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Abstract:

Native soil bacteria which efficiently colonize spring wheat roots were identified and characterized.
Using standard techniques, these bacteria were isolated from the rhizosphere and rhizoplane of wheat
and barley plants and include Pseudomonas fluorescens (Biotypes I and II), Xanthomonas maltophilia,
Bacillus subtilis, B. pumilus, Streptomyces species and a coryneform type. At least one isolate from
each taxonomic group can be considered an efficient root colonizer.

Fifty-six of the 60 isolates tested under field conditions were genetically marked for resistance to
antibiotics via selection of spontaneous mutants. This allowed for simplified detection and monitoring
in the field. These isolates were utilized as seed treatments and tested for spring wheat root
colonization during the 1985 growing season in Bozeman, MT. Twenty were shown to persist on wheat
roots and were recovered in appreciable numbers through harvest.

These twenty isolates were utilized again in 1986 as spring wheat seed treatments. At five weeks, the
coryneform type had the highest root colonization values and composed an average of 27% of the total
culturable rhizosphere bacterial flora. Mixtures of these isolates were also applied as seed treatments in
1986. Isolates of the same and different taxonomic groups were compatible on seeds and roots and
could be differentiated on growth media via antibiotic resistance and gross morphology.

Five of the mutant isolates, one from each genus represented, could colonize the roots of plant species
other than spring wheat. Winter wheat, barley, corn, soybean and safflower seed were bacterized with
the mutant isolates resulting in root colonization of the plants. This suggests these bacterial root
colonizers may not be host specific.
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ABSTRACT

Native soil bacteria which efficiently colonize spring wheat
roots were identified and characterized. Using standard techniques,
these bacteria were isolated from the rhizosphere .and rhizoplane of
wheat and barley plants and include Pseudomonas fluorescens (Biotypes
I and II), Xanthomonas maltophilia, Bacillus subtilis, B. pumilus,
Streptomyces species and a coryneform type. At least one isolate from
each taxonomic group can be considered an efficient root colonizer.

Fifty-six of the 60 isolates tested under field conditions were
genetically marked for resistance to antibiotics via selection of
spontaneous mutants. This allowed for simplified detection and
monitoring in the field. These isolates were utilized as seed treat—
ments and tested for spring wheat root colonization during the 1985
growing season in Bozeman, MT. Twenty were shown to persist on wheat
roots and were recovered in appreciable numbers through harvest.

These twenty isolates were utilized again in 1986 as spring wheat
seed treatments. At five weeks, the coryneform type had the highest
root colonization values and composed an average of 27% of the total
culturable rhizosphere bacterial flora. Mixtures of these isolates
were algo applied as seed treatments in 1986. Isolates of the same
and different taxonomic groups were compatible on seeds and roots and
could be differentiated on growth media via antibiotic resistance and
gross morphology.

Five of the mutant isolates, one from each genus represented,
could colonize the roots of plant species other than spring wheat.
Winter wheat, barley, corn, soybean and safflower seed were bacterized
with the mutant isolates resulting in root colonization of the plants.
This suggests these bacterial root colonizers may not be host
specific. ' ~




INTRODUCTION

- One of the pitfalls of science and indeed all ratiénal
thought is the tendency to create words for concepts, words

that take on a "reality" in their own right, independent of

the concept. Words separated from the parent concepts tend

to usurp the role of concepts and to create "ideas" that are

actually meaningless.

This quéte from Good (1986) very aptly applies to research of the
rhizosphere. Although the term Jrhizosphere“ can be &efined and does
. répreéenf a concept, many of the other terms assoéiated with
rhizosphere research are just words which do not represent a fully
matufe concept and so can not be defined except by the researchers who
coined,the term originally; A recent review of rhizosphere research is
provided by Curl and fruélove (1986).

The rhizosphere is the zone of soil that is influenced by living
roots. Plant .roots affect physical, chemical and biologicalﬂ
propérties of the soii. In turn, each of these soil proper;iéé affect
plant roots. Thus, an immensely complex system lies beloﬁ the soil ;
hidden from view.

~ The biélpgy of tﬁe rhizbsphere can be studied‘directly and with-
out destruction but with great difficulty and only in those ci?gum—
stances where the rhizotron (an underground container with transparent
gides), or adaptations.thereof, can pfovide the answers to the
qﬁestions posed.. After all, the rhizosphere is a_dynémic system in

flux. Once the roots are removed from the soil, they are no longer in

their original environment and can not be placed back into the same
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environment with tﬁe expectatién that the replaced roots will returnm
to their previous sfate. Thus, a rhizosphere fesearcher studies a
particular réot system once and only once. Conclusions are drawn from
a population.

’ Another problem facing rhizosphere biologists is soil. All soils
are different (physically, chemically and/or biolpgicélly) and even
tﬁe same soil is subject to perpetual modifications. It 'is no
coincidence £hat the rhizosphere lite;ature is extensi&e and yet, so
inconclusive. Therefore, how useful are the results from experiments
conducted under field conditions? Thesé results are quite serviceable
singe they provide a point of referenge upon wﬁich to build a
rhizosphere research data Bgse. However, conclusions frog this‘data
base should be formuléted caﬁtiouély lest they béqome dogma.

My primary intereét in fhizosphere biology ig rhizospﬁere
 bacteria (d.e. bacteria associated with plant rgots) and the maﬁipula—
tion of these organisms to ﬁromotg flant health. It is knéwﬁ that
rhizosphere bacteria exist, but their isolation is difficult. We can
observe these organisms microscopically. However, to work with them
and manipulate them requires their isolation and subsequent growth on
artificial medié.‘ Qualitative and quantitative reports concerning
rhizosphere bacteria are éommpn, but it is éssential to realize these
reéorts Aiscuss total numbers of culturable rhizosphere bacteria and
not the absolute £otal number of rhizosphere bacteria — a distinction
which is often ignored. It is also not emphasized enough that %he
genera of bacteria isolated from the rhizosphere are a direct function

of isolation techniques.
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In general, fhe presently known rhizosphere bacterid are
separated into two primary groups - deleferious and beneficial
organisms., It is important toAﬁote that a particular organism can
belong to both groups. Deleterious rhizosphere bacteria can bé
classified together as plant pathogens - minor or major. Beneficial
rhizosphere bacteria, howéver. fall into four different groups.
"The most frequently discussed beneficial group includes the
symbiotic'nifrogen—fixing genéra Rhizobium and Frankia (Stacéy and
' Brill,1982). A second group is the.freeliving nitrogen—fixing.

bacterial genera of Azospirillum, Azotobacter, Bacillus, Clostridium

and Klebsiella (Gaskins et al.,1985), The Azotobacter organisms
were extensively utilized in the Soviet Union during the late 1950's
and early 1960's as bacterial fertilizers to increase crop yields

(Brown,1974). Azospirillum has been utilized most recently to promote-

plant growth of grasses, including cereal crops, via nitrogen—fixation
(Stacey and Bri;1,1982; Gaskins et al.,1985; Bashan,1986b).

‘ Bioloéical csntrol agents are.a third gfoupAof beneficial
rhizésphere bacteria and encompass all bacterial groups. The main
criterion for inclusion in this group is that the érganisﬁ suppress a -
soilborne plant pest — usually a pathogen, but insects and nematodes
may be the suﬁpressed pests.

The fourth group includés those organisms which prqufe plant
growth. There are primarily fou; rhizosphere genera which are repo;ted

to produce plant growth—promoting compounds - Azospirillum,

Azotobacter, Bacillus and Pseudomonas GKaténelson and Cole,1965; Brown

and Burlingham,1968; Tien et al.,1979). However, some recent reviews
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‘(Suslow,1982; Bu¥r and Caesar,1984) imply that Pseudémonas species,
specifically fluoréécént.pséuaomonads, are the only organisms in this
group which effectively establish on and colonize plant roots., These
reviews refer to these fluorescent pseuddmonads as root—colonizers or
rhizobacteria or plant growth-promoting rhizobacteria. iqterestingly,
it is believed that these bacteria promoté growth not by producing
growthrstimulafing compounds but rather by inhibiting and altering the
'normal root microflora (éuslow,1982L

The use of rhizosphere bactéria as seed treatments is referred to
as seed:baéterization (Brown,1974; Burr and Caesar,1984); -Dévelopment
of rhizosphere bacteria as seed ;réatments for the biological cont?ol
of soilborne pests or for promoting plant growth hag become a major
emphasis in agricultural research (Schroth and Haﬁcéck,lQSZ; Burr and
Caesar,1§84; Kloepper et al.,1985; Baker,1986). However, only one
organism has thus far been copmercialized for use asAa seed inoculant
with the potential of producing healthy plants and increaging yield

due to disease control (Backman et al.,1984). That organism is a

Bacillus subtilis s;rain currently being marketed by Gustafson, Inc.
under the name Quantum-4000. The efficacy and commercial potential of
genetically engineered bactgrial organisms has,-of course, not yet
been tested ﬁnder field conditions.

Perhaps; a major factor in the unsuccessful commercialization of
rhizosphere bacteria has been the inconsistency of resulfs oBtained
" from field tesfing. There are numerous explanations to éégount for the
variability reported including unsuccessful bacterial inoculafion and

survival on the seed, poor establishment by the bacteria on seed and
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roots and inadequate survival of introduced bacteria in the natural

soil environment (Mangenot and Diem,1979; Gaskins et al.,1985; Curl

and Truelove,1986).

In general, the following seem to be true of the current status
of the development of useful.rhizospheQe bacterié: First, the
consistency between rgsults obtained for similar experimental condi-
tions is minimal (Kommedahl and Mew,1975; Suslow,1982; Liftshitz et
al.,1986) as ig'the'correlation between results of experiments
conducted under controlled conditions (i.e. iaﬁoratory, growth
chambér, greénhouse) and actual field conditions (Kommedahl et

al.,1981; Suslbw,1982} Weller et al"1985); Schroth and.Hancock (1981)

indicated that a key finding in their work with beneficial

rhizobacteria was that the most effective method for identifying these

organisms was to initially test strains directly in the field without
regard to lab results. |

" Second, results from experiments ha;e often been reported in
terms of pest cgntrol ér plant growthrproﬁotion efficaéy and not the
root colonization competence of organism(s) tested (Howell and
Stipanovic,1979; Utkhede aﬁd Rahg,1980; Weller and Cook,1983). Quite
often rhizosphe&e bacteria targeted for use as biological séed treat-
ments are initially screened for inhibitioﬁ of only ohe soilborne
plant pathogen (Weller and Cook,1983) or for another specific
characteristic (Susléw,1982). .

Third, in the past ten years, a major emphasis has been placed on

~ one group of bacteria, the fluorescent pseudomonads, in the develop—

ment of rhizosphere bacteria for seed treatments. Previously, most
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seed bacterization research had concentrated on Azotobacter, Bacillus

and Streptomyces with only minor consideration given to Pseudomonas

(Brown,1974; Merriman et a1"1974). However, Rovira (1963) stated
that in pure culture studies ". . . Azotobacter did not colonize the
roots of lucerne, maize, fbmato, or wheat to any great extent.
Bacillus and Clostridium were moderaté coldnizers of plant réots

reaching from 1 to 20 per cent the levels reached by Pseudomonas

fluorescens dn the same plants". Later, Cook and Rovira (1976) indi¥_

cated that fluorescent pseudomonads may be the biological organisms
responsible for a natural biologica; control phenomenon called tgke—
all decline.

Additional research demonstrated that fluorescent pseudomonads

were potential biological control agents (Howell and Stipanovic,1979;

Scher and Baker,1980; "Geels.and Schippers,1983; Weller and Cook,1983).

This research, plus the research conducted by the group working in the

rhizobacteria program at the University of Califormnia, Berkeley

- (Suslow,1982; Burr and Caesar,1984), provided an impetus for concen—

trating on the fluorescent pseudomonads for seed bacterization

purposes.

Although it is a Bacillus subtiiis strain of unknown origin which
is being utilized for the Quantuﬁ—4060 biol&gical seed inoculant,
there has not been the extensive effort to characterize Bacillus
species as useful, rhizosphere bacteria as there has been for the
fluorescent pseudomonads. In those cases where Bacillus species have
been sfudied, the organism'has nérmaliy been evaluated in terms of

bioiogical control or growth promotion and not rhizosphere
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colonization efficiency (Utkhéde and Rahe, 1980). Notable exceptions .
would be the work by Merriman et al. (1974) and Kloépﬁer et al,

(1985).

Studies utilizing Stfeptomyces speciés—as rhizosphere colonizers
have 5een even less extensive than those with Bacillus. Some of the
more comprehensive field stu&ies were condupted in Australia
' (Broadbent et al.,1971; Merriman et al.,1974).

The priﬁary problem in most field exferiments utilizing Bacillus

and Streptomyces isolates is that marked strains (i.e. antibiotic—

resistant mutants) have nof been ufilized.. Therefore, it can only be
assumed tﬁat the organisﬁs isolated from the rhizosphere/root complex .
were the same strains that were initiaily‘applied to the seed. This
‘has not been true for the fluorescent pseudomonads where mérked

- ‘'strains have been %idely used in field s?udies.

Genes which determine rhizqsphefe colonizaéion have not been
~characterized'or cloned, even for the fluorescent pseudomonads. This
task will be difficult as it'is highly unlikely that colonization is
‘controlled by a single gene or a single gene co@plek. However, genés.
which regulate production of toxins (Wabiko et al.,1986), antibiotics
(Hopwood e£ al.,1985; Fayerman,1986; Gutterson et al.,1986), enzymes
:(Fuchs'etla1u1986) and plant growth horméneé (Yomada et 2l.,1985)
have been identified from naturally occurring soil bacteria. Some of
these gene;-have already been tragsferred between organisms (Hopwood
et al.,1985; Fuchs et'a1u1986; Shivakumar et aiu1986x

With the rapid expans#on of bactérial recombinant DNA (r-DNA)

technology available, it would seem to be more€ productive to first
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identify bacteria that colonize roots efficiently and effectively and
then insert or amplify genes of interest to develop the biocontrol
agent or growth-promoting agent of choice (Schroth and Hancock,1981;
Suslow,1982§ Curl and Truelove,1986). This would be especially useful
for intragenéric or even intraspecific r-DNA work.

Until the colonizafion‘genes are identified, it will be difficult
to transform an inefficient or non—qoloniiing organiém with
agriculturaliy uséful characteristics into an efficieﬁt root
colonizer. However, it does seem feasible to transform an efficient
foot colonizing organism, with no biocontrol properties or at leasf
not those of interest, into an organism which colonizes éhd.achieves
ﬁhe desired biocontrol aétion. |

A research group at Monsanto Chemicai Co. may have used this
approach when they transferred the insecticidal delta-endotoxin gene

of Bacillus thuringiensis subsp. kurstaki into. Pseudomonas fluorescens

strains which colonize corn roots (Obukowicz et al.,1986). It is not
reported, however, if the P. fluorescens strains were originally
selected for their root colonization capability in the field or a

characteristic identified in the laboratory. EPA approﬁal for field

tests with this intergeneric r-DNA organism has so far not been

granted. Thus, the efficacy of this approach is still ﬁnknown.

The objective of the present reseafch project was to identify gnd
characterize naturally occurring rhizosphere bacteria of small grains
which'efficiently colonize spring wheat roots under field conditions.

These bacteria would then be available for transformation and eventual
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use as biocontrol ageﬁts or plant gfowthrpromoting agents applied as
seed treatﬁents. | .
Spring wheét was initially selected as the model plant system
due to the severe economic losses incurred by Montana irrigated spring

wheat producers from take-—all root rot disease caused by

Gaeumannomyces graminis var. tritici (Ggt). There are presgntly no
economic control methods, short of crop rotation, available‘fo: this
disease, but Eurfent évidence wouid indicate this diseaéé gould Be
controlled via-biological’égents (Asher and Shipton,1981). Since
wheat is an iﬁportant food crop worldwide aﬁd there are a numﬁer of
serious soilborne pests associated with this crop (Wiege,1977),
results f;om this model system gould also have pracfiéal applicétions

outside of Montana.
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MATERTALS AND METHODS

Preliminary Screening

During the 1984 field season, rhizosphere and rhizoplane baeteria
wefe isolated from spring wheat, winter wheat and barley roots.
Winter wheat-plant samples were obtained from a dryland commereial
field in Teton Co., MT. Spring wheat and barley plant samples were.
from irrigated and dryland fielde in Gallatin Co. and Broadwater Co.,
MT. After shaking the root systems.hard and removing large clumps of
soil attached to the roots by hand, only the tightly adhering
rhizoephere soil remained. Plants were stored in paper bags at 2 C
until the roots were sampled for bacteria 1-10 days after
eoliecting. | |

For clarity, spermosphere refers to a soil zone influeﬁced by the
seed germination process (Lynch,1978); rhizoplane is the actual plant
root surface plus cloeely adhering soil or debris; rﬁizosphere is the
zone of soil which influehceslliving roots; the laimosphere is the
root—shoot transition‘zone or soil—ehoot interface (Curl and
Truelove,1986). For this work, the rhizoplane and rhizosphere were
differentiated onl} in the initial iselation of root colonizing
becteria. Thereafter, the root samples are referred to as rhizosphere
samples. The major part of the root syetem‘in the top 25 cm of soil,

including the first 1-2 cm of the plant shoot, was routinely sampled
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for introduced bacteria. In 1986, the seed, if preseﬁf, was removed
at sampling.

ForAeach 1984 field sample, four root systems were mechanically
shaken for 30 min in 100 ml of sterile distilled water (SDW). The
roots were then transfe?red to a sterile flask; The soil suspension
which remained was the rhizosphere subsample. The roots were
macerated in 100 ﬁl SDW in a sferile_Waring blender for 60 sec to
obtain thé‘rﬁizoplaﬁe-subsamp;e.

Bacté;ia_were isolated from each subsaﬁfle.via replicate dilution
plating on the follawing media. BCBRVB, a modified King's medium B
(Sands- et 2l.,1980),. was used to select for fluo;escent pseudomonads
while the actinomycete selective medium (Kuster and Williams,1964;
Williams and pavies,1965) selected for actinomycetes, especially ‘
streptomycetes. Bacillus spp. were obtained primafily with a modified
soil extract agar.(Parkinson et al.,1971). The 1/10 strength tryptic
soy broth agar (1/10 TSBA) was utilized as a general plate count
medium. Lactobacillis MRS broth agar was used to select organisms
capable of utilizing glucose aerobiéally. (See Appendix for gedia
recipes.) 'Plates Weré incubated at 28 C for 5 days. For two loca-
tions, replicate plates were also incubated at 5 C for 10 dgys.
Colonies representative of the morphological types present on the
plates were selected and streaked for furity on tryptic soy agér (TsA)
(Difcé Laboratories, Detroit, MI). A totai of 537 ﬁacterial isolates

were selected.




