavior and damage is strongly

resistance in plants to foliar or systemic pathogens influenced by cucurbitacins, a group of triterpenoid

was bublished independently for three pathosvstems: plant metabolites that occur in the plant family Cucur-
P P y 10 P ) YSIeMS: o ceae (Chambliss and Jones, 1966). Cucurbitacins
cucumber and anthracnose (Wei et al., 1991); carnation . ;
) X ; act as powerful feeding stimulants for cucumber bee-
and Fusarium wilt (van Peeretal., 1991); bean and halo . )
. N . ; ; tles (Chambliss and Jones, 1966; Metcalf, 1986), and
blight (Alstrom, 1991). Systemic resistance induced by ; ! .
o ; . ,even very low concentrations (i.e., 0.Q@f) stimulate
PGPR has been termed ‘induced systemic resistance ’ . :
. compulsive feeding behavior (Metcalf, 1986).
(ISR) (Kloepper et al., 1992; Pieterse et al., 1996). ISR ; .
) T We first suspected that cucumber beetle feeding
is dependent on colonization of the root system by suf-

ficient numbers of PGPR, and this has been achievedb(_:‘hawIor was affecteq by PQPR treatment following
. i ; cucumber field experiments in which PGPR afforded
by coating seed with high numbers of bacteria or by

adding bacterial suspensions to soil before sowing or unexpected protection against bacterial wilt disease

at transplanting (Kloepper, 1996). Studies to elucidate with large numbers of gucumber begtlg; present (Wei
: ; ; o et al., 1995). Field studies were then initiated to assess
the plant biochemical pathways associated with induc-

tion by PGPR were reviewed by van Loon et al. (1998). the effects of PGPR treatment on field populations of
. : : ) cucumber beetles, and to compare PGPR treatment
The first successful field trials with PGPR were

. with weekly applications of insecticide for cucumber
conducted in cucumber and demonstrated that seed
. - beetle control (Zehnder et al., 1997a). Greenhouse and
treatment followed by soil drench application resulted ;
. . . DR laboratory experiments were also conducted to deter-
in a reduction of bacterial wilt disease symptoms .=~ - . . .
mine if resistance against feeding by cucumber beetles

(Wei et al., 1995) and also the control of bacterial X : X :
. was a factor in PGPR-induced protection against bac-
angular leaf spot and anthracnose (Wei et al., 1996)., .~ . . : i
terial wilt that was previously observed in the field, and

En_coura_ged by these resglts, we ”?'“a‘ed experlr_nentsto quantify cucurbitacin content in PGPR-treated and
to investigate the factors involved in PGPR-mediated
nontreated cucumber (Zehnder et al., 1997b).

resistance to the bacterial wilt pathogen in cucumber.
In this article results from these experiments will be

reviewed and two additional projects to identify PGPR Field experiments

strains that could induce resistance to insect trans-

mitted virus diseases in field-grown tomato will be Field studies were conducted in 1993 and 1994 to

described. Recent efforts to develop biological prepara- assess the effects of PGPR treatment on populations
tions containing industrial formulated spores of PGPR of cucumber beetles, and to compare PGPR treatment
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with weekly applications of insecticide for control of  wilted vines was significantly lower in the PGPR treat-
cucumber beetles and bacterial wilt disease on cucum-ments than in the nontreated control. In both years,
ber (Zehnder et al., 1997a). For these experiments, yieldsinthe PGPR treatments were significantly higher
PGPR strains that were shown previously to reduce than in the nontreated controls. It is interesting to note
bacterial wilt disease incidence in cucumber were used that beetle counts and wilt symptoms in some PGPR
(Wei et al., 1995). Cucumber seeds were dipped in treatments were significantly lower than in the insecti-
pelleted bacterial cells or into distilled water (control) cide treatments. These results indicate that, given our
immediately before planting in plastic pots containing experimental conditions, the PGPR treatments were
sterilized soilless planting mix. A dilute PGPR sus- more effective than the insecticide treatment.
pension (100 ml containing: 10®cfu/ml) was poured The aforementioned studies used standard vegetable
into each pot immediately after seeding. Seedlings production practices which include preplant soil fumi-
(cv Straight 8) were transplanted into the field at the gation with methyl bromide. Additional field stud-
2nd true leaf stage and grown in fumigated (methyl ies evaluated growth promotion and PGPR-ISR in
bromide+ chloropicrin), raised beds with black plastic cucumber plots with and without methyl bromide soil
mulch and drip irrigation. Treatments in 1993 included fumigation (Zehnder et al., 2000a). In both fumigated
the following PGPRPseudomonas putidsrain 89B- and nonfumigated plots, numbers of cucumber bee-
61, Serratia marcesenstrain 90-166,Flavomonas tles and the incidence of bacterial wilt disease were
oryzihabitansstrain INR-5, andacillus pumilisstrain significantly lower with PGPR treatment compared
INR-7. Control treatments included an insecticide with the nonbacterized control. However, in PGPR-
control (weekly sprays of esfenvalerate by backpack treated plots, the incidence of bacterial wilt was signifi-
sprayer) and a nontreated control. The 90-166 and INR- cantly lower in the nonfumigated treatments compared
7 strains were re-evaluated in 1994 along with the insec- with fumigated treatments, indicating that the level of
ticide and nontreated controls. PGPR-mediated ISR was greater without methyl bro-
Average counts of cucumber beetles in both years of mide fumigation. This suggests that soil fumigation had
the study were significantly lower in the PGPR treat- a negative effect on PGPR-ISR, possibly by elimina-
ments compared with the nontreated control (Table 1). tion of symbiotic soil microfauna. Plant height mea-
In the second year, when bacterial wilt disease surements demonstrated that cucumber plant growth
symptoms were observed, the average percentage ofates in nonfumigated PGPR treatments were equiva-
lent to growth rates in the fumigated treatments without
PGPR. These results indicate that in cucumber produc-