12
.Ten additionai isolates were selected from dilution plates of a
Quincy, WA. take-all suppressive soil. These isoiates were obtained
in February of 1985. | |

The antifungal activity of each isolate was tested utilizing

Rhodotorula glutinis. Eaph isolate was inoculated onto thé cenéer of
a potato dextrose agar plate (PDA) (Difco) and incubated at 28 C.
Bacterial growth was terminated after 4 days by exposure to chloroform
vapors. Celléiféom a-4 day old PDA cultﬁre of R. giutinis were
suspendéd in SDW and then'sprayed over the bacterial growth plates.
After 36 hours zones of inhibition were measured. For isolates
,obtainedlfrom plates originally incubated ét 5 C, antibiotic gctivity'
was tested éth5 c in‘addition to the normal 28 C incubation
temperature. |

Screening for Gaeumannomyces graminis var, tritici
Inhibition and Lysis ;

Isolates which were selected for field experimenté were also
tested for their ability to inhibit Ggt in vitro at four pH levels and
three temperatures. The pH levels weré 5, 6, 7 and 8 andiwére
obtained by adjusting ?he pH 6f'PDA, after autocléving, with either
0.1 N ﬁCl_or 0.1 N NaOH. Each isolate was inoculated onto the center
of each of the four different'PDA/pH level plates. Four 6-mm—diameter
plugs of ggg growing on PDA were then pléced equidistant from the
center of each plate. These plates were incubated at 28 C. Zones of
inhibition wéré measured aftef-4 and 7 days of growth.

To dgtermine the effect of £emperature on inhibition, three

replicaté PDA plates (pH 7) were inoculated with'each bacterial
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isolate and Ggt as described previously. ?lates were incubated at 2
C, 15 C or 28 C. Zones of inhibition were measured after 4, 7 and 10
days of growth.

The bacterial isolates were also screened for their abilityfto
lyse hyaline or melanized Ggt hyphae. Singie 6—mm—diamefer plugs'of
Ggt growing on FPDA were.placed in the center of PDA or Czapek solution
agar (CSA) (Difco) plates. CSA plates were incubated at room tempera~
ture for 14 days to obtain primarily hyaliné hyphae. PDA plates were
incubated for 1} days to obtain melanized hyphae.

After these incubation periods, each bacterial isoléte waé
inoculated on one plate of each medium at four'points eqpidistan£ from
the center. The bacteria were iﬁo;ulated by making a heavy baéferiai
suspension in SDW and-placing a drop of the suspension diréctly on the
Ggt hyphae growing on each medium. Plates were incubated at 28 C and
examined after 4, 7 and 12 days for bacterial growth and lysis of the

hyphae by the bacterial isolate,

Storage, Mutant Development and Identification

The 60 isolates selected for field tesfing were sgored using
three differen£ systems for each isolate: a) on 1/10.TSBA slants at
2 C; b) in 30% glycerol at -15 C; c) in 35% glycerol at ;70 C. Fresh
1/10 fsBA slants were made every six months. -Colonies of each isolate
were transferred to the fresh slants after detérmining that the
isolate was étill yiable and, after mutants were devéloped, that they

were still antibiotic resistant.
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Glycerol storage solutions utilized tryptone yeast extract broth.
(TYE) for streptomycetes and Rhizobiaceae isolates or nutrient broth
(NB) (BBL Microbiology Systems, Cockeysville, MD) for all other
isolates. For glycerol storage, iéblates were grown in small screw-
cab tubes or vials of TYE and NB for 24-48 hf with shaking. An
appropriate aliquot of 80% sterile glycerol was then added. Tubgé and
vials were shaken and placed in cold storage - tubes at —-15 C and
vials at —70.C.

.Antibidtic—resistant mutants of the isolates selected for field
testing were developed u;ilizing four antibiotics -~ streptomycin,
rifampicin, nalidixic acid and erythromycin.(Sigma Chemical Co., St.
Louis, MO). Ali.antibiotics‘were sterilized in 95% ethanol.
Rifampicin and erythromycin were aléo solubilized in ethanol, fut
nalidixic acid and streptomycin were solubilized in SDW. Each isolate
was spread on 1/10 TSBA plates, each plate contaiﬁing one_antibiotic |
at 25 or 100 yg/ml. Resistant colonies were selected and serially
transferred twice on the appropriate antibiotié—supplemenfed 1/10 TSBA
medium. From thé last plate, resistant colonies Wwere transfgrred to
1/10 TSBA without antibiotics to determine if these putative mutant
isolates were reéistant.to the antibiotic 6r dependént on it for
g;owth. To obtain double- or'triple—marked mutants, the same
p¥ocedures were uéed with the remaining antibiotics.

FiftyQSix of the 60 isolates developed anfibiotic resistance’ to
one ;f more antibiotic. Two isolates became dependent on streb£omycin

for growth and two isolates developed neither resistance nor




TR ol U -}

15
-.dependence fo any of fhe antibioticsi Mutants wefe sfqred using'thé
£hree ﬁethods described previously.
" In this repért, mutant isolates are designated by thé addition of
letters to theif identification numBe;s. Letters indicate which
antibiotic(s).the isolate is resistant to o? dependent upon for
growtﬂ:l E = erythromycin; N = néiidixic acid; R ='rifampicin; S =
streptomycin.: Capitai ietters'signify a resistaﬁce level of.100 pg/ml
and small letters éigﬁify a resisfance level of 25 yg/ml. If an
isolaﬁe is dependent upon‘thé antibiogic for growth, a "+" mark is
inserted after the cgpital letter.

To determine which of the four antibiotics or combination of
" these antibiotics would be most useful as genétic markers for‘7

monitoring the bacterial isolates in the soil and on plant roots, an

attempt was made to obtain 14 different mutants of each of four

) bacterial isolates. The isblgtes were 109 (Stfeptomyces-spd, Df39.
(B. subtilis), D-56 (éoryneform) and D-290 (B. fluoresdené); The 14
differen; muéan£ typeé desired included resistance to each of the
'antibiotiés separately,:all double combinations of the an;ibiétiés and
all triple‘combinations‘of the antibiotics. The technique previously

“described was empioyea,to obtain'the'mutants. These mutants were
stored oniy pnpi/lo TSBA slants at 2 C. |

.Mutant iéolatés were first.categorizeq according to Gram
reaction, mgrphblogy and oxygen requirements. 'Graménegative.fods ﬁerg
| identified using procedures outlined in Béféey‘s Manual of

Determinative Bacteriqloéy (Krieg,1984) and, since theyIWere'

primarily Pseudomonas species, the taxzonomic monograph of Stanier et
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al. (1966) and the laboratory guidelines of Sands et al. (1980).
Gram-positive rods which produced endospores aerobically (Bacillus
specieé) were identified to species uéing the procedures of Gordon et
al, (1973). The one aerobic Gram—positive rod which did not produce
éndoéporés was identified simply as a coryneform (Buchanan and
Gibbons,1974). fhe Gram-positive filgmentousnstraiﬂs (actinomycetes)

were identified as Streptomyces species based on morphological

characteristics (Buchanan and Gibbons,1974). Chemical analysis of the
cell wall components are necessary to identify the coryneforym isolate
to genus and to confirm that the actinomycete isolates are members of

the genus Streptomyces.

Mutant Isolate Stability

To deterﬁine the stability of aﬁtibiotic resistance and root
colonizatiog efficiency, six'mutant isolates were transferrei
repeatédly on a rich non-selective méiium. The mutant isolates
" utilized were 28Er (B, fluorescens), 88SE‘(§L maltthilia., D-39Sr (B.
subtilis), D-56SR (coryneform), D-60R (B. subtilis) and D-185S

(Streptomyces sep.). Isolates were transferred from storage slants to

tryptic soy broth agar (TSBA).

Four randomiy selected single colonies of each parental-mutant-
‘igolate were subcultured on new TSBA plates - oné flate per |
subisolate, Subsequently, each sﬁbisolate was transferred to new TSBA
plates every 2-4 days until each one had been serially transferred ten
times. Transfers were then made to 1/10 TSBA slants for storage at 2

C.
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After all the subisolates were in sforage, experiments were begun
to compare antibiotic resistance and root colonization efficiency.
between the parental—mutént—isolates and their subisolates. Stability
of antibiotic resistance was determined by replica plating the'mutant
isolates and mutant subisolates on the appropriate antibiotic media.
If any mutant isolate or mutant subisolate failed to.grow. it was
transferred again to verify these resultsf Root colonization
efficiency wés determined via normal seed bacterization techniques and

growth of the plants in an environmental growth chamber.

Bacterial Inoculation of Seed

Mutant isolates were trahsferred.from storage slants to 1/10 TSBA
plates with the appropriate antibiotic(s) and level(s) to insure
stability of antibiqtic résistance or dependence. These plates were
then used as the inoculum sourcé for fhe plates and fiasks used to
increase the bacterial isolates for seed treatment.

The Bacillus mutant isolates wete grown on soil extract agar
(SEA) for 4 days at 28 C. Depending on the mutant isolate, this
provided a mixture of.éegetative spores and endéspores. Gram—-negative
mutant isolates, plus the one coryneform mutant isoiate, were grown on
TSBA for 2 days at 28 C. Plates were iﬁoculated by smearing alsingle
colony on each plate. étreptomycetes were grown from single colonies
in TYE on a reciprocal shaker for 2 days.

Streptomycin—-dependent mutant isolates were grown on TSBA

supplemented with 100 ug/ml streptomycin. Rather than smearing a
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single colony on each pla;e, a single colony was streaked on the p;éte
via aiseries of closely spaced straight lines to facilitate‘growth.

For all exﬁeriments, the spriné wheat cultivar Pondera was
utilized. For root colonization studies of crops other than spring
whéat, Winridge winter wheat, Piroline barley, Pioneer_Hybrid 3540
corn, Harosoy soybean, and Oker and MT 81B-3697 safflower were used.
All seed was surface s£erilized with 0.5% NaOCl for 5 min followed by
three rinses‘in SDW. The seed was then spread out to dry overnight on
paper towels in a clean air chamber under a sterile air stream.

Seed for single isolate treatments was cbated with the following
amounts of treatment components. The cells from one SEA or one TSBAi
plate or one 10 ml TYE flask were suspended in 6.25 ml sterile 1% |
carboxymethylcellulose (CMC) (medium viséosit&) (Sigma). This
suspension was used to coat 12.5 g seed.

The seed for isolate mixture treatments waé inoculated using the
same total mass of bacteria for the inoculum. Thus, for the treat-
ments utilizing two mutant isolates, oqe—half the normal amount of
each iso1ate was used - i.e. one;half plate or 5 ml of each isolate
per 12.5 g seed. For the mixture treatment utilizing five different
mutant isolates, one-~fourth plate or 2.5 ml of each isolate was used
to inoculate the seed.

For two of the 1986 field experiments, different inoculum rates
of the s;me mutant isolates were utilized as seed treatments. |
Isolates 88SE (g; maltophilia) and 28Er "(P. fluore;cens) were applied
indi?iduélly to spring wheat seed at si£ different inoculum rates. -

The normal rate was described above. Three additional rates were 1/4
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normal, 1/16 normal and'1/64 norma} — designated as rates 2, 3 and 4
respectively. Rates 5 and 6 were not as preci;e. Rate 5 was one
loopful (4~mm diameter) of bacteria, scraped off a TSBA plate, per
12.5 g seed. Rate 6 was 1/6 loop per 12.5 g seed or one loopful per
75 g seed - Fhe total amount of seed inoculated per treatment. The
methods utilized to obtain rates 5 and 6 were unortﬁodox but did
" achieve the desired effect of fewer bacteria ﬁer seed. Bacterial
number per seed was determined as described later in this section.

For isolates grown on SEA or TSBA, bacteria were scraped from the
plates, suspended in 1% CMC and then mixed with the séed. This
technique was altered once for a 1986 field experiﬁent where mutant
isolates of isolate 199 (P. fluoreécens) were compared. One mutant
was stfeptomyéin dependent and the other was étreptomycih resistant.
To insure that no strepfomycin was carried over from the streptomycin
supplemented TSBA growth plates, the mutant isolates were scraped off
the plates, suspended in sterile phosphate buffer (SPB) (ph 6.8),
shaken well, centrifuged at 3020 x g for 10 min and the pellet
resuspended in 1% CMC. |

Streptomycete isolates grown in TYE were collected via
centrifugation at 3020 x g for 10 min. The pellet was then suspended
in 1% CMC and mixed with the seed.

Seed was allowed to soak in the baéteria;,suspension for a
minimum of 30 min before épreading out to dry‘ove;night on butcher
paper on clean bench tops in a room with minimal air movement. The
- seed was then packaged in cléan paper envelopes for planting. Extra

seed from each treatment was deposited in paper envelopes which were
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placed in plastic boxes or bags and stored at 2‘C. For all field
experiments, seed was planted within 481hr of inoculation. Seed for
growth chamber experimenﬁs was planéed within 24 hr of‘inocuiatién.

Within 24 hr after field planting or 6 hr after growth chamber
planting, the extra seed was assayed to de£ermine bacterial number per
‘seed and seed germination. Five seeds pér treatment wére placed in
SPB, sonicated (Méftler Ultrasonic Cleaner - Model ME 4,6) 30 sec,
allowed to séak for 30 min and then pla;ea b& serial dilutions on the ‘
appropriateil/ld iSBA antibiotic medium.' Seed germination fests were
also conducted at this time by placing 10 seeds per treatment in a
sterile glass petri plate containing a sterile filter paper (Whatman
#1) moistened with 5 ml SDW. For the mutant isolates fiéld teétéd in
1985, the ﬂumbér of bacteria per seed was determined again after 3
months in cold‘storage.

Nén;bgcterized check treatments for field experiments included
seed sterilized and coated.only with 1Z CMC, seed sterilize& but not

coated with CMC and seed not sterilized.

Exﬁerimental Setup and Design

Field Experiments

Field experiments were established in 1985 and 1986 on the A. H.
fost Agronomy Farm near Bogemaﬁ, MT, Supplemental sprinkler
irrigation was provided in both years.

Experimental design for the three 1985 field expe?iﬁents and two
of the seven 1986 field experiments was a randomized complete block

with four replications. Plots consisted of three rows if yield was
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measured; otherwise, oné—row plots were established. P;ants’séméled
from yield plots for roét colonization assays were obtained from thé_~
outside two rows since the middle row was evaluated for diseésé and/or
‘harvested for grain yield. For the other five 1986 field experiﬁénts,
“each treatment within an experiment was planted as a block of 12
TowsS.

In 1985, the mutant isolates were used as single isolate tfeat—
ments in eacﬁ of the three field experiments. Since one.of the
initial intents of this project was to identify soil bacteria capable
of controlling Ggt, two of the experiments wére designed to evaluate
this characteristic in addition to rhizosphere competence. The
experiment evaluating root colonization only had no ggg inoculum
placed with the seed at planting. Instead; 5 g of chopped, autoclaved
" oat kernels were deposited in each row. This was intended to offset
any effécté'of.the oat kernel base of the Ggt inoculum on plants or
bacterial isolates.' Ggt inoculum consisted of autoclaved oat kernels
infested with a virulent Ggt isolate.’ One gram of Ggt oat kernel
inoculum was placed with the seed at planting in a second experiment
.to provide take-all symptoms at a severity typically observed in a
commercial field. For the third experiment, 5 g of Ggt oat kernel
inoculum was’deposited with the seed to obtain severe take-all
symptoms — i.e. plant death before maturity.

In 1986,.one of thé field experiments utilized 20 of the
60 field tested isolates of 1985 as single isolate freatments. Thesé‘
20 mutant isolates were éelectea for further testiﬁg based on

rhizosphere competence in the 1985 field experiments and stable
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storage or antibiotic-resistant characteristics. kIﬁ addition to the
single isolate treatments, nine of these 20 mutant isolates were
also utilized for ten treatments iﬁ which they wefe mixed‘;ogether in
various combinations and applied to the seed. Disease control'was ﬁot
evaluated in any of the i9é6 field experiments so no ggg'inéculum or

autoclaved oat kernels were added to the rows at planting.

Growth Chamber Experiments

Gréwth chamber experimernts were established in plastic cone
containérs. The selected cone size depended on the plant growth
medium with which they were filled. The tip of each cone was plugged
with non—absorbent cotton. The experimental design for ail expe?i—
ments was a randomized compléte block with four replications of each
treatment. | |

Experiments with plants gfown in non-sterile, horticultural grade
vermiculite used 10-cm deep cones. These were filled ﬁith vefmiculife
to within 2.5 cm‘of the top. The vermiculite was then saturated with
20 ml of non—s£erile. distilled water. Two bacterized seeds wéré
planted in each cone. The cone was filled to the top with more
vermiculite and wetted with 5 ml more of non-sterile, distilled water.
After planting, all cones were covered with plastic wrap and placed in
a gro&th chamber maintained at 21 C + 2 C with fluorescent and
incandescent lamps providing an average of 4850 1umens/m2 qu 12 hr
each day. After plants emerged, the plastic wrap was removed and all
plants watered with 10 ml non—sterilg, distilled water. Plants were
watered on a regular basis thereafter - usually 5 ml pér application

on alternating days.
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Oﬁly Bozeman silt loam was utiliéed for experiments with plants
grown in s0il since this was the soil type at the A. H. Post Agronomy’
Farm where the field experiments had been conducted. Soil utilized
was air-dried, stored dry at 15 C and ground to a 2-mm size before
use. The 15—cﬁ deep cones were fiiled with non-sterile soil tb within
"5 cm of fhe top and tapped down five times. The cones were covered
with plastic wrap and placed for sub-irrigation into a container of
non-sterile, aiétilled water af the same height as. the soil in the
~cones. Cones were soa#ed for a minimum of 12 hr which saturated the
‘soi; iq,all cones. They were then drained for 48 hr - i.e. to field
capacity. Two bacterized seeds were ﬁlanted per cone and the cone
filled with 2.5 cm more soil, Cones were:coverea with plastic wrap
after planting and placed in the grbwth chamber under the conditions
previousiy described. After plant emergence, the plastic wrap was
removed and thé plants watered as needed with non—steri}e, distilled

water.