_ tion systems, PGPR may have potential as a biological
Table 1 Comparison of PGPR apd cqntrpl treatments for cont_rol alternative to methyl bromide fumigation.
of cucumber beetles and bacterial wilt disease in cucumber field

experiments

PGPR Mean no. Mean % Mean fruit Greenhouse and laboratory experiments
treatment  beetles/plant wilted weight/plot (kg)
vines Greenhouse and laboratory experiments assessed

1993 1994  (1994) 1993 1994 whether the observed PGPR-induced protection
89B61 06lcd NT NT 373a  NT against bacterial wilt resulted from ISR against the
90-166 044d 234c 261c 359a 28.1a Pathogen, the vector, or both. In free-choice exper-
INR-5 0.56cd NT NT 32.7ab NT iments, screen cages designed in a ‘cross’ arrange-
INR-7 0.73bc 2.96bc 3.35bc 37.1ab 26.5ab ment with 4 arms (see Zehnder et al., 1997b for
"gg‘rft“rgife 0.89b  NT 11.48b 256b 219ab complete details) were used to confine cucumber

beetles on PGPR-treated (seed treatment and trans-
plant drench with INR-7 strain) or nontreated plants.
NT, not tested. Means within columns sharing a letter in com- PGPR-treated plants were placed in 2 arms/cage,
mon are not significantly different’( > 0.05; LSD test). Beetle and nontreated plants in the other 2 arms/cage; 2
and wilted vine means derived from 6 replicates; 10 plants per cages were used for each experiment (4 treatment

replicate. Beetle data averaged over 6 sample dates; wilted vines l . 8 ol l
recorded on 24 June, 1994. replicates per experiment, 8 plants per replicate).

*Plants sprayed weekly with esfenvalerate insecticide at the rate Experiment§ were repeated twice. At the start of
of 0.05 b (Al)/acre. each experiment, 100 spotted cucumber beetles were

Nontreated 1.73a 5.42a 2456a 294b 20.8hbc
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confined onE. tracheiphilainfected cucumber plants  demonstrated that spreadiftracheiphilaby cucum-
in the center ‘cage within a cage’ for 48 h before doors ber beetles was significantly reduced by PGPR treat-
were opened allowing beetles free access to all 4 cagement, even when beetles were restricted to feeding only
arms. Data on beetle feeding damage and wiltincidence on PGPR-treated plants (Zehnder et al., 1997a).
were recorded at 13 (experiment 1) or 17 (experiment  When cucumber beetles were released into cages
2) d after beetle release on noninfected plants. containing both ‘bitter’ BI, high cucurbitacin) and
The beetles which were given a choice preferred ‘nonbitter’(bi, zero or low cucurbitacin) cucumber iso-
nontreated to PGPR-treated plants, as evidenced bylines, the beetles exhibited immediate preferenc8for
more feeding damage on stems and cotyledons andplants (Yao, 1995) (Figure 2). This demonstrated that
a higher incidence of bacterial wilt on the nontreated the beetles discriminated betwehandbi plants and
plants (Figure 1). Separate, no-choice experiments alsoconfirmed that cucurbitacin content alone can influence
beetle feeding preference. To explain how treatment
with PGPR could result in reduced beetle feeding on
cucumber, we hypothesized that PGPR-treated plants