Root Colonization Assays.

The basal selective medium used to reisolate:infroduced'bacteria
from roots was 1/10 TSBA with 100 pg/ml cycloheximide (Sigma) and 25
ug/ml (a.i.) pimaricin (Gist—Broc;des. Delft, The Netherlan&s) added
to inhibit fungal growth. The four Antibacterial antibiotics
(nalidixic acid, rifampicin, streptomycin aﬁd_erythromycin) and their
levels added depended on which mutant bacterial isolate was being

assayed. For the non-bacterized check treatments, the basal selective
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medium was utilized to detérmine total culturable aerobic bacteria of

rhizosphere samples.

1985 Field Experiments

Tﬁo different types of assa&é‘were conducted to determine root
colonization. One was a direct plate assay. Two plants from each
replication of each experiment were pulled 25 days after planting.
Plants were pulled from~the soil rather than dug in.1985 due to the
extfemely.dry conditions. Some roots were lost due to breakage but
brobably no more than would have been lost in the digging process,
Plants had 4 to 5 leaves, 1 to 2 tillers (gréwtﬁ stage 2.1) (Zadoks et
al.,1974) and the root system consisted primarily of seminal roots and
the sqb—crowh internode with 1 or 2 crown roots beginning to develop.’
The stem was cut 2 cm above the crswnland.discarded. After.shaking
roots vigorously to remave excess soil and removing clumps by hand;
roots were placed in clean paper envelopes which were placed in.
plastic bags and kept cool until used for the assay. Assays were
completed within 6 hr of pulling the plants.

‘'Roots were placed directly onto sélective medium plaéeé using
sterile techniques and incubated at 28 C. Plates were evaluated at 3
and 6 days for growth of thg inoculated isolate aloﬁg roots. To
confirm that bacteria on these plates were the inoculated mutant
isolates, a rapid visual comparison was made by streaking a colony
from the assay plate on half of a fresh‘selective>mediﬁm plate.and the.
known mutant isolate on the other_half. Plates were examined after 2

and 4 days of growth.
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This same assay was utilized 43 days (growth stage 4.5) after
planting for the:mutant isolates which tested positive in the first .
assay. At this time_the root system consisted of both seminal roots
and crown roots.

Thé second type of root colonization assay waé a dilution plate
assay and was first completed at ;he same time as the second direct
plate assay (growth stage 4.5). The séme techniques were used to
obtain the roét samples except only one plant from each replication
was sampled. Roots weré transferrgd from envelopes to tubes contain—
ing 10 ml SPB, sonicated 30 sec, allowed to soak 30—45 min and then -
plated from serial dilutions on the appropriate aﬁtibiotic—
supplemented 1/10 TSBA. \

To obtain the dry wéight of the roots plus tightly a&hering soil,
the éontents of each 10 ml SPB tube with root sample were poured onto
preweighed filter paper (Whatman #1).  Minimal soil passed fhrough_the
filter paper. After filtration, the filter paper with root and soil .
sample was placed in a glass petri plate and allowed to dry for 3 days
at 80 C. The paper was ﬁeighed again to obtain the weiéh;-of roof—
soil sample.

The dilution plate assay was also utilized to compare coloniza—
tion of each portion of the root system.” For the experiment evaluat—
ing root colanization only, one plant from each replication of the six
treatments sampled plus the non-sterilized check treatment was
obtained. FEach root portion (seminal roots,.sub—crown internode,
crown roots) of each plant sampled was placed in a paper envelope.

The rest of the assay was conducted as described above.
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1986 Field Experimeﬁts

Dilution plate assays were conducted for evaiuation of root
colonization at various growth stages of each expe?iment._ Only
seminal roots and sub-crown ipternodes of the root system were
evaluated.

Field sampling techniques were altered slightly from those in
1985. Four plants, rather than one plant, from each row sémpled were
dug from the‘soil and pooled together as one sample. Since the treat-
ments of five of the seven experiments were planted as blocks of
twelve rows, four rows were randomly selected at each sampling time to
obtain four replications for tbe assay.

Stems were cut 2 cm above the crown and discarded. This time the
remnant seed, if present, was also.removed and discarded so only
bacteria colonizing the roots and crown were assayed. After removing
excess soil, the roots were plﬁced directly into ﬁew plastic self-seal
sandwich bags (Ziploé brand’ and stored at 2 C until used for the
assay. These bags were free'of any bacteria not inhibited by the
antibacterial antibiotics incorporated in the selective media.

Rather than transferring the roots to SPB in tubes, the SPB was
added directly to the bag with the roots. The samples were tﬁen
sonicated 30 sec in the bags, soaked 30-45 min and plated by serial
dilution on the appéopriate 1/10 TSBA antibiotic media. Dry weights
were determined as previously described.

For 12 of the single isolate treatmenfs. replica plates of the
dilu;ions were made utilizing the basal selective medium (1/10 TSBA

with cycloheximide and pimaricin). This was to determine what
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percentage of the total aerobic bacteria isolated from the rhizosphere
consisted of the treatment isolate.

Dilutions of mixture isolate treatments were also replica plated.
The selective media used depended on the isolates applied to tﬁe seed.

For the field experiment examining the usefulness of antibiotic.
combinatibns as selection markers, border check rows planted with
non-bacterized seed were sampled and replica plated oﬁ eaqh.pf the 14
diffe;ent anfibiotic—supplemented selective media plus the basal
selective medium. Nystatin (Sigma) at 25 Pg/ml was suﬂétituted fof
pimaricin in.the selective media due to a‘temporafy shortage of

pimaricin.

Growth Chamber Experimenté

Dilutioﬁ plate assays were completéd 4 weeks after p;anting for
all growth chamber experiments., Plants were dislodged from thé.cqne
containers and excess vermiculite or soil removed by hand. Tﬁe stems
were cut 1 cm above'the crown and discarded, as was the ;emnént seeq.
The roots were then placed directly iﬁto the Ziploc sandwich bags and
stored a£ 2 C until used for the assay within 6 hr. .

If more than one plant was present in the cone, only one plant's
roéts were assayed. For the mutant isolate stabiiity experimeﬁt, the
person working Qith the plant roots washed their hands with soap and
water before extracting the next plant. .The-rest of the aséay

technique was the same as previously described.
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-RESULTS

" Preliminary Screening

During £he 1984 fieid season, 537 bacterial isolates_were
selécted'from a_large group of bactgria obtained via dilution plating
of spring apd.winter.wheat and barley rooés on selective. and gener?l
media. All‘gross morphologicai colony types preéent on the dilution
plates were.represented by the isolates selected. Since biqldgical
control of fungal'soilﬁorne plant diseases such as-také—ali was a
primarj research interest and it was logistically imboséibie to screen
all 537’bacterial isoiateé in the field, thé isolates were‘initially-.
screened for in vitro antifungal activity. This was accomplished via
..an antibiotié plate assay utilizing the red yeast Rhodotorula
glutinis. |

. Forty-nine isolates that demoqstrated some degrée of antifungal
activity and weré stéble'in storage were selecfed for field‘testing.
Ele&en additional isolates chosen for‘fiéla testing were: a) five

actinomycete isolates obtained from a Quincy, WA. take-zll suppressive

soil provided by D. Welier. b) a Xaﬁthoménas.maltophilia isolate
previgusly shown to be a wheat root colonizet in Montana (R. Kuestner.:
personai communication) and ¢) five isolates frém the original 53f
'isolates with potential plant protéct}on‘characteristics other than
production of antifungél antibiotiés. One of these five'isolates

_ produced an antibacterial antibiotic, two produced a dark pigment in
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culture and two produced acid from glucose aerobically. - All 11
isolates were screened for inhibition of R. glutinis but only one, a
Quincy soil actinomycete, was inhibitory. The ex;ent of R, glutinis

inhibition by the 60 isolates is reported'in Table 1.

Gaeumannomyces graminis var. tritici Inhibition
And Lysis In Vitro

Since ﬁy original goal was to identify bacteria capable of
controlling take—-all disease, the isolates selected for field testing
were screened for their ability»tO'inhibit EEE in vitro. Alllthé
isolates were screened except the five Quincy soil actinomycetes since
these had not yet beeﬁ isolated. However, as determined in a later
screening test, two.of the Quinqy soil actinomycetes (isolaées 236 and
242) did inhibi£ Ggt iﬂ vitro.

The pH of the rhizosphere can differ from of that of the -
surrounding bulk soil and will fluctuate_during the growing season or
can be manipulated to obtain the desired pH (Weinberger and Yee,1984;
Smiley,1974). Therefore, the abilify of the selected bacteriél .
isol#teé to inhibit Ggt at four pH values was determined (Table 1).

In general, for each isolate, there was little difference in Ggt
" inhibition af pH 6, 7 or 8 In contrast, at pH 5 distinct differences

in inhibition by some of the isolates were observed. Twenty of- the

isolates, primarily Streptomyces and Bacillus spp., did not grow.
Five isolates, all P. fluorescens, produced larger inhibition zones at

pH 5 against Ggt - 7 mm or more — compared with those at the other

three pH values.




Table 1. Antifungal activity of 60 bacterial isolates as affected by pH and temperature

Ggt Inhibition (mm)c Ggt Inhibition (mm)c
Isolate Isolate Rhodotorulaa Ggth
No. Identification Rating Lysis pH 5d pH 6 pH 7 pH 8 2 Ce 15 C 28 C
9 Streptomyces 2 0 NG 5 3 3 NG 3 3
22 Streptomyces 2 0 NG 4 5 5 NG 2 5
28 Pseudomonas 4 2 9 10 10 6 G 11 10
53 Pseudomonas 1 1 NG 0 0] 0 NG 0 0
58 Bacillus 1 0 NG 2 0 0 NG 0 0
59 Xanthomonas 2 0 0 0 0 0 NG 0 0
74 Streptomyces 0 | 0 0 0 0 NG 0 0
80 Pseudomonas 1 1 NG 0 0 0 NG 0 0
88 Xanthomonas ] 1 0 0 0 0 NG 0 0
108 Streptomyces | | 0 3 4 3 NG 0 4
109 Streptomyces 1 0 NG 1 1 1 NG 2 1
116 Streptomyces 2 0 0 5 5 6 NG 3 5
118 Pseudomonas 2 1 14 5 4 1 G 7 4
121 Pseudomonas 1 1 12 9 5 5 G 12 5
125 Rhizobiaceae 1 1 NG 0 0 0 NG 0 0
131 Streptomyces 1 0 NG 4 5 5 NG 2 5
147 Bacillus 1 | 0 3 4 5 NG NT 4
DI-152 Bacillus 3 1 4 3 7 6 NG 10 7
DI1-155 Bacillus 2 0 NG 2 2 1 NG 0 2
157 Bacillus 4 1 NG 5 8 - 8 NG 8 8
162 Bacillus 2 0 NG 1 1 <1 NG 1 |
165 Pseudomonas 2 1 15 5 NT 1 G 6 NT
176 Pseudomonas 2 | 12 5 5 3 G 2 5
189 Pseudomonas 2 | 14 5 5 3 G 3 5
199 Pseudomonas | | 2 2 0 0 G | 0
216 Pseudomonas 1 1 5 3 2 | G 2 2
230 Bacillus 3 2 4 6 6 6 NG 7 6
231 Enterobacteriaceae 0 0] NG 1 3 | NG 5 3
236 Streptomyces 1 0 NTt NT NT NT NT NT NT
238 Streptomyces 0 0 NT NT NT NT NT NT NT
239 Streptomyces 0 0 NT NT NT NT NT NT NT
241 Streptomyces 0 0 NT NT NT NT NT NT NT
242 Streptomyces 0 0 NT NT NT NT NT NT NT
1000 Xanthomonas 0 0 0 0 0 0 NG 0 o]
1001 Bacillus 4 2 6 7 10 9 NG 10 10



Table 1- continued

Ggt Inhibition (mm)c Ggt Inhibition (mm)c
Isolate Isolate Rhodotorulaa Ggtb
No. Identification Rating Lysis pH 5d pH 6 pH 7 pH 8 2 Ce 15 C 28 C

D-4 Streptomyces 4 | 0 10 8 8 NG 5 8
D-39 Bacillus 3 1 NG 3 1 1 NG 3 1
D-56 Corynefom 3 1 NG 0 0 0 G 0 0
D-60 Bacillus 3 2 5 4 2 3 NG 10 2
D-82 Streptomyces 1 2 NG 3 4 4 NG 3 4
D-168 Bacillus 3 2 2 1 2 | NG 8 2
D-173 Bacillus 3 2 5 7 7 8 NG 10 7
D-180 Streptomyces 2 | NG 4 4 5 NG 5 4
D-181 Bacillus 3 1 4 1 1 1 NG 10 1
D-183 Bacillus 3 2 5 6 5 5 NG 7 5
D-185 Streptomyces 2 2 NG 2 3 4 NG 3 3
D-187 Bacillus 3 2 5 1 7 | NG 10 7
D-188 Bacillus 3 2 6 5 5 3 NG 1 5
D-198 Bacillus 3 2 6 1 1 | NG 10 1
D-199 Streptomyces 2 2 NG 5 3 4 NG 5 3
D-214 Bacillus 0 0 NG 0 0 0 NG 0 0
D-217 Enterobacteriaceae 0 1 0 0 0 0 G 0 0
D-220 Bacillus 3 2 NG 8 6 8 NG 8 6
D-221 Bacillus 3 2 5 5 8 7 NG 7 8
D-222 Bacillus 1 2 1 3 3 3 NG 9 3
D-226 Bacillus 3 2 2 7 7 6 NG 10 7
D-267 Pseudomonas 1 1 12 1 3 2 G 3 3
D-273 Pseudomonas 1 1 2 5 4 1 NG 1 4
D-288 Pseudomonas 2 1 12 4 3 2 G 4 3
D-290 Pseudomonas 3 2 4 11 NT 8 G 12 NT

aRhodotorula Rlutinis inhibition rating: O = no inhibition; 1 = no distinct non-fungal zone,just less
concentrated fungal growth; 2 = <5 mm zone of inhibition; 3 = 5 to 15 mm zone of inhibition; 4 =
>15 mm zone of inhibition.

ALysis of hyaline Gaeumannomyces graminis var. tritici Ggt) hyphae: O = no bacterial growth and lysis;
1 = bacterial growth but no lysis; 2 = bacterial growth plus lysis.

cNT = Bacterial isolate not tested for this particular characteristic; | = Bacterial isolate inhibits Ggt
but due to bacterium®s spreading nature, unable to determine a distinct zone of inhibition.

~NG = No growth of bacterial isolate at this pH.

eG = Growth of bacterial isolate; NG = No growth of bacterial isolate.

~solates 236 through 242 were not tested for inhibitory activity of Ggt at this time.
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Soil temperature fluctuations are also a natural occurrence
during the growing season of spring wheat. To fest the effect of
temperature on bacterial inﬁibition of Ggt, the inhibition assay was
conducted at three temperatures — 2 C, 15 C, an& 28 C (Table 1). ggg
and 47 of the bacterial isolates did not grow at 2 C. When the size
of Ggt inhibition zones were c?mpared for temperatures 15 C and 28 C,
only four of the isolates‘had inhibition zomne differénces'of 5 mm or
more.

By comparing R. glutinis and Ggt inhibition results for each

isolate in Table 1, the isolates can be categorized into four groups:

a) 46 isolates inhibited R. glutinis and Ggt; b) 5 isolates

inhibited R. glutinis but not Ggt; c) 8 isolates did not inhibit
either organism; d) 1 isolate (231) inhibited ggi but not R. |
glutinis.

Three montﬁs later, after antibiotig—resistant mutants were
developed, the mutant isolates and their parental isola;es were again
screened for the ability to inhibit Ggt in vitro. Twelve of the
parental.isolates, whicﬁ originally had inhibited EEE; were no longer
inhibitory while a few isolates showed reduced inhibition. Two.
antibiotic—resistanﬁ mutants,.derivéd from parental isolates which
significantly inhibifed Ggt (28 and D-226), were incapable of
inhibition after developing antibiotic resistance.

One mechanism of control for take—all would be the actual lysis
of melanized or hyaline EEE hyphae (Tschudi and Kern,1979;
Campbeli,1983). An in vitro test was designed to defermine if any of

" the bacterial isolates could lyse one or both types of hyphae
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(Table 1). None of the isolates could even grow on melanized Ggt
hyphae whereas 43 of the isolates grew on the hyaiine hyphae. Only 18

of these could also lyse the hyaline hyphae.

"Mutant Isolate Development and Identification

To monitor the presence or absence of the 60 selécted isolates on
plant roots under natura; field conditions, antibiotic—resistant
mutants of Sé of these 60 isolates were obtained. ' Two of the remain~
ing isolates were antibiotic-—dependent. The other’two isolates '
developed neither reéistanée nor dependence on antibiotics. Four
antibiotics were utilized as markers —~ streptomycin, erythromycin,
rifampicin and nalidixic acig. Each antibiotic ﬁés_a different site
of action (Bryan,1982).

The streptomycetes‘and'the one coryneform isolate were identified
only to genus. The majority of gram-negative isolates and all the
gram-positive, endospore producing isolates weré also identified to
genus, but only those isolates.utiliéed for field studies in both 1985

and 1986 were identified to species. The 60 isolates included 14

Pseudomonas spp., 3 Xanthomonas spp., 17 Streptomyces spp., 22

Bacillus spp., 1 coryneform, 1 Rhizobiaceae and 2 Enterobacteriaceae

family members.

Mutant Isolate Stability

As indicated in the materials and methods, bacterial growth from
1/10 TSBA storage slants was used as the initial source for increasing

the antibiotic-resistant mutant isolates used as seed inoculum.
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Mutént isolates were transferred from slants to 1/10 TSBA plates
supplemented with the appropriate antibiotics for each isolate. This
.insured that the isolate used to inoculate seed was still viable and
antibiotic resistant. Single colonies from these plates were éhen
used to inoculate growth media for bacterial increase.
Freéh.slants'wéré made every 6 months. Each mutant isolate was

transferred from the old slant to antibiotic-supplemented 1/10 .TSBA

plates. A single colony from these plates was then streaked on the
fresh slant., Again, growth under these selective preséure»conditions
insured that the mutant isolate was still viable and resistant to the
appropriate éntibiotics. |

The majority of the mutant isqlates were stable in storagé when
handled as described above. If utilized for commercial seed
‘bacterization, it is quite possible the mutant isolates would be
_serially transferred under non-selective groyth con&itions. There-
fore, a'studylwaé condﬁcted with six of the mutant isoiates to
determing the stability of antibiotic resistance and root"colonizatioﬁ
efficiency after repeated transfers of isolates on a rich, non-
selective medium. The six mutant isolates utilized were ZBEr (B..
fluorescens), 88SE (X. maltophilia), D-39Sr (B. subtilis), D-56SR

(coryneform), D-60R (B. subtilis) and D-185S (Streptomyces sp.). - Four

subisolates of each parental~mutant-strain were obtained for compara-
tive purposes. Each subisolate had been transferred ten times.
After all the mutant subisolates were in storage, experiments

were begun to compare antibiotic resistance and root colonization

between the parental-mutant-isolates and their subisolates. All four
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subisolates of 28Er, 88SE, D-60R and D-185S but only two subisolates
of D-398r were still resistant to the appropriate antibiotics. None
of the D—56SR (coryneform) subisolates remained resistant.to' |
streptomycin and rifampicin.

Those mutant subisolates which had maiﬁtained the parental
phenotype for antibiotic resistance were increased along with the.
parental—ﬁutant—isolate for inoculation on seed for use in a g;owth
chamber expe;iment to test spring wheat root colonization. Four weeks
after planting, dilution plate assays were conducted for root
colonization. Results are summafized in Table 2.

Significant differences for root colonization between the
parental—mutant—isolafe and the subisolates were obseryed for mutant
isolates 28Er and D-185S5 at the 5% significance level but not at the
1% significance level. Only one subisoléte from each of these-two
groups was substantially diffe#ent from the average root célonization
values of each group. For those isolates.which were stable for

antibiotic resistance, it would appear that they were also stable for

root colonization.

Antibiotic Markers for Monitoring Introduced Bacteria °

The most important consideration in evaluating root colonization
by introduced bacteria is the ability to reisolate the bacteria. One
method of monitoring introduced microorganisms is to use antibiotic-
resistance markers. For ;hé field experiments of this researqﬁ

project, spontaneous antibiotic-resistant mutants of the bacterial
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Table 2. Effect of serial transfers, using non-selective media, on
the ability of antibiotic-resistant isolates to colonize
Pondera spring wheat roots.

Isolate® LogyoCEU/Seed LogloCFU/mgb

Pseudomonas fluorescens
Parental 28Er 6
Subisolate 28Er-1 6
Subisolate 28Er-2 6.
6
6

™

«

Il Wwo >
OM M M
\4

.
()}

Subisolate 28Er-3
Subisolate 28Er-4

[wo B SV BRI SR C V]
N .

£
[92]

Xanthomonas maltophilis
Parental 88SE 7
Subisolate 88SE-1 7
Subisolate 88SE-2 6.
7
7

Subisolate 88SE-3
Subisolate 88SE-4

Dwopwn
HloooNON
OMK M X MK

[
92!

. Bacillus subtilis

Parental D-39Sr 5.8
Subisolate D-398r-3 6.1
Subisolate D-39Sr-4 5.8

Bacillus subtilis

Parental D-60R 4.6 2.6 x
Subisolate D-60R-1 3.9 2.6 x
Subisolate D-60R-2 5.2 2.6 x
Subisolate D-60R-3 5.8 2.8 x
Subisolate D-60R-4 5.9 2.8 x
LSD = 0.4

Streptomyces sp.
Parental D-1858 2.7
Subisolate D-1855-1 2.8
Subisolate D-1855-2 2.7
2.5
2.4

Subisolate D-185873
Subisolate D-185S5-4

8The patrental-mutant-isolate was not serially transferred. The
. subisolates were serially transferred ten times.

Values represent average of four replications. Dry weight (mg) of
root system sampled plus tightly adhering soil. Values followed
by the same letter are not significantly different (P=0.05)
according to Newman-Keuls multiple range test.
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isolates were developed. These mutants were then field tested for
root colonization capabilities.
In the 1985 field experiménts, it was demonstrated for Bacillus
species that streptomycin resistance was not an adequate marker since

numerous other soil organisms were naturally resistant to

streptomycin. Some P. fluorescens and Streptomyces isolates with
nalidixic acid resistance were not stable in storage which seemed to
preclude their ability to colonize.

Therefore, it would be beneficial to determine which antibiotics
and combinafion of‘antibiotics would be most useful.as genetic markers
for monitoring introduced bacteria in the field. F&ur of the isolates

were selected for this experiment — 109 (Streptomyces sp.), D-39 (B.

subtilis), D-56 (coryneform) and D-290 (B. fluorescens).

An at£empt was made to mark each of these isolates fourteen
different ways uéing the antibiotics erythromycin, streptomycin,
rifampicin and'nalidixié acid at the level of 100 ug/ml. In other
words, gaéh‘isolate would be resistant to each of the four gntibiotics
separately, to two of the antibiotics in all éombinations? and to
three of them in all combinations. This was accomplished only for
isolates D-56 (coryneform) and D-290 (P. fluorescens). Isolaté.iOQ

(Streptomyces) could only be marked four different ways and isolate D-

39 (B. subtilis) marked only three ways (Table 3).
These 35 antibiotic—resistance mutant isolates were used as-
spring wheat seed treatments in a 1986 field experiment to evaluate

their root colonization capability.  This experiment also evaluated

~ the efficacy of the antibiotic combinations to inhibit common
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Table 3. Antibiotic-resistant mutants developed from four bacterial
isolates for evaluation of bacterial mpnitoring'with ’
antibiotic markers. ) .

"IsolateP
Antibiotic—-Resistance

Marker? 109¢ p-39¢ p-56©  D-290f

S + + + +

R + + + i

N + - 4 +

E . - - + +

SR : - + + +

SN . + - + +

SE : - - + +

RN - - + +

RE - - + +

NE - ' - + +

SRN - - + +

SRE - - - + +

SNE - T + +

RNE ‘ - - + +

ag = streptomycing R = rifampicin; N = nalidixic acid; E
erythromycin; each at 100 ug/ml.

bryr = resistant to antibiotic(s); “' = susceptible to
antibiotic(sg).

?Streptomyces Sp.

%Bacillus subtilis

€coryneform

Pseudomonas fluorescens
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.rhizosphere microorganisms when incorporated i;to the basal selective
medium, 1/10 TSBA with cycloheximide and pimaricin. Without efficient .
inhibition of the background bacterial growth on dilution plates, it
is difficult to detect the marked isolate. | |

Dilution plate assays were completed 31 to 39 days and 74 to 78
days after planting.’ Mutant isolate colonies were counted as were the
total number of bacterial colonies on each dilution plate. From these
two counts, éhe percentage of bacteria on the dilution plate which
were the mutant isolate was detefmined; In most cases, the mutant
isolafe colonies could be easily separated from background érowth via
colony ﬁorphology.

Also for the secénd sampling time, plants in the border rows were
sampled. These rows were check rows which were'plénted with non-
bacterized seed. Four samples were obtained and dilution réplica
plated on 15 media — 1/10 TSBA with each combination of éntibacférial
antibiotics plus 1/10 TSBA without these antibiotics. The average
logy(CFU for each medium is reported in Table 4 as is a percentage
value which compares the number of bacteria on the antibiotic-
supplemented media to the bacterial numEer on the non—supplgmented
medium, In-genéral. rifémpicin and antiﬁiotic combinations with

rifampicin were best at suppressing unmarked bacteria present in

rhizosphere samples.

Isolate 109 (Streptomyces sp.) mutants were undetected or

detected at very low numbers (109R) for the earliest sample time
(Table 5). However, at the second sampling time the results for 109S

and 109R were similar to those obtained for 109S in another 1986
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' Table 4. Effectiveness of four antibiotics at suppress
bacterial strains in the rhizosphere. .
Antibiotics Z of Bacteria
in Medium?® LogIOCFU/mgbc on 1/10 TSBAP
"8 2.9 19.2
R 1.7 1.3
N 2.8 13.2
E 2.8 21.0
SR b -0
SN 0.8 0.3
SE 1.8 2.6
RN 0 0
RE 0 0
NE 0.1 0.2
SRN 0 0
SREIh 0 0
SNE 0 0
RNE 0 0
3.7 ————

no antibiotics

raS = Streptomyéin;
Erythromycin;

bValues'represent average of four replications.
®Dry weight (mg) of root system sampled and tightly adhering soi.
+ CFU per non-antibiotic medium) *

% = (CFU per antibiotic medium

100.

ing unmarked

R = Rifampicin; N = Nalixidic Acid; E =
each at 100 pg/ml,




Table 5. Colonization of Pondera spring wheat roots in 1986 by antibiotic—-resistant mutants
of isolate 109 (Streptomyces sp.) and isolate D-39 (Bacillus subtilis).

Growth Stage 1.3 ~ CGrowth Stage 6.9
e lemo e, RO Mol LI
g Bacteria® _ CFU/mg Bacteria
1098 2.9 0 .0 - 0:9 . 2.6
109R 2.4 0.1 | 0 _ | 1.5 95.2
100N 3.7 . o 0 0.2 0
1098N 43 0 0 o 28.0
D-39S 6.6 "~ 1.5 54,1 ° : 1.8 ‘ 12.5
D-39R 6.2 1.1 _ 100.0 2.0 97.8
D-39SR - 6.4 - 1.0 99,4 1.6 99.4

4pry weight (mg) of root system sampled plus tlghtly adherlng soil. Values
represent average of four replications.”

bPlate bacteria include the mutant isolate and all natural antibiotic-resistant
bacteria counted on the antibiotic—supplemented dilution plate.

€% = (Isolate CFU/mg + Plate CFU/mg) * 100; Average based on the number of
rep11cat10ns with the mutant isolate present. v

1%

N ol

T
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experiment using single isoléteitreatmgnts tsee Table 13). Mufant.
isolates 109N and 109SN wefé not very:stab1e in culture.‘ Thié could
account'fpr their inefficient root colonizafion. Mutant 109R colonies
were not typical for iéolatel109 growth as they no longer produced
aerial spores.

All three,D—39 (B, subtilié) mutant isolates colonized roots and
had comparable bacteria} counts for,bbth growth-stages sampied
~(Table 5). |

Not éll of the mutant isolates of D=56 (cqryneform) celonized
spring wheat roots (Table 6). Mutants D-56NE and D-56SNE were
undetectable for both_sambling times. The incfeaée in the number of
other coionizing mutaﬁt isolates from the first to seéond sampiing
'time was due to an increased incubation perioa; Some of these ﬁutaht
isolates were slower growing thaﬁ the others and required iO.days
rather than the normal § days to prodﬁcé'visible'colonies with the
" typical DfSé'COISny morphology on the dilution plates;‘

As with isolate D-56, mutant isolatesAD-29ONE (EL.fluorescens)

and D-290SNE were undetectable on roots for both growth'stages saﬁpled:

(Table 7). 1In additioﬁ? mutant D-290SNR was not detected in either
. sample. There was éonsidefable variability in the -amount . of coloniza-
tion by éach of the D-290 mutant isolates.

Fér‘all four isolates, the‘mutant isolate percentage of the total
bacteria qﬂ antibibﬁiq-dilution plateé was greatér‘for the firgt
sampiing gimé than for the second sampling time. Overall, ﬁhe thrge
best cémbinations of antibiotics were rifampicin alone, rifampiciﬁ

with streptomycin and a combination of rifampicin, streptomyéin and
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Table 6. Colonization of Pondera spring wheat roots in 1986 by'
antibiotic—resistant mutants of isolate D-56 (coryneform).

Growth Stage 1.3 : Growth Stage 6.92
Mutant Logig " Log 0 z ofnPlgt Logqg % of Plate
Isolate QFU/Seed_ CFU mgb © Bacteria® CFU}mgb Bacteria®
D-565 - 7.8 1.6 58.2 C 2.2 15.6
D-56R 7.9 1.7 100.0 2.3 87.8
D-56N 76 0 ' 0 1.6 ' . 17.1
D-56E 8.0 —e — 20 15.7
D-565R 8.0 1.5 100.0 2.1 100.0
" D-565N 5.8 0 0 " 0.6 30.7
D-56SE - 7.8 1.6 | 90.6 2.0 _' - 63.0
D~56RN 7.6 . 0 0 0.4 76.7
D-56RE 79 1.6 100.0 1.8 69.8
D-56NE 7.9 . o . o 0 B
D-56SRN 8.0 ) | . ' 0 1.6 100.0
' D-56SRE 7.4 1.4 100.0 2.1 100.0
D-56SNE 7.4 0 0 o 0
D-S6RNE 7.7 0 0 1.1 100.0

8Results reported are from dilution plate counts at 10 days growth rather than 6
days. - . -

bDry weight (mg) of root system sampled plus tightly adhering soil. Values
represent average of four replications. . o

CPlate bacteria include the mutant isolate and all natural antibiotic-resistant
bacteria counted on the antibiotic-~supplemented dilution plate.

dy = (Isolate CFU/mg + Plate CFU/mg) * 100; Average based on the number of
replications with the mutant isolate present.

€D-56E colonies could not be differentiated from background contaminants.




de b

'

A

Colonization of Pondera spring wheat roots in 1986 by

T .
sble 7 antibiotic-resistant mutants of isolate D-290 (Pseudomonas
fluorescens). : :
Growth stage 1.3 ) Growth Stage 6.9

Mutant - Logqq Logyg % of.Plate, Log 0: ' % of élafe
Isolate CFU/Seed CFU}mg? Bacteria®® CFU}mga " BacteriaP®
D-2908 7.5 . 36 %61 o a ; 13.8
D-290R 7.1 2.4 TP 0.6 - 49.2
D~290N 6.6 -4 p— 0. o
D~290E 6.8 2.9 55.7- . 1.8 : 9.4

' D-2908R 6.8 - 2.0 .99.2 1.0 96.8°
D-290SN 6.6 T 2.4 " 96.8 " 1.0 - 67.5
D-290SE 7.1 2.6 © 88.0 - 1 o '-35;g
D-290RN 6.3 1.3 - 99.4 - <01 . 100.0
D~290RE 6.8 16 100.0 S0 386
D-290NE " 4.0 o o . - o0 .o
D-290SRN - 5.0- o0 o0 . T o 0
D~290SRE 6.2 - 2.0 -7 1000 C0.7 . 100:0
D-290SNE 6.4 .0 o - o . . 0
D-290RNE 5.9 1.4 ©100.0 - ‘ 0.2 ©100.0°

8pry weight (mg) of root system sampled plus tightly adhering soil. Values
represent average of four replications. .

bplate bacteria include the mutant isolate and all natural antibiotic-resistant
bacteria counted on the antibiotic~supplemented dilution plate.

€% = (Isolate CFU/mg + Plate C¥U/mg) * 100; Average based on the number of
replications with the mutant isolate present.

. dp-290N colonies could not be differentiated from background contaminants.
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.erythromycin. These combinations were efficient in inhibiting

background rhizosphere microorganisms on dilution plates and did not

impair efficient colonization by the mutant isolate.

Storage of Bacterized Spring Wheat Seed

In 1985, the bacterized seed which remained after planting the
field experiments was placed in cold storage (2 C). The number of
bacteria per.seed was detérmined for each test-isolate at the time of
planting and was determined again 3 months 1atér for the seed
which.had been in storage. The results for both seed assays are
reported in Table 8.

The majority 6f the mutant isolates différed between assajs by
logyg 1.0 CFU or less. After storage, 14 isolates had decreased
levels of bacteria per seed of greater than log;y 1.0 CEU. Moét of
these isolates were Pseudomonas species.- Two'isolates had substantial
increases in bacterial nuﬁbers after storage. One was a stfeptomycéte

and the other was a Bacillus ép.; both had not been detected in the

' previous seed assay at planting. The other nine mutant isolates which

had not been detected at planting were also not detected after 3

months in cold storage.

1985 Field Results’

'In 1985 the 60 test isolates selected, which included 58
antibiotic-resistant of —-dependent mutants and 2 non-mutants, were
utilized in three field experiments as single isolate seed treatments

for spring wheat. All three experiments were planted from a single
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Table 8. Effect of cold storage on bacterial number per seed.