(A) =0 accumulate lower concentrations of cucurbitacins. To
o /1 PGPR . .
2 .0 Control test this, HPLC analysis was done to detect cucur-
£ bitacin ‘C’, the primary cucurbitacin in cucumber,
[1+] .
T w0 in cotyledon leaf samples from PGPR-treated (INR-7
g and INR-5 strains) or nontreated plants (see Zehnder
g et al., 1997b for analytical methods). HPLC analy-
20 sis confirmed our hypothesis; significantly lower lev-
%‘ els of cucurbitacin ‘C’ were detected in induced plants
e ° (Table 2). This occurred in both the Poinsett isoline
®) °
o T PGPR
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g Figure 2 Mean number of cucumber beetles/plant over time after
Zz release in screen cages on ‘bitter’ (high cucurbitacin) and ‘non-

Exp. 1 Exp. 2 bitter’ (zero cucurbitacin) cv ‘Poinsett’ cucumber isolines. Five

each of bitter and nonbitter plants at the second true leaf stage of
Figure L Cucumber beetle feeding damage and incidence of bac- growth were placed on opposite ends of each of the 4 arms of the
terial wilt symptoms on PGPR and untreated (control) cucumber cage (Yao et al., 1995). At the start of the experiment, 25 spotted
plants. Free choice experiments were done in screen cages anccucumber beetles in an open container were placed in the center
repeated twice. (A) Mean percentage of cotyledon leaf area per of each arm equidistant from the bitter and nonbitter plants. The
plant with feeding damage. (B) Mean stem feeding damage rat- number of beetles per plant was determined 1 min after release
ing per plant; 1= <1/3 of stem from soil line to cotyledons  and at 15 min intervals thereafter until 60 min after release, and
damaged; 2= 1/3 to 2/3 of stem damaged;3 >2/3 stem with at 2, 4 and 8 h. The experiment was replicated 4 times for each
feeding damage. (C) Mean number of wilted leaves per plant.  bitter vs nonbitter comparison.



with high cucurbitacin content, and in the Straight 8
cultivar with low cucurbitacin content.

To determine whether PGPR-mediated ISR to bac-

terial wilt is affected by cucurbitacin in the absence of
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may result in deficiencies in other compounds requir-
ing the same chemical precursors or intermediates. As
demonstrated here, PGPR which induce systemic resis-
tance inhibited accumulation of the secondary plant

the cucumber beetle vector, a greenhouse experimentmetabolite cucurbitacin. This could occur by a shift in

was conducted in whicBl andbi cucumber plants,

the metabolic pathway to produce other anti-microbial

either treated or nontreated with PGPR, were injected compounds, as was observed in potato where fatty

with extracts fronE. tracheiphilainfected stems (Yao,
1995). PGPR significantly protected bdBh and bi
plants from wilt disease development (Table 3). Fac-
torial analysis of variance indicated no significant
bitternessx PGPR interaction, suggesting that cucur-

acids fromPhytophthora infestanslicited the accu-

mulation of sesquiterpenoid phytoalexins (Tjamos and
Kuc, 1982). This increase was associated with a shift
in the terpenoid pathway leading to reduced production
of steroid glycoalkaloids that are used by the fungus.

bitacin content does not influence PGPR-mediated ISR Since cucurbitacin and known defense compounds are

in the absence of the vector.

Discussion

Although not yet confirmed, the observed PGPR-

mediated effects on cucurbitacin production may be the

result of a shift in the metabolic pathway in which an

increase in the production of plant defense compounds

Table 2 Effect of PGPR treatment on cucurbitacin ‘C’ concen-
tration in ‘Poinsett’ (‘bitter’) and ‘Straight 8’ cucumber

PGPR treatment Mean cucurbitacin
concentration{g/g)*
Poinsett Straight 8
INR-7 117.3b 27.1c
INR-5 117.0b 35.2bc
Nontreated 158.6 a 48.4 a
LSD,a = 0.05 27.3 9.6

Means within columns sharing a letter in common are not signif-

synthesized from similar precursors (Balliano et al.,
1982), a facultative alteration in metabolic pathway is a
probable mechanism for the reduction in cucurbitacin
observed in cucumber with ISR.