LogoCFU/Seed
) Isolate Planting 3 Month :
Isolate - Identification Time Storage Difference
95 Streptomyces 1.8 0 -1.8
22N Streptomyces 3.4 3.8 +0.4
28Er Pseudomonas 7.5 4.8 -2.7
538r Pseudomonas 5.9 0 -5.9
58R Bacillus 7.0 6.9 -0.1
598N .Xanthomonas 5.3 4.6 -0.7
74 Streptomyces 1.3 6.3 +5.0
80Sr Pseudomonas 5.7 4,5 -1.2
"88SE Xanthomonas 6.7 6.3 -0.4
1085 Streptomyces - 0 0 0
1098 Streptomyces 3.4 3.9 +0.5
116N Streptomyces 4.1 4,1 0
118SN Pseudomonas 5.0 4.0 -1.0
1218r Pseudomonas 6.1 3.6 -2.5
1258R Rhizobiaceae 3.8 3.3 -0.5
1318 Streptomyces’ 5.2 5.9 +0.7
147R Bacillus 7.3 6.3 -1.0
DI-1528 Bacillus 3.3 3.4 +0.1
DI-155s Bacillus 5.7 6.2 +0.5
157R Bacillus 5.1 4.4 ~0.7
162s . Bacillus - 6.1 3.9 -2.2
1658N Pseudomonas 5.3 4.4 -0.9
176Sr Pseudomonas 0 0 0
1895SN Pseudomonas 4.6 2.1 -2.5
1998+ Pseudomonas 5.6 4.8 -0.8
216SR Pseudomonas 4.4 2.8 -1.6
2308 Bacillus 0 0 0
2318+ . Enterobacteriaceae 2.1 2.7 +0.6
236N Streptomyces 3.6 4.0 +0.4
238N Streptomyces 1.2 1.1 -0.1
239N Streptomyces 2.2 0 ~2.2
2418 Streptomyces -0 0 0
242s ' Streptomyces 0 0 0
1000SNR Xanthomonas 5.1 5.1 0
10018 . Bacillus -0 0 0
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LogqoCFU/Seed
Isolate " Planting 3 Month
Isolate Identification Time Storage Difference
D-4N Streptomyces 1.6 1.6 0
D-39Sr Bacillus 7.0 6.5 ~-0.5
D-56SR Coryneform 7.8 6.3 -1.5
D-60R Bacillus 7.2 6.8 -0.4
"D-82N . Streptomyces 6.4 6.2 -0.2
D-168r Bacillus 0 6.2. +6.2
D-1738 Bacillus 0 0 0
D-180N Streptomyces 3.6 3.9 +0.3
D-1818 Bacillus 0 -0 0
D-1838 Bacillus 5.4 4.5 -0.9
D-1858S Streptomyces 2.8 3.0 +0.2
D-1878 Bacillus 3.7 3.1 -0.6
D-188R Bacillus " 6.0 6.2 +0.2
D-198S Bacillus 4,0 0 -4.0
D-199N Streptomyces 5.6 5.5 -0.1
D-214Sr Bacillus - 2.1 3.0 +0.9
- D-2178r Enterobacteriaceae 4.0 5.1 +1.1
D-2208 Bacillus 0 0 0
D-221Rs Bacillus 4.7 3.1 -1.6
D-222 Bacillus 6.0 6.0 0
D-2268r Bacillus 1.7 2.1 +0.4
D-267SN " Pseudomonas 7.0 6.1 -0.9
D-273SN Pseudomonas 5.8 5.1 -0.7
D-288SR Pseudomonas 5.4 3.9 -1.5
D-290E Pseudomonas 7.6 5.1 -2.5
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batch of treated seed for each test isolate. The numbervof CFU per
seed for the seed plahted ranged from O to 6.3 x 10® and ﬁas isolate
dependent. It was observed in these experiments and subsequent

experiments that for some of the Streptomyces mutant isolates, the

dilution plates of the treated seeds would yield no colonies.

However, when the Streptomyces treated seeds were germinated on

sterile blotter paper in the 1ab, it was demonstrated that the seeds
did carry viable'inoculum of the mutant isolate since the germinating

seed would be covered with Streptomyces colonies.

ALl three experiments were designed to assess spring wheat root
colonization by the 60 bacterial isolates. In addition, two of the
experiments also evaluated any effects each isolate may have had on -

take—all disease of spring wheat and/or the causal organism Ggt.

Root Colonization Assay — First Sampling Date

The rirst test assay, conducted 25 days after planting to
determine if root colonization had occurred, was a direct plate assay
of all three experiments. Of the 60 isolates tested, 38 were observed
to be present on the root system in at least one of the eﬁperiments.
Thirty-six isolates were positive in the experiment evaluating root
colonization only. Those Bacillos isolates that were resistant only
to streptomyc1n were indistinguishable from background contaminants.
Therefore, it was not possible to confirm their presence or absence.:
The only exception was DI-155s (Bacillus sp.) which has a distinguish-
able colony morphology. The three isolates'belongiﬁg'to either the

Rhizobiaceae or Enterobacteriaceae were not detected on the roots in
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this first assay.- Twenty of the 38 isolates were detected on the

roots in all four replications of each experiment.

Root Colonization Assay — Second Sampling Date

For all three experiments a second assay using the direct plate
method was executed 43 days after planting for the isolate treatments
positive for the first sampling date. Oﬁly'two of these isolates
(118$N and 165SN - both P. fluorescens) were not observed on the

roots. Another isolate (D-180N - Streptomyces sp.) was inadvertently

not sampléd.

At the same time this direct plate assay was completed, a
dilution plate assay was conducted for the 36 positive isolates of the
experiment evaluating roat colonization only. 'Again. two isolates (o-

180N - Streptémyces sp. and D-188R - Bacillus sp.) were inadvertently

omitted. The average log;yCFU of bacteria per mg dry weight of roots-
plus-tightly-adhering soil for the isolates ranged from O to 3.4.
Table 9 éummarizes the data by genus. More detailed results for the

34 isolates are reported in Table 10.

Root Colonization Assay - Third Sampling Date

The root system of a spring wheat plant develops in tﬁe following
mannér, Seminal roots develop first and originate-from the embryo
when the seed germinatés. The maximum numfer of seminal roots is six
with three to five being most common. The sub-crown internade is the
ipternode between the seed and the first leaf. Its lgngtﬁ will vary
according to the depth the seed is planted (Briggle, 1967; Kirby and

Appleyard, 1981). Since the seminal roots and sub—crown internode
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develop .first, it can be inferred that these two regions will be
colonized first by bacteria already present in the soil and by

bacteria introduced on the seed.

Table 9. Average number of bacteria colonizing Pondera spring wheat
roots assayed at plant growth stage 4.5 in 1985.

. : , Average ‘ Range
Genus No. Isolates Log;(CFU/mg® Log;oCFU/mg?
Pseudomonas 9 ' 1.4 . 0 - 3.4
Xanthomonas 3. : 1.4 .:' 0.6 - 2.5‘
Bacillus | 7 = 1.7 ' . 0.6 — 2.3
-Streptoﬁyceé 14 0.6 0 - 2.1
"coryneform™ | 1 2.8 | FR——

aDry weight (mg) of root system sampled (sub-crown internode, sem1nal
and crown roots) plus tightly adhering soil.

Crown roots originate from the lower node of the main stem and
its tillers (Briggle,1967; Kirby and'Appleyard,IQSI). Each new tiller
giveé rise to additional crown roots resulting in a massive, fibrous
crown root system which is difficult to sample quantitatively for
bacteria, For bacteria introduced on the seed to colonize crown
footé. the bacteria must migréte fh;ough.tﬁe soil or move upward via

. the sub-crown internode.
It was observed at the time of the second root sampling that the

amount of soil adhering to the crown roots was considerably greater
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Table 10. Colonization of Pondera spring ‘wheat roots by bacterial
isolates utilized as seed treatments in 1985..

LogloCFU[mgab

Growth Stage

Isolate Log;CFU/Seed 4.5 92

Pseudomonas fluorescens

D-290E 7.6 3.4 —-C.
D-267SN 7.0 2.7 NT
28Er 7.5 2.4 1.6
216SR - 4,4 -1.4 NT
D-288SR 5.4 1.4 1.1
D-273SN 5.8 0.7 ]
189SN 4.6 0 0
* 118SN 5.0 0 . 0
165SN 5.3 0 0
Xanthomonas maltophilia
88SE 6.7 2.5 1.6
1000SNR 5.1 1.2 1.7
598w 5.3 0.6 0.6
Bacillus species .
D-168r 0 2.3 NT
D-39Sr 7.0 2.1 1.8
58R 7.0 2.0 1.8
147R 7.3 1.8 3.3
D-60R 7.2 1.8 2.8
DI-155s8 5.7 1.2 NT
157R 5.1 0.6 NT
D~188R 6.0 NT 3.5
Streptomyces sp. ’
1318 5.2 2.1 2.4
D-185S 2.8 1.4 0.5
239N 2.2 0.8 1.8
22N 3.4 0.7. . NT
109s 3.4 0.6 0.7
116N 4.1 0.6 NT .
238N 1.2 0.6 NT
2418 -0 0.6 NT
D-4N 1.6 .0.5 NT
236N 3.6 0.5 NT
D-199N 5.6 0.3 NT
- 98 1.8 0 NT
242s 0 0 NT
D-82N 0 0 NT
D-180N 3.6 NT NT
"Coryneforn" -
_D-56SR 7.8 2.8 2.3

8Values represent average of four replications. NT = Bacterial
isolate not sampled for this growth stage.

bDry weight (mg) of root system sampled plus tightly adhering soil.

©D-290E colonies could not be separated visually from background
contaminants on dilution plates. '
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than the amount adhering to seminal roots — even after shaking the
root systems hard and removing large clumps of soil attached to the
roots by hand. In contrast, the sub—crown internode had virtually no
soil adhering to its surface.

Since the tightly adhering soil was considered to be rhizosphere
soil that the bacterial isolates could be colonizing in additiop to
the roots, the increased amouﬁt of soil édhering to the crown roots
could result in decreased CFU/mg dry weight yalues. In other words,
the number of each bacterial iéolate colonizing the crown roots could
be the same of greater than the number colonizing the segiﬁal roots,
but fhe inpreased dry weight of the crown roots' rhizosphere soil,
which may or may not be colonized by the isolate, decreases the
reported'value per unit.weight.

I was, tﬁerefore, interested in determining the number of
'bacteria'associated with egch portion of the root system., For .the
experiment evaluating roét célonization only, a dilutié@ plate assay
was éonducted 61 days after planting for six of the mutant isolate
treatments and a check treatment which had not been inoculated with
bacteria. The resulfs are reported in Table 11. The dry weight of
the crown roots/rhizosphere soil was approximately twenty times the
dry weight of either the sub4crowﬁ internode or seminal
roots/rhizosphere soil. However, the number of bécteria per mg dry
weight roots and soil was not proportionately less for the crown
roots.

For each mutant isolate‘compared, the sub-crown internode or

seminal roots had the greatest number of bacteria but the
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Table 11. Comparison of Pondera spring wheat root portions for dry
weight and bacterial number of six selected bacterial seed
treatments in 1985.

Isolate — Dry WT (mg)

Isolate Identification Root Portion Roots & Soil LogIOCFU/mgab
28Er P, fluorescens seminal 32 1.1
sub~crown internode 29 1.6
crown 509 : 1.5
595N X. maltophilia = seminal : 28 0.5
. _ _sub-crown internode - 35 1.1
crown _ 543 0.6
147R - B. pumilus " seminal 31 2.2
. sub~crown internode 36 2.2
crown 597 1.0
D-39Sr B. subtilis seminal L 30 1.9
sub~crown internode = | 30 1.9
crown - : 726 1.2
D~56SR - “eoryneform" seminal 32 1.6
: sub~crown internode . 32 ) 2.3
crown 520 2.1
D-185S . Streptomyces sp. seminal 32 1.3
. sub—crown internode 31 1.2
crown ) . . 665 0.9
Check® —_— seminal : 27 - 4.3
sub-crown internode 34 4,1
3.9

crown 732

8yalues represent average of four repllcat1ons.

Dry weight (mg) of root portions sampled plus tightly adherlng soil.

CNo bacterial isolates were applied to check seed. Values are for
total aerobic bacterial counts on roots as determined via
dilution plating on 1/10 TSBA without antibacterial antibiotics.
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~ bacterial number assoéiated with the-crown roots was compérable with
either of the other root portions. This was also true for the check
treatment where total culturable aerobic bacterial counts were
obtained. -Based on these results, the decision was made that only the
sub—crown internode and seminal roots would be sampled in future
tests. This would be adequate in determining root colonization
efficiency since these are the two root regions colonized first and
the results for these two ro&t regions are coﬁparable with those for
the crown roots. Crown roots would be sampled for only a few isolates

of special interest.

Root Colonization Assay - Fourth Sampling Date

Another dilution plate assay was conducted for'20 of the
bacterial isolate treatments 8 days after the grain was harvested.
Only the sub-crown internode and seminal roots were sampled. Results
are reported in Table 10. A majority of the coionization values
(1ogIOCFU) of the sampled mutant isolates decreased over time, but one

X. maltophilia, two Bacillus spp. and three Streptomyces spp. mutant

isolates increased in numbers. None of the P. fluorescens increased

over time.

Disease Evaluation

In addition to evaluating rhizosphere competence by the bacterial
isolgtes, two of the experiments also were designed to evaluate
bacterial effect on take—all disease. One exéeriment simulated take-
all disease symptoms commonly found in commercial spfing wheat fields.

For this experiment, the number of whitéheads in the middle row of
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Table 12, The number of whiteheads observed and grain yield obtained
in 1985 with bacterial isolate seed treatments of Pondera
spring wheat inoculated with Gaeumannomyces graminis var.
tritici (Ggt). i

3.3-m Row
Isolate : '
Isqlatea . Identification WhiteheadsP Yield (g)b
98 Streptomyces : 16 xy 194 xy -
22N Streptomyces 14 xy - 249 xy
28Er Pseudomonas 12 xy 205 xy
538r Pseudomonas - 17 xy . 217 xy
58R Bacillus 27 xy 156 y
598N Xanthomonas 29. vy . 184 xy
74 Streptomyces. 11 xy 222 xy
80Sr Pseudomonas 17 xy 203 xy
88SE Xanthomonas 11 xy 224 xy
108S Streptomyces 22 xy 204 xy
1095 Streptomyces 17 xy 232 xy
116N Streptomyces .. 18 xy 174 xy
118SN Pseudomonas 15 xy 197 xy
1218r Pseudomonas : 21 xy . 189 xy
1258R Rhizobiaceae 23 xy 179 xy
1318 Streptomyces ) 24 xy 202 xy
147R Bacillus : 9 xy 226 xy
DI-1528 Bacillus : . 9 xy 238 xy
DI-155s Bacillus 25 xy - . 177 xy
157R _Bacillus : 18 xy - 204 xy
162s Bacillus: 9 xy 234 xy
1658N Pseudomonas 16 xy 228 xy
176Sr Pseudomonas : 20 xy 200 xy
189SN Pseudomonas 19 xy 202 xy
1995+ Pseudomonas 18 xy 186 xy
2168R. Pseudomonas . 18 xy 179 xy
2308 Bacillus 16 xy . - 242 xy
2318+ Enterobacteriaceae 14 xy - - 208 xy
236N Streptomyces - 11 xy 178 xy
238N ‘Streptomyces - 12 xy 226 xy
239N Streptomyces 23 xy 203 xy
2418 Streptomyces 31 'y 148 y
242s Streptomyces _ 17 xy » 203 xy
1000SNR Xanthomonas 22 xy 196 xy
10018

Bacillus , 33 y 156 y

Lt
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Table 12-——continued

3.3-m Row
Isolate

Isolate? Identification WhiteheadsP Yield (g)b
D-4N Streptomyces 22 xy | 190 xy
D-39Sr Bacillus 28 xy . 155 y
D-56SR Coryneform 9 xy 239 xy
D-60R Bacillus 13 xy 260 xy
D-82N Streptomyces 18 xy 203 xy
D-168r Bacillus 13 xy 199 xy
D-1738S Bacillus 15 xy - 202 xy
D~180N Streptomyces 17 xy " 234 xy
D-181S Bacillus 22 xy 196 xy
D-1838 Bacillus 16 xy - 213 xy
D-1855 Streptomyces 15 xy 228 xy
D-1878 Bacillus 18 xy 218 xy
D-188R. Bacillus 23 xy 171 xy
D-~198sS Bacillus 27 xy 178 xy
D-199N Streptomyces 17 xy 206 xy
D-2145r ~Bacillus - 20 xy 184 xy
'D-2178r Enterobacteriaceae 17 xy 186 xy
D-2208 Bacillus 24 xy 156 y
D-221Rs Bacillus 24 xy - 178 xy
D-222 Bacillus 14 xy © 231 xy
D-226Sr Bacillus 27 xy 191 xy
D-267SN Pseudomonas 20 xy 201 xy
D-273SN Pseudomonas 21 xy 205 xy
D~288SR Pseudomonas 12 xy 194 xy
D-290E Pseudomonas 19 xy 179 xy
Check® - —— 22 xy 173 xy
Check/No Ggt®© —— 1x 287 x

81.0 g Ggt inoculum added to each row -of the experiment except for the

Check/No Ggt treatment which had no Ggt inoculum added.
Values in the same column followed by the same letter are not
significantly different (P=0.05) according to Newman-Keuls

multiple range test.
replications.

Values represent average of four

?No bacterial isolates were applied to Check seed treatments.
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each three-row plot was determined at. growth stage 77 (Table 12). The
check treatment (non-bacterized seed) without Ggt inoculum applied
with the seed develsped no diseasé symptoms. No significant decreases
in disease severity were observed, but three bacterial isolates
significantly increased disease severity.

A second experiﬁent simulated severe take—all disease conditions
- i.e. plant death before maturity. It was Qbserved iﬁ this experi-

ment that none of the bacterial seed treatments decreased severe take-

all disease symptoms when compared to the check treatment with Ggt

inoculum. Again, the check treatment without Ggt inoculum developed

- no disease symptoms.

Grain Yield

_ For the experiment simulating take—all disease conditions in'a

commercial spring wheat field, the middle row of each three-row plot:

was harvested 101 dgys after planting. . Significant decreases.in yield
were observed for five of theubacterial seed treatments when compared

with the check treatment with no take-all disease (Table 12). Most of
the treatments yielded more than the check treatment with Ggt inoculum
but none'yielded mére than the check treatment without Ggt inoculum

added to the row.

1986 Field Results — Single and Mixture Isolate Treatments

The 20 mutant isolates which colonized the spring wheat root
system most efficiently in 1985 were selected for further field
testing as single isolate treatments for the 1986 growing season.

Some of these mutarit isolates were also tested as combination
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treatments in which mixtures of more than one isolate were applied
together as a single treatment to determine which genera and/or .
species were compatible as co-colonizers of spring wheat roots.
Colonization efficacy and grain yield under noﬁ—disease conditions"

were evaluated.

Single Isolateg Treatments
| Dilution plate assays were conducted on all single isolate treat-—

ments”32 days and 83 days after planting,. growth stagesul.2—1.3 and
. 6.9 reséectively. Results of sub-crown internode and seminal root
assays for single isola;é treatments are summarized in Table 13. As
demonstrated in 1?85, mutant isolates Within each genus varied
considerably in"thei; ability to colonize spring wheat roots. Grain
yields for each treatment are.reported in Table 13 also. No plant
diseases were prevalent in the field. |

In general, the number of bacteria reported in 1985 at‘growth
stage 4.5 was quité similar to thé number reported in 1986 at growth
stage 1.2-1.3. However, the number of bécteria reported in 1986 at
growth stage 6.9 decreased considerably from the previous counts for
most treatments. The generallexceptions were the Bacillus spp.‘seed
treatments.

For 12 of the mutant isolatés, I_determiﬁed what prépo?tion
of the tofal culturable aeroﬂic bacteria isolated from the spfing
wheat rhizosphere samples were composed of the specifié introduced
isolate. This was accomplished by replica plating of rhizosphere
samples on_antibibtic—supplémented and non—-supplemented 1/10 TSBA

(Table 14). Substantial differences between the 12 isolates were
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Table 13. Colonization of Pondera spring wheat roots by bacterial
isolates utilized as single isolate seed treatments in

1986.
LogqCFU/mg?P
0810 ng
Growth Stage -
Yield®
Isolate LoglOCFU/Seed‘ 1.2-1.3 6.9 (grams)
Pseudomonas fluorescens
D—290E 7.0 3.2 -4 304
28Er 7.0 2.8 1.1 306
216SR 6.6 1.7 0.1 328
D-288SR 6.4 - 1.5 0 - 330
D-2738N 6.4 0] 0 332
Xanthomonas maltophilia
88SE 7.6 2.8 1.1 357
598N 6.5 1.7 1.6 321
1000SNR 7.3 0.9 0.9. 315
Bacillus subtilis . .
D-398r 6.9 2.0 1.6 295
D-60R 5.7 1.8 . 1.4 314
157R 0 0 0 316
Bacillus pumilus ' :
147R - 7.0 2.2 2,1 322
B. subtilis/pumilus group ' :
D~-168r _ 6.8 2.3 1.2 309
58R 6.4 2.2 1.4 333
Streptomyces sp. : :
1098 3.4 2.2 0.6 345
D-1858 - 2.9 1.9 1.2 337
1318 3.5 1.7 0 274
239N 0¢ 0 0 304
D-4N 0 0 0 307
"Coryneform"
D-56SR 7.8 3.2 1.5 324 .
. Checkf : C - - e 311

aValues represent average of four replications.
bDry weight (mg) of root system sampled plus tightly adherlng soil,
®No significant differences between yield values (P=0. 05)
according to Newman-Keuls multiple range test. Values represent
average of four replications. Row length was 3.3-m.
dp-290E colonies could not be separated visually from background
. contaminants on dilution plates for growth stage 6.9.
€present — observed on germinating seed.
No bacterial isolates were applied to check seed.




Table 14. Colonization of Pondera spring wheat roots in 1986 by bacterial isolates introduced
as seed treatments and by native culturable aerobic bacteria.

Growth Stage 1.2-1.30 Growth Stage 6.9*
Isolate X of Total Total Aerobic Bacteria Isolate Z of Total Total Aerobic Bacteria
Isolate  Aerobic Bacteria Log10CFUZBgc Aerobic Bacteriab LogjoCFUZmgc

Pseudomonas fluorescens

28Er 13.4 3.7 0.6 3.5
D-288SR 1.4 3.5 o . 3.1
D-290E 13.6 4.2 d 3.1
Xanthomonas maltophilia

88SE 11.0 3.9 0.4 3.6
1000SNR 3.7 3.4 0.5 3.3
Bacillus subtilis

D-39Sr 1.9 3.9 2.0 3.3
D-60R 1.8 3.8 1.4 3.4
Bacillus pumilus

147R 5.6 3.6 2.8 3.7
Streptomyces sp.

109S 1.2 4.3 0.3 3.4
239N 0 3.8 0 3.2
D-185S 1.5 3.8 0.8 3.5
“Corynefomn

D-56SR 27.8 3.8 3.0 3.4
Check® - 3.6 - 3.4

avaluee represent average of four replications.

bX = (Isolate CFU/mg * Total Aerobic Bacteria CFU/mg) * 100.

cDry weight (mg) of root system sampled and tightly adhering soil.

dD-290E colonies could not be separated visually from background contaminants on dilution plates for
sampling at growth stage 6.9.

eNo bacterial isolates were applied to check seed.
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observed when the plants were primarily seedlings with only seminal
roots (growth stage 1.2-1.3). Mutant isolate D-56SR (coryneforﬁ) had
the highest percentage with 27.8%. These differences did not exist at
‘ growth sfage 6.9 where the highest percentage was 3.0%. For most of
_the1lé mutant igolates; the‘percentage valueé for both growth'
stages were less than 6% and they did not differ extensively between
sampling periods! |

Interestingly, the average for the total number of culturable
aerobic bacteria (logIOCFﬁ) did not vary grea;ly between isolate
treatments or between the growth stages éampled; The range for the
first sampling period was 3.7 to 4.7,‘and for the second sagpling
period it was 3.4 to 4.3. The average number'of cu1turable~aérobic
bacteria for the check treatment, where no bacterial isolates were
applied to the seed, was 3.7 for the first sampling périod and 3.4 for
.the second sampling period. -

Based oﬁ colony morphology, an antibiotic—resistant mufapt
isoléte was rarely qbéerved on the non-supplemented 1/10 TSﬁA used for
determining total culturable aerobic bacteria; Even mutanf D-56SR
(coryneform), which was easily isoléted on 1/10 TSBA with streptomycin
and rifampicin-and had a distinguishable coiony morphology, was not
observed on the replica plates of non-supplemented 1/10 TSBA. For
growth stage 1.2-1.3, mutant D-56SR. should have composed at least 25%
of the bacterial microflora on the non-supplemented 1/10 TSBA based on
the counts from the antibiotic-supplemented 1/10 TSBA...It was also
noted ?hat the non—supplemented'l/lo TSBA plates from all tfeafments,

including the check treatment, usually had very similar morphological
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colony types groﬁing on them, These plates were normally dominatéd by
Bacillus-1like organisms.

These observations suggest that the'total culturable aerobic
bacterial céunts and the introduced isolate'percentages determined
from these counts are erroneous. If the introduced mutant isolates
are a part of the total aerobic bacterial counts, why are they
normally not observed on the non-supplemented 1/10 TSBA? These

introduced mutants are probably not as competitive as some of the

fast-growing native rhizosphere bacteria on media. It would seem that -

there are certain bacteria which are‘qapaﬁle‘of quickly establishing
g;owth on a plate to the exclusion of all other organisms - introduced
and native bacteria. This‘means‘that total rhizosphere aerobic
bacterial counts are notlbging detérmined. Therefore, while a
researcher can ascertain the numbers of an introduced isolate.
colonizing a plant root, one can not deterﬁine, conclusively, the
percentage of the total aerobic bacteria colonizing the root-which is

composed of that introduced isolate.

Mixture Isolate Treatments

When isolates were mixed together and applied as a single tréat—
ment, the primary problem to be solved was how to separa?e and
identify each mutant isolate of the mixture on dilution plates. If
the isolates belonged to different genera, there was usually little
difficulty in sepérating them based on colony morphology. Howeve?,
isolates of the same genus were a problem. This was solved by the use

of mutant isolates resistant to different antibiotics and/or
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combinations of antibiotics; by éhe selection of isolates with
different morphological colony types; . or a combination of these two
methods. For exampie,'ZSEr and D—288Sﬁ had very similar cblony

morphology types and were both identified as Pseudomonas fluorescens

but could be_separatea based on their antibiotic"resistance. Rgsults
for mixture treatments are summarized in Table 15;

The bapterial counts for each mutant isolate in the mixture are
directly comparable with the bacterial counts for fhe single isolate
treatments sincé all seed was treate& and planted as part of the same
fiéld experiment in 1986. Comparison of.the values obtained for the
mutant isolates as single isolate treatments and mixture treatmehés is
given in Table 16. Fof seven of the nine isolates, there were no |
significanf differences in the log,CFU values obtained for each
isolate between their use as single isolate treatﬁents or in mixture
.treatments with one or moré of the other isolates.

The B. subtilis (D-39Sr) and Streptomyceé (D-1858) mutants did

have significantly different log,yCFU valueé for single versus mixture
treatments. For both of these isolates at both growth stages, the
single isolate treatménts had higher colony counts than ?he same
isolate in a mixture treatment.

.There were fewer numbers of each mutant isolate applied to the
seed with mixture treatments than with single isolate treatments.
One—half the amount of each isolate normal}y used for single treat-
ments waé used for mixture treatments with two bacterial. isolates.
Only one-fourth the_nqrmal'amount was used for mixture F which

utilized five isolates. Despite-these lower amounts for mixture
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Table 15. Effect of using mixtures of bacterial isolates as seed
treatments on Pondera spring wheat root colonization in

. 1986.
Log;CFU/mg?P
Isolates Growth Stage
in ‘ Isolate :
Mixture Mixture Identification Log,CFU/Seed 1.2-1.3 6.9
A - 28Er P. fluorescens 7.4 2.1 1.0
D-288sr P. fluorescens - 6.8 1.8 0
B 88SE X. maltophilia 7.7 2.3 1.6
10008NR X. maltophilia 7.2 0.7 1.0
c D-39Sr B. subtilis 7.1 1.5 1.2
D-60R "B. subtilis . " 6.3 1.6 1.0
D D-1858 " Streptomyces sp. 2.3 0.8 0.3
239N - Streptomyces sp. o¢ 0
E . 28Er P. fluorescens 7.2 2.4 1.1
: 88SE X. maltophilia . 7.7 2.6 1.8
F 28Er P. fluorescens - 6.5 2.4 1.4
88SE X, maltophilia 6.9 . 2.3 1.1
D-395r B. subtilis - 6.2 1.2 - 0.7 -
D-56SR "coryneform™ 7.4 . 2.9 1.8
D-1858 -Streptomyces sp. 0 0 ‘0
G D-185S Streétomzées 5P -d 0.1 0.3
D-60R B, subtilis -4 1.8 1.1
H 88SE X. maltophilia 7.3 2.4 1.2
D-398r B. subtilis 6.2 1.4 1.4
I 88SE " X. maltophilia 7.2 2.4 1.8
D-56SR "coryneform" 6.2 2.7 1.9
- J D—SéSR "ecoryneform" 7.4 3.1 1.8
D-39S8r B, subtilis 6.2 1.2 0.8

8Values represent average of four replicationms.

Dry weight (mg) of root system sampled plus tightly adhering soil.
CPresent - observed on germinating seed. ) . '
“No counts available.
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Table 16. Colonization.of Pondera spring wheat roots in 1986 by nine
bacterial isolates as single isolate seed treatments and
components of isolate mixture seed treatments.

Growth Stage
Isolate )
Isolate Identification ~ Treatment? LogoCFU/Seed 1.2-1.3 = 6.9
8Ex ¥. fluorescens Single 7.0 7.8 1.1
mixture A 7.4 2.1 1,0 | -
mixture E 7.2 2.4 1.1
mixture F 6.5 2.4 1.4
88SE X. maltophilia single 7.6 2.8 0.6
' mixture B 7.7 2.3 1.6
mixture E 7.7 2.6 1.8
mixture F 6.9 2.3 1.1
mixture H 7.3 2.4 1.2
mixture I 7.2 2.4 1.8
239N Streptomyces sp. single ) "0 0
mixture D 0 0
1000SNR X. maltophilia ©  single 7.3 0.9 0.9
DN mixture B 7.2 0.7 1.0
D-39Sr B. subtilis single 6.9 2.0 x 1.6 x
mixture C 7.1 1.5 y 1.2 xy
mixture F- 6.2 1.2 y 0.7 y
mixture H 6.2. 1.4 y 1.4 xy
mixture J 6.2 1.2 y 0.8 y
D-60R B. subtilis " single 5.7 1.8 1.4
- mixture C 6.3 1.6 1.0
mixture G -4 1.8 1.1
D-56SR ' coryneform single 7.8 3.2 1.5
mixture F 7.4 2.9 1.8
mixture I 6.2 ° 2.7 1.9
mixture J 7.4 3.1 1.8
D-1858 Streptomyces sp. single 2.9 1.9 x 1.2 x
mixture D 2.3 0.8 ¥y 0.3 x
mixture F 0 0 z 0x
mixture G -d 0.1 =z 0.J3x
D-288SR P. fluorescens single . 6.4 1.5 0
" mixture A 6.8 1.8 . 0

8pefers to single isolate treatments listed in Table 13 and mixture treatments
listed in Table 14.

Values represent average of four replications. For isolates D-39Sr and D-1858,
values in the same column followed by the same letter are not significantly
different (P=0.05) according to Newman-Keuls multiple range test. There
were no significant differences between treatments for the other mutant
isolates. .

®Dry weight (mg) of root system sampled plus tightly adhering soil.
No counts available.
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treatmenté, the seed bacte;ial counts for eéch isolate were not
substantially different and neither %ere most of thé root colonization
counts, as demonstrated previously. This would seem to indicate that
lower numbe?s_of bacteria could be applied While still obtaining the
same root colonization results. Thus, two field experiments utilizing
variable inoculum rate treatments were established to examine this

observation more closely.

1986 Fieid Results — Variable Rate Treatments.

High numbers of bacteria were normally applied to the seed - an
average of 106 or 107 cFu per seed. For comparative purposes, root
colopizatibn was evaluated on a dryyweight Basis resulting in |
bgcterial counts that were lower than on the seea. Algo, bacterial
-counts per mg of roots and goil samﬁled decreased over time for most
‘isolates. Therefore, there was some concern that the bacterial |
isolates were not actualiy increasing in ﬁﬁmbers on the roots but were
simply being transferred from_seed to roots and surviving in é non—
replicative siate._

The early results from the single and mixture isolate séed
treatments in 1986 inﬁicated'thét a lower number of each mutant
bacterial isolate could be applied to the seed without decreasing‘the
bacteéial numbers colpniziné roots., This suggested that the bacterial
isolates were inéreasing numerically on fhe roots. Thus, field .
experiments were designed to defermine if bacterial isolates replicate

in the rhizosphere and if lower inoculum rates were adequate for

bacterial establishment on spring wheat roots.
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Kloepper et.al. (1985) used a simple technique to determine
soybean spermosphere establishment in non-sterile soil. They used
decreasing amounts of bacteria to inoculate soybéan seed anq then
"plantedﬁ the seed in a large petri piate contaiﬁing soii. Their
results demonstrated that the bacteria did replicate in the
spermdsphere. This technique waé utilized in a naturai field énvi;oné
mént with two of my antibiotic—resistant'ﬁutant isolates — 88SE (X.
maltthllla) and 28Er (P. fluroescens). These isolates were applied
individually to spring wheat seed at six d1fferent inoculum rates.'

One experiment was planted in the spring of 1986 and utilized
mutant isolate 88SE (X. maltophilia) only. Dilution plate assays were
conducted on all treatments at 14, 20, 26, and 54 days aftér plantipg.
The seed was removed from the root system'before the sample was placed
in the plastic bag. Therefore, any bacterié remaining én the seed
were not included in the Qetermination of the number of bacteria
colonizing the roots.

Results for these sub-crown internode and seminal root assays are
reported two différent ways. First, as bacterial counts per mg dry
weight of the sample (Table 17); and second as:the.bacterial count fo;
fhe entife root system sampled - i.e. total number of the mutant
isolate on the roots (Table'18). There were no significant
differences between the six iﬁoculum rates for any of the tests
despite the fact that there were differences in the amount of bacteria
originaily applied to tﬁe seed. The results for the two lowest
inoculum rates reported in Table 18 iﬁdicate that isolate 88SE (X.

maltthilia) did increase on the roots since the number of bacteria
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Table 17. Effect of Pondera spring. wheat seed inoculum rates of
igolate 88SE (Xanthomonas maltophilia) on bacterial number
per seed and bacterial number per mg root.

LoglOCFU/mgab,.

Growth Stage
Inoculum® -

Rate  Log;CFU/Seed? 1.2-1.3 2.1 . 2.2 2.3

Normal 7.4 2.6 3.1 1.6 . 1.8
"1/4 Normal 7.1 2.6 2.9 1.8 1.5
1/16 Normal 6.5 a0 - 3.2 1.6 1.6
1/64 Normal 5.9 3.0 3.2 1.8 1.5
1 ioop 4.8 _. 3.0 2.8 . 1.5 1.0
1/6 Loop 3.6 2.3 2.7 1.6 - -—€

8ry weight (mg) of root system sampled plus tightly adhering soil.

byalues represent average of four replications. There were no

’ significant differences between values (P=0.05) according to
Newman-Keuls multiple range test.

CNormal inoculum rate is one TSBA plate of bacterial growth per 12.5
g seed., "1 Loop" rate is one loopful of bacteria per 12.5 g
seed. "1/6 Loop" rate is one loopful of bacteria per 75 g seed
- the total amount of seed inoculated per treatment.

dExperiment established in the spring of 1986.

€88SE colonies could not be separated visually from background
contaminants on dilution plates.
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Table 18. Effect of Pondera spring wheat seed inoculum rates of
isolate 88SE (Xanthomonas maltophilia) on bacterial number
per seed and bacterial number per root system.

LogqCFU (Total) pér Root System?

Growth Stage

Inoculumb

Rate Log;CFU/Seed® 1.2-1.3 2.1 2.2 2.3
Normal 7.4 4T 4.7 4.3 . 4.3
1/4 Normal 7.1 5.1 ' 4.6 4,5 - 4,1
1/16 Normal 6.5 4.9 4.9 bob 4.3
1/64 Normal® 5.9 . 5.2 x 5.0 xy 4.2y  4ly
1 Lpopd ' 4.8 4.7 x 4.6 xy 4.3 xy 3;8 y
1/6 Loop 3.6 | 4.3 4.2 4.3 -—-<

8yalues represent average of four replications. There were no
significant differences between values in the same column
(P=0.05) according to Newman-Keuls multlple range test.

Normal inoculum rate is one TSBA plate of bacterial growth per 12.5
g seed. "1 Loop" rate is one loopful of bacteria per 12,5 g
seed. "1/6 Loop" rate is one loopful of bacteria per 75 g seed -
the total amount of seed inoculated per treatment.

CExperiment established in the spring of 1986.

Values in the same row followed by the same letter were not
significantly different (P=0.05) according to Newman-Keuls
multiple range test. Significant differences.were observed for
only two inoculum rates - 1/64 and 1 loop.

€88SE colonies could not be separated v1sually from background
contaminants on dilution plates.
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on the root sy;tem sampled was gqual to or greater than thé number of
bacteria én the seed at planting. The total number of bacteria on the
root systém sampled did not diffef‘between inoculum rates for each
growth sfage sampled and did not differ extensively between_assays for
each inoculum rate — even though the number of bacteria -on the seed
for each rate varied considerably. These results also suggest that a
lower number of bacterialapplied to the seed achieves the sémg goallas~
the normal rate now used.