Collectively, these results suggest that PGPR-
mediated ISR protects cucumber against bacterial wilt
at two levels. First, the reduction in cucurbitacin syn-

thesis in PGPR-treated plants makes these plants less

palatable to cucumber beetles, which may result in a
lower proportion of beetles acquiring and successfully

transmiting the pathogen. Second, PGPR may elicit the

induction of other plant defense mechanisms (i.e., phy-

toalexin production and other compounds involved in

ISR) against the pathogen after it has been introduced
into the plant.

Induced resistance against cucumber
mosaic virus

icantly different ¢ = 0.05: LSD test). Plant diseases caused by_ insect-trans.mitted viruses
*Cucurbitacin ‘C’ values argg cucurbitacin/g fresh weight plant ~ aré among the most serious production problems
material. Means derived from 5 replicates per treatment (4 cotyle- €ncountered by vegetable growers. Effective insectici-
dons from 2 plants per replicate). dal control of insect-borne virus diseases is problematic

Table 3 Comparison of PGPR-induced resistance to bacterial wilt infection in ‘Poinsett’ ltpad nonbitter
(bi) cucumber isolines

Days after Mean % wilted leaves/plant ANOVA statistics
inoculation Bitter Nonbitter PGPR treatment Cucumber isoline Interaction
90-166 Control 90-166 Control F P F P F P
4 4.43 5.10 4.33 3.63 0.00 0.96 481 0.03 3.66 0.06
7 19.50 30.67 19.67 28.5 41.89 0.0001 0.42 0.52 0.57 0.45
10 69.17 91.80 71.83 94.0 118.38 0.0001 1.82 0.18 0.01 0.94

Each PGPR (PGPR or nontreated) and isolBieof bi) treatment consisted of 5 plants; treatments were replicated

6 times. The percentage of wilted leaves/plant was determined at 4, 7 and 10 days after inoculation. Percentage data
were transformed before analysis by converting the square root of each proportion to arcsin; data were analyzed using
a two-way factorial analysis of variance (ANOVA).
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because most vectors are highly mobile insects and Table 4 Results of greenhouse experiments to identify effective
may colonize fields rapidly before growers are aware PGPR strains for induced resistance against cucumber mosaic
of their presence. In addition, viruses transmitted by cucumovirus (CMV) on tomato

_aphld_s ina nonpersistent manner may be acquired dur-55 R sirain or
ing brief probes on infected plants, and healthy plants ieatment

Mean no. symptomatic plants SEM

may in turn be inoculated too quickly for insecti- Ath experiment  Sth experiment
cides to have an effect. Cucumber mosaic cucumovirus BE2° 35413 60+14

. . : IN266 45+21 7.0+08
(CMV) is one of the most important viruses affect- gga, 40414 58417
ing vegetables worldwide (Sherf and McNab, 1986; |No372 42412 50421
Tomlinson, 1987). CMV is difficult to control because IN9371? 32410 48+17
of its extremely broad natural host range in excess of TE5 40+16 65+13
800 plant species, and the ability to be transmitted in a ”;}31‘2127 igi ;i g-gi 1(7)
nonpersistent manner by more than 60 species of aphlds',ilonbacterized, 88410 98405

(zitter, 1991; Palukaitis et al., 1992). In Alabama, challenged

insecticides were completely ineffective in preventing  ¢ontrop

a serious epidemic of CMV on tomato (Sikora et al., Nonbacterized, 0 0

1998). CMV epidemics have also been reported in unchallenged

tomato-growing regions of Italy (Kaper et al., 1990), _controf

Spain (Jorda et al., 1992) and China (Kearny et al., *Means calculated based on 40 plants per treatment/experiment.
1990). There are no sources of genetic resistance to?Selected for further evaluation in field trials.

CMV available in commercial fresh market tomato *Plants inoculated with CMV and not treated with PGPR.
cultivars (Sikora et al., 1998). “Plants not inoculated with CMV and not treated with PGPR.