A second egperiﬁept was planted in the fall of 1986 and utilized
both mutant~isbla£es (88SE —'§L mal£02hilia and 28Er - P. fluorescens)
applied to spring wheat seed at Fhe six different inoculum rates. A
fall experiment with spring wheat is-unconventional. but this allowed
for an immediate replication of the spriné planted experimént. plus
the opportunity to inclﬁde apother mutant isolate for comﬁarisoﬁ with
‘mutant isolate SSSE.

" The fall weather was mild and very similar to the springvand
early summer'weagher‘of 1986. Soil temperatures were similar also
(NOAA,1986). Three dilution plate éssays werg'completed 16, 27, and
40 days after planting. Adverse %eather preveﬁte& a fourth root
sampling. The sameAtechniques for sampling were used as described
earlier except that plants for each isolate were sampled in order
beginning with the lowest rate and ending with the highest ?ate.

The results for mutant isolate 88SE (X. maitoghilia) are reported
in Tables 19 and 20 and those for mutant isolate 28Er (P. fluorescens)
are summarized in Tables 21 and 22.' The same trends as observed in . |

the spring planted experiment were evident. The seed assay -showed a
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Table 19. Effect of Pondera spring wheat seed inoculum rates of
isolate 88SE (Xanthomonas maltophilia) on bacter1a1 number
per seed and bacterial number per mg root.

LoglOCFU/mgab
Growth Stage
Inoculum®
Rate Log;oCFU/Seedd  1.1-1.2 1.2-1.3 2.1
Normal 7.7  dax 3.2 3.1
1/4 Normal 7.0 3.8 x 3.1 2.9
1/16 Normal 6.8 3.5.xy 2.8 2.5
1/64 Normal 5.7 - 3.6 xy 2.6 2.8
1 Loop. 4.6 3.1 y 2.7 2.8
1/6 Loop b4 3.1 y 2.5 . - 2.8

8Values represent average of four replications. Values in the same
column followed by the same letter were not significantly
different (P=0.05) according to Newman-Keuls multiple range
test. Significant differences were observed only at growth
stage 1.1-1.2.

bDry weight (mg) of root system sampled plus tightly adhering soil.

CNormal inoculum rate is one TSBA plate of bacterial growth per 12.5
g seed. "1 Loop" rate is one loopful of bacteria per 12.5 g
seed, "1/6 Loop" rate is one loopful of bacteria per 75 g seed
- the total amount of seed inoculated per treatment.

dExperlment established in the fall of 1986.
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Table 20. Effect of Pondera spring wheat seed inoculum rates of
isolate 88SE (Xanthomonas maltophilia) on bacterial number
per seed and bacterial number per root system.

LogqoCFU (Total) per Root System?

Growth Stage

Inoculumb

Rate LogqCFU/Seed® 1.1-1.2 1.2-1.3 2.1
Normal 7.7 5.9 x 5.6 ‘5.2
1/4 Normal 7.0 ' 5.6 xy 5.4 5.3
1/16 Normal 6.8 5.0 y 5.0 4.8
1/64 Normal 5.7 5.4 xy 4.9 . 5.2
1 Loop “ 4,6 S.i y 4.9 5.2
1/6 Loop bob 5.2y . 48 5.0 -

8Values represent average of four replications. Values followed by
the same letter were not significantly different (P=0.05)
according to Newman-Keuls multiple range test. Significant -
differences were observed only at growth stage 1.1-1.2.

Normal inoculum rate is one TSBA plate of bacterial growth per 12.5
‘g seed. "1 Loop" rate is one loopful of bacteria per 12.5 g
seed. "1/6 Loop" rate is one loopful of bacteria per 75 g seed
- the total amount of seed inoculated per treatment. '

CExperiment established ‘in the fall of 1986. '
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Table 21. Effect of Pondera spring wheat seed inoculum rates of
isolate 28Er (Pseudomonas fluorescens) on bacterial number
per seed and bacterial number per mg root.

LogloCFU/mgab
. Growth Stage
Inoculum®

Rate - Log, oCEU/Seed? 1.1-1.2 1.2-1.3 2.1
Normal | 7.3 _ 4,0 x 3.4 2.2
1/4 Normal 6.4 . 3.6xy . 3.0 2.7
1/16 Normal 5.3 3.3 xy 2.7 ' 2.8
1/64 Normal 4.0 3.4 xy 3.1 2.4
1 Loop 4.0 ) 3.3 xy . 2.8 2.4
1/6 Loop 4,1 2.8 xy 3.0 2.4

8Values represent average of four replications. Values in the same
column followed by the same letter were not significantly
different (P=0.05) according to Newman-Keuls multiple range
test. Significant differences observed.only at growth stage
1.,1-1.2. i

bDry weight (mg) of root system sampled plus tightly adhering soil.

CNormal inoculum rate is one TSBA plate of bacterial growth per 12.5
g seed. "1 Loop" rate is one loopful of bacteria per 12.5 g
seed. "1/6 Loop" rate is one loopful of bacteria per 75 g seed
- the total amount of seed inoculated per treatment.

dExperiment established in the fall of 1986.
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Table 22, Effect of Pondera spring wheat seed inoculum rates of
‘ isolate 28Er (Pseudomonas fluorescens) on bacterial number
per seed and bacterial number per root system.

Log{gCFU (Total) per Root System?

Growth Stage

Inocﬁlumb .

Rate LogCFU/Seed® 1.1-1.2 1.2-1.3 -. 2.1
Normal ' 7.3 . 5.8 5.6 4.7
1/4 Normal 6.4 5.3 - 5.2 . 5.0
1/16 Normal - 5.3 _ 5.4 5.0 5.0
1/64 Normal 4.0 | 5.5 . 5.3 4.6
1 Loop 4.0 5.4 L 5.0 4.8
1/6 Loop C a1 . 5.0 5.1 46

8Values represent average of four replications. No significant
differences (P=0.05) between treatments according to Newman—Keuls’

, multiple range test. '

Normal inoculum rate is one TSBA plate of bacterial growth per 12.5 g
seed. "1 Loop" rate is one loopful of bacteria per 12.5 g-seed.
"1/6 Loop" rate is one loopful of bacteria per 75 g seed - the
total amount of seed inoculated per treatment. :

cExperiment; established in the fall of 1986,
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difference of 16g10 3.3 CFU between the normai inoculum rate and the
lowest inoculum rate for isolate 88SE (§; maltoghilia). Hé&eﬁer, for
each of the three growth staées sampled, thé foof colonization assay
valges differed by only 1.0, 0.7 and 0.6 (logIOCFUj between the normal
and lowest inoculum éates (Table 19). The seed assay for isolate 28Er
(P._ fluorescens) showed a difference of logyg 3.2 CFU between the
normal and lowest inoculum rates with only a maximum difference of
1.2, '0.7 and 0.6 between these inoculum rates for the ¥pot céloniza¥
tion assays.(Taﬁle 21). Only for the earliest sampling date of both
iéo;ates was there a significant difference between inoculum rates.

The total number of the mutant isolate per root system sampled
did differ significantly between iﬁoculum rates for the first sampling
date of isolate 88SE (X. maltophilia) but not for tbe other root
colonization sampling dates or for any of the sampling dates of
'isolate 28Er (P. fluorescens) gTéble'éo and Table 22). Again, the
results for the two lowest inoculum rates for both of these mutant
isolates indicated that they did increase on the roots since the total
number of bac£eria on the root system ﬁas greater than the number of
bacteria per seed at planting; This was also true for the "1/64

Normal" treatment of both isolates in this experiment.

1986 Field Results - Pseudomonas fluorescens (199) Mutants

Three additional field experiments were established in 1986 to
help determine if the mutant bacterial isolates were establishing and
increasing in numbers on the roots. These experiments utilized

antibiotic-resistant and antibiotic—dependent spontaneous mutants of
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isolate 199 (P. fluorescens). Mutant isolate 199ER Waé resistant to
100 pg/ml of both erythromycin and rifamPicin.and required nei;her
antibiotic for grdwth. Mutant isolate 19QS+NR was resistant to 100
vg/ml of nalidixic acid and rifampicin but also réquired‘a minimum of
5 pg/ml of streptomycin for gro&th. Ag long as this mutant isolate
does notifeplicate in the abéence of streptomy¢in, it will remain
viable. However, as soon as i£ attempts to multiply in the absence of
streptomycin, death will result due to‘impairment of protein synthesis-
(Gale et al.,1981).

. Two experiments were established in 1986, one in the spring and.
one in the fal;, utilizing mutant isolates 199ER and 199$+NR as single
isolate treatments and as a mixture treatment of the two isolafes.
Dilution plate assays in the spring were conducted 25, 45, 63,'and 85
déys after planting. Fall assays were,cémpleted 16, 27, and 40 days
.after planting. | A

The results for these assays were very similar and are summarized
in Table 23. In both experiments, mutant isélate 199ER does appear to
be colonizing spring wheat roots and has valugs comparagle éo 28Er, |
also a fluorescent pseudomonad, in the single isoiéte seed treatment
experiment of 1986 (Table 13). Mutant isolate 199s*NR was preéent on
roots at substaptially lower levels than mutaﬁt 199ER for all sampling
~times of both experimeﬁts. Colonization values of 199 STNR declined
to less than logyy 0.5 CFU fof both treatments of both experiments.
Reisolated rhizosphere colonies of 199 S+NR.had the same growth
requirement for strgptomycin as the mutant isolate applied éo the

seed. -
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Table 23. Colonization of Pondera spring wheat roots by two mutants
of a Pseudomonas fluorescens isolate (199) utilized as
single isolate and mixture treatments in 1986.

"Spring Planted Experiment"

LoglOCFU/ﬁgb
Growth Stage
Isolate Treatment® CFU/Seed 1.2-1.3¢ 2.2°¢ 5.9¢ 7.7¢
199ER - Single 7:3 2.3 1.0 1.8 1.0
Mixture 6.9 2.3 0.5 1.5 0.9
199s™R  single 6.4 0.6 0 0 0
Mixture 6.1 0.2 0] 0] 0
"Fall Planted Experiment" .
Log, oCEU/mg®
Growth Stage
1.1¢ 1.2-1.3¢. 2.1°
199ER Single 6.2 2.2 2.2 2.0
Mixture 5.4 2.2 2.1 1.8
199s*NR  single 5.6 1.2 0.7 0.4
Mixture 4.6 0.9 0.2 0

8gingle treatment consisted of 199ER or 199s*NR applied to the seed
individually., Mixture treatment consisted of the two isolates
applied to the seed together as one treatment.

bDry weight (mg) of root system sampled plus tightly adhering soil.

CValues represent average of four replications.
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One way to provide streptomycin in the rhizosphere for the growth
of 199 S+NR would be to utilize a seed treatment mixture which

included a streptomycin producing organism. Streptomyces griseus

- (NRRL B-1965) is a known producer of streptomycin in culture (D. P.
Labeda, personal communication), but it was not known whether this
organism produced streptomycin in the soil. Since it was ailaboratory
strain, there was also no evidence that it was cépabie of célonizing
spring- wheat roots.

‘A field experiment was established in the spring of 1986
ufilizing mutant isolate 199S*NR and S. griseus (NRRL B—I§65) as
single isolate and mixture tféatmeﬁts. Dilution piate assays were
coqducted for this experiment along with those 6f the previously -
described spring experiment utilizing nutant isolates 199ER and
199s*NR. The‘resulfs for 199S*NR were quite similar for both
éxperiments. jhere were logy,CFU 0.5 and 0.4 per mg roots and soil
obtained at growth stagé 1.1 for single and mixture treatments;
respectively. SubSeﬁuent test values declined to O indi;ating that
this mutant isolate was not surviving and/or colonizing spring wheat
roots. Since S. griseus was not marked as antibiotic resistant, there
was no way to confirm that the stfeptomycete colonies that did appear

on the dilution plates were this particular isolate.

3
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Root Colonization gg'Croﬁs Other Than Spring Wheat

From the field experiments conducted in 1985 and 1986, it was
evident thét some mutant isolates could be considered efficient
colonizers of spring wheat roots. Couid these same mu£ant isolates
colonize other important field crops? A series of four experiments
was conducted under growth chamber conditions to answer this question.

Five mutant isolates and six field crops were evaluated. For the
firsf two.experiments, plants were grown in vermiculite. Only four of
the mutant isolates were tested. The final twq experiments were
conducted using Bozeman silt ioam soil énd involved all five mutant
isolates.

The root colonizaFiqn values for plants grown in vermiculite were
considerably higher than for those gro%n in goil (Table 24)., This
would be expeéted since the soil was not sterile and the intfoduced
bacteria would have to compete with the indigenous microflora.

_ Few significant differenées for root colonization were observed
between crops for the same mutant isolate, either in veémiculite or
soii. However, this in itself is'significant because it iﬁdicateé the
mutant isolaﬁes are capable of colonizing crops other than spring
wheat even though selection of these bacterial roét colonizers was
exclﬁsively on spring wheat. If oné closely examinés Table 24 for the
;esuits of 28Er‘(§L fluorescens), 88SE X. maltophilia), D-39Sr (8.
subtilis) and D-56SR (coryneform) in all four experiments, one

observes that in all cases the highest root colonization values for
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Table 24. Root colonization by five bactérial isolates on gix field
crops grown in vermiculite or soil in a growth chamber.

Vermiculite Soil

Logyqg CFU/mg?

Isolate Crop Expt. 1 Expt, 2 Expt. 3 Expt. 4
28Er spring wheat 1.8 x -— 0.8 x 0.8 x
(P.fluorescens) winter wheat 1.8 x 2.5 x 0.4 x S 1.0 x
barley 2.4 x 3.0 x 0.8 x 0.6 x
corn 1.8 x 1.6 y 1.0 x 1.6 x.
soybean 2.2 x 3.2 x Tl.1l x 0.6 x
safflower SR ) 3.0 x -— 1.2 x
© 88SE spring wheat NT® NT 0.2 y 1.6 x
(X. maltophilia) winter wheat NT NT 0.8 xy 1.7 x
barley NT NT 1.3 x, 1.2 x
corn NT NT 1.1 xy 1.8 x
soybean . NT NT 1.8 x 2.1 x
safflower ’ NT NT - —-—
D-39Sr spring wheat 2.6 x 2.8 x 1.6 x 1.6 x
(B. subtilis) winter wheat 2.5 x 3.0 x 1.8 x 1.8 x
: : barley 2.8 x 2.9 x 1.6 x 1.8 x
corn 2.8 x 3.1 x 2.0 x 1.8 x
soybean 2.7 x 2.9 x 1.7 x 1.6 x
safflower’ 1.6 y 1.8 y —— -
D-565R spring wheat 2.6 x 3.4 x 1.2 x 0.7 x
(coryneform) winter wheat 3.1 x 3.6 x 1.0 x 0.5 x
barley 2.8 x 3.8 x 1.4 x 0.6 x
corn 2.8 x 3.4 % 1.1 x 1.0 x
soybean 3.5 x 3.7 x 1.6 x 1.2 x
safflower 3.1x 3.4 x -— -
D-185S spring wheat 2.6 x 2.6 x 0.6 x 0.6 x
(Streptomyces sp.) winter wheat 1.4 y 2.8 x 0.8 x 0.2 x
barley 1.4 vy 2,7 x 0.8 x 0.6 x
corn 0 =z 1.2 y 0.1 x 0.1 x
soybean 2.0 xy 2.5 x -— T
safflower 0 =z 1.2 y - -—

8pry weight (mg) of root system sampled plus tightly adhering soil.
Values represent average of three or four replications. Values
in the same column followed by the same letter are not
significantly different (P=0.05) according to Newman—Keuls
multiple range test. ' .

bpata not presented because values were average of two replications or
less; not included in statistical analysis either.

CIsolate 88SE not tested in vermiculite.
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each isolate are not for spring wheat. In 12 of the 14 cases, the
field crop with the highest value is soybean or corn. For isolate D-

1855 (Streptomyces sp.), spring wheat does have the highest root

colonization value in two cases with corn consistently being the field
crop with the lowest values. For the experiments established in soil
(Experiments 3 and 4), the mutant isolate which had the most
consistent results between trials was.D;39Sr (B. subtilis).

Table 25 coptainslthe same data as Table 24 but presented
differently so as to emphasize root colonization by the isolétes on a
crop by crop basis. In the first experiment, D-56SR (coryneform) and
D-39Sr (B. subtilis) were consistently the best root coloniéers for |
all field crops. Isolate D-56SR continued as one of the best
coloniiers in theé second experiment. Both of these experiments were
established in vermicﬁiite.- In the soil experiments (Exferiments 3
énd 4), D—39Sr was one of the best colonizers followed by 88SE Q&_
maltophilia). |

One problem with the experiment concerﬁed germination of soybean
and safflower seeds. The‘germinétion rate for untreated soybean seed
was 60%. Even though two soybean seeds per -cone were planted, usually
only three replications would have at least one emerged plant. For
seeds treated with isolate D-=185S and planted in soil, even fewer
plants emérged. For the third expérimeﬁt,.only one replication ha& an

emerged plant and there were only two replications with'plants in the

fourth experiment. The seeds usually germinated but did not emerge.
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Table 25. Root colonization of six field crops inoculated with five
bacterial isolates and grown in vermiculite or soil in a
growth chamber,

Vermiculite Soil

Logyp CFU/mg®

Crop Isolate Expt. 1 Expt. 2 Expt. .3 Expt. &
Spring Wheat  28Er 1.8 y ---b 0.8 x 0.8 x
88SE NT® NT 0.2 x 1.6 x
D-39Sr 2,6 x 2.8.y 1.6 x 1.6 x
D-565R 2.6 x 3.4 x 1.2 x 0.7 x
D-1858 2.6 x 2.6 y 0.6 x 0.6 x
Winter Wheat  28Er 1.8 =z 2.5 y 0.4 y 1.0 x
88SE ) NT T 0.8 y 1.7 x
. D-395r 2.5 y 3.0 ¥y 1.8 x 1.8 x
D-56SR 3.1 x 3.6 x 1.0 ¥y 0.5 x
‘D-1858S 1.4 =z 2.8 y 0.8 y 0.2 x
Barley . 28Er 2.4 xy 3.0 ¥y 0.8 x 0.6 x
88SE . NT NT 1.3 x 1.2 x
D-39Sr 2.8 x 3.1 x 2.0 x 1.8 x
D-56SR 2.8 x 3.4 x 1.1 y 1.0 xy
D-1858 0 =z 1.2 y 0.1 =z 0.1 y
Corn 28Er 1.8 y 1.6 y 1.0 y 1.6 x
88SE NT NT 1.1 ¥y 1.8 x
D-39Sr 2.8 x 3.1 x 2,0 x 1.8 x
D-56SR 2.8 x 3.4 x 1.1 ¥y 1.0 xy
D-1858S 0 =z 1.2 y 0.1 =z 0.1 y
Soybean 28Er 2.7 xy 3.2 y 1.1 ¥y 0.6 x
88SE NT NT 1,8 x 2.1 x
D-39S5r 2.7 xy 2.9 y 1.7 x 1.6 x
D-56SR 3.5 x 3.7 x -1.6 x 1.2 x
D-1858 2.0 y 2.5 z -— -
Safflower 28Er ' - 3.0 x -— T 1.2
88SE NT NT —— ———
D-3985r 1.6 y 1.8 y - - -
D-56SR 3.1 x 3.4 x ‘ e -—
0 =z 1.2 y - Come—

D-1858

8Dry weight (mg) of root system sampled plus tightly adhering soil. Values
represent average of three or four replications. Values in the same-
column followed by the same letter are not significantly different
(P=0.05) according to Newman-Keuls multiple range test.