In greenhouse studies, Raupach et al. (1996) showed
that two PGPR strains, which previously induced resis- were examined daily for CMV symptoms (leaf distor-

tance ml CU.CL:jmbeé against fung?:lMa\r/lq bactensl dis- Jfion, mosaic patterns, general stunting of the plant).
eases, also induced resistance to In cUCUMbEr andpaged on results of two initial screening experiments,

tomato. Our sf[u.dy was done to screen additional PGPR 1 5 ot the mogst effective PGPR strains were evaluated
strains for %Ct'v'g agamst CIfIVIP\/Go;F?reeghouzg-gdrown q in a third experiment, and the 8 strains exhibiting the
tomato, and to determine | -mediated Induced piapest level of protection were tested again in two

resistance could be extended to tomato grown in the
field using commercial production practices.

additional trials (experiments 4 and 5). The number
of plants exhibiting CMV symptoms was reduced in
several PGPR treatments, compared with the disease
Greenhouse experiments control (Table 4). The percentage of plants showing
symptoms in these PGPR treatments ranged from 32%
Greenhouse experiments were first done to evaluate!© 58%, compared with 88-98% in the disease control
26 PGPR strains for induced resistance against CMV freatment. Based on these resullts, 4 strains were chosen

in tomato. The PGPR strains were tested along with for further evaluation in field experiments.

a disease control (CMV mechanical inoculation, no

PGPR) and a healthy control (no CMV inoculation, no Field experiments

PGPR) (see Zehnder et al., 2000b for complete details).

PGPR were applied to seed as pelleted bacterial cells atField experiments were done in 1996 and 1997 to evalu-
adensity of approximately610° cfu/seed. Aftertrans-  ate 4 PGPR strains, a disease control and a healthy con-
planting into plastic pots, PGPR suspension treatmentstrol for induced resistance against CMV (see Zehnder
(100 ml containing approximately510® cfu/ml) were et al., 2000b for complete details). The PGPR strains
poured into each pot immediately after transplanting. chosen for evaluation werBacillus pumilusstrain

A water/buffer solution was applied to control plants. A SE34,Kluyvera cryocrescenstrain IN114,Bacillus
CMV isolate collected from tomato in North Alabama amyloliquefaciensstrain IN937a, andBacillus sub-
was maintained in tobacco and used to inoculate plantstilus strain IN937b. PGPR were applied to seed and
(carborundum dusting followed by rub inoculation) as a transplant drench as was done in greenhouse
in the PGPR and disease control treatments. Plantsexperiments. Before transplanting in the field, tomato
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plants in the PGPR and disease control treatmentsDiscussion
were mechanically inoculated with CMV as described
above. There were 6 replications per treatmentarrangedThese results provide evidence that PGPR-ISR against
in a randomized block design, each consisting of 15 CMV on tomato, previously reported from greenhouse
tomato plants (single row plots). Tomato plants were experiments (Raupach etal., 1996) and confirmed here,
grown on raised beds with drip irrigation, fumigated can be obtained under field conditions. However, the
with methyl bromide/chloropicrin and covered with level of PGPR-induced resistance in the field was vari-
black plastic mulch (according to local tomato growing able. In the 1996 experiment, the incidence of CMV
practices). All plants in each treatment were examined infection was significantly reduced on PGPR-treated
weekly for virus symptoms using a rating scale from plants that were mechanically challenged with virus
0 to 10, followed by a calculation of disease severity before transplanting in the field. In addition, tomato
(Zehnder et al., 2000b). Marketable (nondamaged andyields from PGPR-treated plants were not significantly
mature) tomato fruit were weighed on 6 harvest dates differentfromyields on healthy control (nonbacterized,
during the season. unchallenged) plants. Although ELISA values in 1997
In 1996, ELISA values in all PGPR treatments, and were significantly lower in PGPR treatments than in the
the percentage of infected plants (based on ELISA) in healthy control, the significant effects of PGPR on the
3 PGPR treatments, were significantly lower thaninthe incidence of infected plants and on tomato yields, as
disease control (Table 5). The percentage of infected seenin 1996, were not evident. In 1997, a much greater
plants in the disease control treatment was over 3-fold proportion of unchallenged control plants tested posi-
greater than the IN937a and IN937b treatments. Impor- tive for CMV than in 1996. A possible explanation for
tantly, yields in the SE34, IN937a and IN937b treat- the greater incidence of infection in 1997 is that the
ments were significantly greater than in the disease plants were subjected to higher levels of naturally trans-
control. mitted CMV than in 1996 (e.qg., aphids migrating into
Overall, the percentage of plants infected with CMV  the area spread CMV from plant to plant thereby sup-
was higher in 1997 than in 1996. In 1997, 62.2% of plementing levels of CMV in mechanically challenged
the nonchallenged, ‘healthy’ control plants tested pos- plants). Consequently, in 1997, PGPR-induced plant
itive for CMV by ELISA, compared with 4.4% in  defense mechanisms may have been unable to compen-
1996. ELISA absorbance values in 1997 were signif- sate for the greater viral load. Another explanation for
icantly lower in the PGPR treatments than in the dis- reduced effectiveness of PGPR in 1997 could be that
ease control, butthe percentages of infected plants wereplants were naturally infected with a different strain
not significantly different among treatments. Tomato of CMV, and that the PGPR strains tested were not as
yields overall were lower in 1997 than 1996, and not effective against the naturally occurring CMV strain.
significantly different among treatments. These results show that the level of protection resulting

Table 5 Effects of PGPR treatment on cucumber mosaic virus (CMV) infection and yield in tomato field
plots, 1996 and 1997

Treatment ELISA value % Plants infected Average yield (kg/plot)
based on ELISA

1996 1997 1996 1997 1996 1997
SE34 0.18¢c 0.27b 30.0b 64.4 a 140a 32a
IN114 0.30b 0.29b 58.8a 68.9 a 10.3b 24a
IN937a 0.12cd 0.26 b 21.1b 55.8a 148a 25a
IN937b 0.12cd 0.25b 17.7b 65.6 a 142a 21a
Nonbacterized, 0.48 a 0.37a 66.7 a 83.3a 95b 20a
challenged control
Nonbacterized, 0.05d 0.26b 4.4c 62.2a 141 a 29a
unchallenged control
LSDy 05 0.09 0.07 13.4 27.9 24 1.54

Means within columns sharing the same letters are not significantly diffePest Q.05; LSD test).
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from treatment by a given PGPR strain may vary from and consisted of 10-12 plants per row. Tomatoes were
one cropping season to the next depending on exist-inoculated with ToMoV by natural movement of vir-
ing conditions. We have not yet conducted experiments uliferous whiteflies from adjacent, infected tomato
specifically to evaluate PGPR on tomato for induced germplasm being developed for ToMoV resistance.
resistance against CMV by natural aphid transmission, Each tomato plant was evaluated for disease severity at
or to measure the effects of changing abiotic factors on 40 days after planting using a scale of 0-5.0 (Murphy

PGPR-induced resistance.

Induced resistance against tomato mottle virus

Tomato mottle virus (ToMoV) has been a major yield-
limiting factor in Florida tomato production since the
early 1990s (Kring et al., 1991; McGovern et al., 1995;
Simone et al., 1990). ToMoV is transmitted by adult
sweet potato whiteflieBemisia tabac{Gennadius],
biotype B (also known as the silverleaf whitefly,
Bemisia argentifoliBellows & Perring). Similar to the
CMV pathosystem, management of ToMoV has been
difficult because genetically resistant tomato varieties
are not available, and because of the ability of whiteflies
to develop resistance to insecticides (Denholm et al.,
1996; Stansly et al., 1991). Prompted by our findings
that PGPR-ISR resulted in protection against CMV on
tomato, field trials were conducted to evaluate some of

the same PGPR strains for induced resistance in tomato,

against ToMoV.

Field experiments

Experiments were conducted in Bradenton, Florida,
USA during the fall tomato growing season in 1997,

and during the spring and fall growing seasons in 1998
(Murphy et al., 2000). PGPR strains were chosen on
the basis of their effectiveness for induced resistance
against CMV ontomato. In 1997, PGPR strains IN937b

and IN937a were evaluated, and these two strains plus/N9370 powder

strain SE34 were evaluated in 1998. Spore prepara-
tions of each PGPR strain were produced in culture

et al., 2000). In addition to the symptom rating, leaflet
samples from each plant were tested for the presence of
ToMoV DNA by Southern dot-blot analysis (Polston
etal., 1993). The total weight of all undamaged, mature
tomato fruitwas recorded from each plot atleast 3 times
during each season.

In the 1997 experiment, ToMoV symptom ratings in
the IN937a and IN937b powder and seedpowder
formulation treatments were significantly lower than in
the control (Table 6), but ratings in the seed treatment
formulations did not differ from the control. Results
of the Southern dot-blot analysis corresponded with
the symptom ratings; e.g., the percentage of tomato
plants infected by ToMoV was lower in all powder-
based treatments compared to plants subjected to seed
treatment alone or the control treatment. Data on fruit
weight from the first harvest indicated that plants in
each of the powder-based PGPR treatments produced
higher yields than plants in the control treatment. First
harvest yields in the PGPR seed treatments were not
significantly different from the control. Overall yields

Table 6 Response of field tomato subjected to different PGPR
treatments and formulations to infection by ToMoV, Fall 1997

and formulated as a seed treatment and as a powder powder

by Gustafson, Inc. (Plano, Texas). The powder treat-
ments were diluted with water according to the manu-
facturer’'s recommendations and incorporated into the
planting mix before seeding.

Tomato cv. Agriset transplants were set into raised
beds covered with either black (spring experiment) or
white (fall experiments) polyethylene plastic film. Beds
were fumigated with methyl bromide before applica-
tion of plastic. Single row treatment plots were repli-
cated four times in a completely randomized design

PGPR ToMoV % of plants Yield
strain/formulation symptom  testing positive (kg/plot}
rating' for ToMoV by
dot-blot assay
IN937a seed 2.80a 70a 46.3b
IN937b seed 2.66 a 65a 49.2 ab
IN937a powder 1.42b 28 ab 55.2 ab
1.52b 21b 68.4 a
IN937a seed 1.12b 13b 55.8 ab
powder
IN937b seed 1.60b 30 ab 49.4 ab
Untreated control  2.64 a 55 ab 47.0b

Means within a column with the same letter are not significantly
different (P > 0.05; LSD test).

!Ratings basedroa 5 point scale: 8= no symptoms; = mild
mottling on young leaves; Z obvious mottling on leaves from
at least one of the main stems;=3 obvious mottling on leaves
over most of the plant; 4 obvious mottling on leaves and leaf
distortion over the entire plant; & obvious mottling on leaves,
leaf distortion an severe stunting.

2Total marketable yield of undamaged, mature fruit on the first
harvest date.
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were lower in the second and third harvests, with treatments and the control. Similarly, fruit yields
no consistent differences among treatments (data notfrom plants in the PGPR treatments did not differ
shown). significantly from those in the control.

In the spring 1998 experiment, PGPR SE34 strain
was used in place of IN937a with the same appli-
cation methods as in the 1997 trial. Compared with
the control, ToMoV symptom ratings were signifi-
cantly lower in the IN937b seed, SE34 powder and
SE34 seedr powder treatments. (Table 7). The per-
centage of plants testing positive for ToMoV DNA
was significantly lower in the IN937b seed and SE34
seed4- powder treatments. Similar to trends shown by
the symptom rating data, the percentage of ToMoV
positive plants was significantly lower in the SE34
seedt+ powder treatment than in the SE34 seed treat-
ment. Overall fruit yields were lower in the spring 1998
experiment than in the 1997 trial. First harvest yields
were highest in the IN937b segdpowder treatment,
the only PGPR treatment with significantly greater
yields than the control. No differences in yield were
observed among treatments from the second and thir
harvests (data not shown).

In the fall 1998 experiment (data not shown),
there were no significant differences in ToMoV dis-
ease severity ratings or in the percentage of plants
testing positive for ToMoV DNA between the PGPR

Discussion

These results demonstrate that treatment of toma-
toes with PGPR can provide protection in the field
against ToMoV under natural conditions. Although the
observed level of ToMoV control varied among exper-
iments, the results were encouraging given that the
PGPR strains used in the Florida trial were selected
based on screening for CMV (in the cucumovirus fam-
ily) and not ToMoV (a geminivirus). This illustrates the
potential of PGPR to provide protection against mul-
tiple pathogens. Although protection against ToMoV
was observed, there was no consistent trend in resis-
tance induced by any particular PGPR strain or formu-
lation from one trial to another. The greatest protection
doccurred in the fall 1997 trial where all of the powder-
based PGPR treatments resulted in reduced disease
severity and incidence of ToMoV.

It is interesting to note that, in the fall 1997 trial,
numbers of whitefly nymphs were significantly lower
on plants in four of the PGPR treatments compared
with the control (Murphy et al., 2000). Of the four treat-
ments, three included the IN937a and IN937b pow-
Table 7 Response of field tomato subjected to different PGPR ger formulations that also resulted in reduced ToMoV
treatments and formulations to infection by ToMoV, Spring 1998 disease severity. Similarly, in the spring 1998 trial,

PGPR strain/ ToMoV % of plants Yield whitefly densities were reduced in four of the PGPR
formulation symptom  testing positive  (kg/plot)! treatments. Although not directly tested in these exper-
rating for ToMoV by iments, the results suggest that PGPR-ISR may effect

dot-blot assay whitefly host preference or development. It is not

SE34 seed 3.57a 90 ab 15.8bc  known whether reduced whitefly densities on PGPR-
IN937b seed 2.60b 65 bc 98¢ treated tomato resulted in a lower dosage of pathogen
SE34 powder 2.57b 75a-c 118bc introduced into the plant, as was observed with cucum-

IN937b powder 3.00 ab 70 a—c 17.8ab . oy

SE34 seed- 2.40b 55 ¢ 13.5 be ber beetles and 'bacFenaI Wl!t disease (Zehnder et al.,
powder 1997b). Mechanical inoculation was used in our stud-

IN937b seedr  2.83ab 73 a—c 228a ies with PGPR-ISR against CMV, indicating that the
powder resistance was effective against some stage in the CMV
U:;L‘ifgfd 3.45a 93a 12.8bc  jnfection process rather than interference in transmis-

sion. Additional experiments are needed to determine
Means within a column with the same letter are not significantly if the observed resistance against ToMoV resulted from
different (P > 0.05; LSD test). defense against the pathogen, the vector, or both.
!Ratings basedroa 5 point scale: 8= no symptoms; = mild

mottling on young leaves; 2 obvious mottling on leaves from

at least one of the main stems;=3 obvious mottling on leaves

over most of the plant; 4 obvious mottling on leaves and leaf  commercial potential of PGPR

distortion over the entire plant; & obvious mottling on leaves,

leaf distortion an severe stunting. . . .
*Total marketable yield of undamaged, mature fruit on the first INCréasing public concern for the environment has
harvest date. resulted in more stringent government controls over
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pesticide registration, as evidenced by the Food Qual- and blue mold of tobacco (Reddy et al., 1999). Vegeta-
ity Protection Act passed into law by the U.S. Congress bles produced with LS213 exhibited significant protec-
in 1996. This has created a need for rapid developmenttion against nematode damage and against anthracnose
and implementation of effective biological products for (cucumber) and bacterial spot (tomato) diseases after
pest management. Therefore, it is likely that the mar- transplanting in the field (Kenney et al., 1999). PGPR
ket for commercial PGPR products will continue to amendments, including LS213, have also been used to
expand. Backman et al. (1997) reported that 60—75% enhance pine seedling root and shoot growth in the pro-
of the U.S. cotton crop is treated with Kodfakthe duction of containerized forest-tree seedlings (Enebak
B. subtilisproduct used for suppression Bfisarium etal., 1999).
andRhizoctoniasoil pathogens. Kodidkis also used It remains to be determined if these PGPR products
in peanut, soybean, small grain, corn and vegetable used alone will consistently provide acceptable levels
crops. In China, 18 commercial PGPR strains or strain of disease control. As reported in this article, levels of
mixtures are sold, most of which are derived from the disease protection afforded by PGPR vary from year to
spore-forming genuBacillus(Backman et al., 1997).  year depending on existing environmental conditions.
PGPR are ideal vehicles in which to deliver crop pro- Therefore, the best approach may be to combine PGPR
tection because they can be applied to seed or mixedwith other pest management strategies, such as resis-
with soil at seeding or transplanting. In addition to tant or tolerant crop varieties, cultural practices, i.e., a
direct control of soil pathogens, the studies reviewed in reflective mulch to repel insect virus vectors, or other
this article demonstrate that PGPR represent an attrac-inducing agents that suppress diseases by complemen-
tive alternative to chemical pesticides for systemic pro- tary mechanisms, i.e., benzothiadiazoléflach et al.,
tection against foliar pathogens. A major advantage of 1996; Tally et al., 1999). Furthermore, PGPR prod-
PGPR is that once systemic resistance is induced, theuct development will be driven by economic consid-
natural defense mechanisms of the plant are operativeerations that may restrict its use to certain markets.
for prolonged periods even if populations of induc- Certainly, PGPR represent a potentially valuable crop
ing bacteria decline over time (van Loon et al., 1998). protectiontoolin high value cropping systems like veg-
Researchers at Auburn University and Gustafson, Inc. etables where regulations or lack of efficacy limit the
are working on the next generation of PGPR products availability of chemical crop protectants.
that will provide growth promotion and systemic dis-
ease protection in addition to protection against soil
pathogens. These products are formulated for use in Acknowledgements
a transplant soil mix system for developing ‘suppres-
sive plants’ which can withstand various pests upon The research on PGPR-ISR against bacterial wilt of
transplanting into agricultural fields. The mix contains cucurbits, cucumber mosaic virus and tomato mottle
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