) bData_not presented because values were average of two replications or
less; not included in statistical analysis either.

CIsolate 88SE not tested in vermiculite.




| -

83

The main reason the safflower did not germinate was due to seed
contamination by fungi. The clorox solution uged to sterilize the
other crops' seeds seemed to have.ﬂo effect on éafflower seed
contaminants or the number of contaminants was so much greater that
the technique utilized was ineffective. The problem was accentuated
Whén the seeds were planted in soil. The bacterial isolates were
present on the safflower seed at planting in all four trials as
determined by dilution plating of the bactérized seed. Due to the
large nugber of-repliéations missing in the third and fourth experi-
ments, it is difficult to say conﬁlusively that the isolates colonized
safflower in_sail. The exception is isolate 28Er (P. flubrescens)»
which did colonize safflower roots in all four replications of the .
" fourth experiment.

Since the soil utilized in Experiments 3 and 4 was not sterile,

weeds also grew along with the crop plants in the cones. Most of the

weeds were pulled from the so0il so they would not interfe;e with water
use by the crops but a féw escaped the weeding process. |

- The weeds ﬁere one species, the redroot pigweed (Amaranthus
retroflexus L.). . Four of the pigweed planté which‘were present at
sampling were pulled from- the soil and plated directly on the‘

appropriate antibiotic medium. There were pigweed plants in cones

planted with seeds inoculated with D456SR_(coryneform); 28Er (B.

fluorescens), 88SE (X. maltophilia) and D-185S (Streptomyces sp.).
Three of the four isolates were present on the pigweed roots; D-1858
was not. This would suggest that some of the bacteria transferred

from the intended colonization target to closely associated non-target
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roots or moved through the soil to colonize roots of plants whose seed

was not inoculated with bacteria.
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DISCUSSION

~The primary objective of this research project was to identify

and characterize rhizosphere bacteria capable of colonizing spring
T - 1 .

| I

wheat roots effectively under natural field conditions - i.e. evaluate

rhizosphere competence (Schmidt,1979). This objective was achieved.
At least one bacterial isblate from each group represented was

determined to be rhizosphere competent. The colonizers included

Bacillus pumilus, B. subtilis, Pseudomonas fluorescens, Streptomyces

spp.,» Xanthomonas maltophilia and a corynéform, In addition to

achieving this,objec;ive, basic concepts central to rqot’colonization
and development of commercial seed iqoculant were evaluated.
Screening was conducted at four different stages in this research
té arrive at the primary objective: first, initial selection of
bacterial isolates .from small graiﬂ roots; second, production éf
antifungal compounds in vitro; third, field screening of antibiotic—
resistant mutants for rhizosphere competence; fourth, a second field
screening for rhizosphere comfetence usiﬂg-the mytant isolates
determiﬁéd to be the most rhigosphere competent in stage three.
Although‘a divepse group of bgcteria were isolated from small
grain roots, the majority of these organisms represented only three

genera — Bacillus, Pseudomonas and Streptomyces. This was not

necessarily because they were the dominant rhizosphere or rhizoplane -

colonizing organisms; Rather, their selection was due to the type of
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media utilized for isolating bacteria from roots. Perhaps more
corynefdrm and X. maltophilia colonies would have been selected if
media which ;elect specifically for these orgénisms had been
gvailable. Thié is an inherent problem when isélating bacteria from a
_soﬁrce such as soil. Baéically, the seleétion proceés‘is only as good
as the selective media used. Even if a general medium such as 1/101
TSBA allows one to isolate "all" culturable bacteria from the sample,
this medium is still.selective since the fastest—-growing organisms may
dominate and prevent others from growing.

The highest bacterial counts for the early plant growth stages in
1986 were associated with Gram'negative mutant isolates (28Er - P,
flubrescens, 88SE - X. maltthiliaf D—290E - B fluorescens) and the ,
coryneform mufant igolate (D-56SR). .However,_the counts for these
mutant isolates decreased by 1.7 log units when sampled at a 'later
érowth stage. Poséibly by thé time anthesis is complete for spriﬁg
wheat, the amount of root exudates has decreased such that the
nutrient status of the rhizosphere is unfavorable for these zymogenous
organisms (Riviére,1960; Sands and.Rovira,1971L

Although the Bacillus mutant isolates did not result in the

highest bacterial counts in either year, as a group they wete the most

consistent colonizers. Their numbers on the roots varied the least
from year to year and from plant growth stage to plant growth stage.
Perhaps the Bacillus spp. have been previousiy overlooked because
their numbers are usually lower than thoSg of the fluorescent
pseudomonads in the rhizosphere (Rovira,1963). Nonetheiess, an:

organism which maintains a steady state in the natural soil
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environment would Be more desirablelunder certain circumstances -~ such
as the need for long tefm planf protection beyond seedling stageé.'
The Bacillus spp. produce endoéporeé which are more resistant
than vegetative cells to destructive forces, such as desiccation, in
the soil (Gordon et al.,1973). These spores may allow these organisms
'to colonize wheat roots during thé entire growing season.. This should

be true for Streptomyces spp. since they also produce a protective

resting spore, but only one of the mutant isolates (D-185S) followed a
consistent colonization pattern. Interestingly, two of the three X.
maltophilia mutant isolates (59SN, 1000SNR) were consistent

colonizers. Other Streptomyces and Xanthomonas isolates had

colonization patterns similar to the Gram negative organisms described
earlier,
Until recently, X. maltophilia was classified as P. maltophilia.

By transferring this organism from Pseudomonas to Xanthomonas (Swings

et a1"19§3), the genus Xanthomonas is no longer restrictea to
phytopathogenic bacgeria. X. maltophilia is also distinguished from
other xanthoﬁonads because it is a saprophyte found in the goil.
Phytopathogenic xanthomonadé are not known to survi§e in the soil”
(Starr,1981).

Although X. maltophilia has been reported in association with
plant roots (Debette and Blondeau,1980; Kwok et a1"i986), this is the
first report of X. maltophilia colonizing small grain roots. This
organism has recentl? been suggested as a possible biological control
agent for pathogens of 1ive_oaks (Gregory et al.,1986) and cucumber

(Kwok et al., 1986). In this study, the highest yield in 1986 (i.e.




88
non—-disease conditions) was obtained frop a X. maltophilia treatment
(888E5. This muFaﬁt dié not inhibit.the saprophytéhg; glutinis or the
plant pathogen ggﬁ in vitro. It had been selected for field screening
because it prodﬁced a dark pigment on TSA., Iverson et al. (1984) have

demonstrated that X. maltophilia produces chitinase in vitro in

amounts equivalent to.that of Serratia liquefaciens.

The inconsistencies betweén.laboratory and field results point
out one of the major problems in the development of biological control
agents of soilborne pests — initial selection of candidate isolates.
Quite oftén selection is based on bacterial antaéonism toward selected
plant pathogens in vitro. However, in vitro results do not always
correlate with field results (Kémmedahl et al.,1981; Suslow,1982;
Weller et al.,1985). -

The same pfoblem'exists for selegting organisms which can
.efficiently colonize roots. Since we do not know exacfly what factors
influence root colonization in the soil, it is difficult to desién
methods which will predict this characteristic in vitro with randomly
selected bacteria. |

Since my primary interest was the selection 6f rhizosphere
competent.bacteria, I did not screen the 537 isolates obtained from
small grain roots against one particular soilborne pathogen. Instead,
the isolates were iﬁitially écréened for inhibition of R. glﬁtinis. a

non-plant pathogen. In retrospect it probably would have been better

L,

to screen bacterial isolates for their ability to inhibit other common .

rhizosphere bacteria since these are the organisms which the colonizer

needs to displace. However, this approach might eliminate bacterial -
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colonizers which are compatible on roots with other bacterial
colonizers and p?event development of segd treatments using more than
one organism. Thus, screening methods must be designed so both
characteristics (inhibition and compatibility) can be evaluated.

In this study, the 60 isolates selected for field testiqg, based -
primarily on resulfs from the R. glutinis inhibition screen, were
also examinéd for their ability to inbhibit Ggt in vitro; However,
these. results were not utilized as a selection criteripn at any time
in the study. As stated previously, the bacteria could be divided

into four groups — inhibitors of R. glutinis and Ggt; -inhibitors of R.

glutinis but not Ggts inhibitors of Ggt but not R. glutinis; non-

inhibitors of both R. glutinis and Ggt. Most isolates that were

iﬁhibitory to R. glutinis were also inhibitory to Ggt. Only one of

the nine isolates not inhibitory to R. glutinis was inhibitory to Ggt.

This isolate was not rhizosphere competent either; but, one isolate is

hardly a representative sample. Howéyer, successful colonizers did
come from the other three groups.

It would be a logistical nightmare to screen hundreds of
organisms in the field for rhizésphere competence.only. This is the
primary reason Why an initial screening of the organisﬁs for -
antifungai activity was necessary. R. glﬁtinis was selected as the
tesf organism because it is not a plant pathogen. If a plant

pathogenic organism had been used, it is possible a bias would have

been introduced into the selection process. In addition, R. glutinis

is a fast growing organism (assay plates could be read in 36 hours),

and it is red in color which makes growth easily dgtectable. It would

| I -
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seem that R. glutinis was a good choice fpr selecting Ggt inhibitors
since 90% of the isolates which inhibited R. glutinis also inhisited
Ggt and only.Z% of'the isolates that inhibited Ggt did not inhibit R.
glutinis. | | '

' Presently, thé primary méfhod.for confirming colonization is
dilution plating of roots using selective media and antibiotic—
resistant ﬁutant isolates. It is necessary to mark introduced
isolates in order to separate and identify them from the rest of the
microbial community naturally occurring on roots. While it would be
very &ifficﬁlt to develop hunéfgds of anﬁibiotic—resistant mutant
isolates for a preliminary field screen, it‘ﬁould be realistic to
develop 100 or 1less.

Another reason to field screen only‘marked isolates concerns the

foiiowing three statements made by W. Brill recently in.

’Bio/Technology (McCormick, 1986): First, culturiné a bacterium may
weaken it if £he cell wall is loét. Antibiotic resistance may
decrease the’ability of the organism to survive in the soil. .Even if
it does survive, it could lose the markers and so be present but
undetéctable. In the current study, by ley screehing marked isolates
and restricting the definition of a rhizosphere competept;organism to
an organism which is readily detgétable and identifiable, one selects
for organisms which do survive in the soil as stably marked isolates.
Another reason’to develop aﬁtibiotic—resistant mutants isbto
enhance rhizosphere colonization. lHoséain and Alexander (1984) and
Bashan-(1986ﬁ) utilized this concept with soybean/Rhizobiﬁm and

wheat/Azospirillum inoculation systems. Antibiotic-resistant and
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fungicide-resistant mutants were developed in both cases. These

..mutants were applied to the seed and the seed planted in soil

containing the appropriate antibiotics and fungicides; or the la;ter
compounds were applied to the seed before bacterization with the
mutant bac;erial isolates. In both cases, root colonization was
increased dﬁe.to inhibition of_the normal rhizosphére_pophlation.
Problems were encountered in developing antibiotic-resistant
mutants from the 60 fieldAisolates of this study. Iﬁ general, the
pseudomonads and xanthomonads developed spontaneous mutations for
resistance to each of the four antibiotics.‘ For most of these iso-
lates, this allowed for devélopment of different‘antibiétic—resistant
marker combinations gnabiing-differentiétion of specific mutant
isolates under natural fieid conditions, As observéd previously
(Drahos et'a1"1986), phenotypic characteristics of Gram-negative
isolates Qith‘nalidixic acid resistance were usually not stably
maintained. For a majority of -the Gram negative, nalidixic acid-
resistant mutants, storage capabilities‘wéfe lost and perhaps also.
their ability to colonize roots or survive in soil since they were not

reisolated from roots.

Thié was not true for the Streptomyces which did develop stable,
spontaneous mutants resistant to either streptoqycin or naliéixic
acid. However, mutants which were resistant to both streptomycin and
nalidixic aéid were npt‘étably maintained in storage. Previous work
with the streptomycétes has indicated that simﬁltaneous loss of
resistance to more than one antibiotic occurs more frequently than

loss of resistance to one antibiotic (Danilenko, in Chater and
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Hopwood.1984x Registance to either rifampicin or erythromycin was
not developéd by any of the streptqmycete isolates. |

Although the Bacillus isolates could be easily marked- as
.streptomycin'resistant. resistance to rifampicin was incoﬁsistently
achieved and resistance fo erythromycin and nalidixic acid was never
obtained. Oﬁly oné Bacillus isolate developed a spontaneous mutant
resistant to both streptomycin and a low level of rifamp;cin.
Kloepper et éi. (l985) and Hall ét al. (1986) utilized rifampicin-
resistant Bacilius mutants in their work with spérmosphere competent
organisms and biological control agents, respectively. in both caseé,
no mention~ié made of having difficulty in developing these
spontaneous mﬁtants using standard techniques.

It was ampiy demonstrated that streptomycin alone was not a
sufficient marker for detecting bacterial isolates in a field situa-
'tion. As Barr& (1986) has also noted, a large number of éoii bacferia
are naturally resistant to streptomycin; The streptomycetes were

: *

perhaps one of the few groups which were susceptible to streptomycin.

This, plus their unique colony morphology, permitted me to separate

streptomycin—~resistant Streptomyces mutant isolatés from backgrouﬂd
contamination on 1/10 TSBA supplemented with 100 pg/ml streptomycin.
Bacillus-like colonies. were the ﬁost common background contaminants
found on this medium making it impossible to confirm the presence of
Bacillus mutants resistant only to streptomycin.

Sinqe'detection is necessary for evaluating rhizosphere
competence, bne.experiment‘was designgd to specifically determine‘

which of the four antibiotics or combination of these antibiotics
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would bé most useful as genetic markers for monitoring introduced
bacteria in the field. The pseudomonad and coryneform isolates easily
developed resistance to all combinatiéns of the antibiotics but the
streptomycete and Bacillus isolates did not and so did not contribute
extensively to the experimental results.

Media supplemented with antibiotic combinations Wﬁigh included
rifampicin did not permit the.normal rhiéosphére microflora to grow
(Tgble 4); Overall, rifampicin alone and all double and triple
combinations of the antibiotics allowed the growth of less éhan 3% of
the culturable bacterial-flora normally féund on non—suppleménted 1/10
TSBA. The use of streptomycin, erythromyéin or nAIidixic acid aioné
as antibiotic supplements in 1/10 :SBA permitted 13% to 217 of back-
ground microflora to grow. This suggests that rifampipin,alone énd
all cémbinations of the four antibioticé WOﬁla be useful markers for
introduced badteria since 97% of the backg?ound rhizosphere microflora
was inhibited. However, the data presented in Tabies 6 and 7 show
that thié is ﬁot the case. The introduced mutant isolate percentage
of the total rhizosphere microflora present on the antibiotic supple-
mented media is often less fhan 70%.

Nalidixie acid was usually not ‘a stable marker - alone or in
combination with other antibiotics'— which résulted in decreased
counts for those introduced mutants. Isolates with nalidixic acid
resistance were'difficult to maintain in storage and growth was often
impaired. Mutants resistant to combinations of sfreptémycin and
erythromycin or rifampicin and efythromycin were easily detected

during the first 3-4 weeks after planting. This selectivity
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diminished as the season progressed. This was also observed in the
other field expériments.'
Rifampicin alone, and a combination of rifampicin and
streptomycin, wetre the best antibiotic marker systems for tﬂe

Bacillus, Pseudomonas apd coryneform isolates. These markers resulted

in the mutant iéolate'composing 90%-100% of the total culturable
microflora on a dilution plate. However, for one of the samplings, a
large. number of very small, non-gporulating actinomycete colonies were
present.

Combinations of streptomycin/rifampicin/erythromycin and
rifampicin/nalidixic acid/erythromycin were very selective also; but,
if a déuble antibiotic marker system is sufficient for selectivity, it
is probably redundant to add a third antibiotic marker - especially if
it is possible the third marker might reduce rhizosphefe competence.
‘The rifampicin and rifampicin/ streptomycin combination markers are
suitable.marker systems sipce fhey efficiently inhibit the natural
rhizosphere microflora and do not seem to impair.root colonization.

One exercise that should be done with double and triple marked
isolates is to_determine if there would be differences in bacterial
counts on &ifferent antibiotic media. In other words, replicate
diiution plate a root sample with an intrpduced triple mérked isolate
on all combinations of the antibiotics to which it is resistant. If
antibiotic resistance does not affect root colonization, there shquld‘

be no differences in the plate counts.

With the Streptomyces isolate, the streptomycin-resistant mutant

was the only mutant that was stable in storage, colonized roots and
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‘had éhenotypic characteristics-similar to fhe parental isolate G;e.
aerial spore chains). Therefore, streptomycin was the best marker
even though the background microflora dominated.thé dilution platgs.'
The background microflora that was resistant to streptomycin did not
include streptomycetes. This allowed for the detection of
streptomycin—reéistant streptomYcetes; It is important to note that
familiarization with the colony morphology of the isolate and the
common background.microflora paﬁ play a.key role in detecting isolates
- even on a selective medium.

One way to improve selectivity in the future might be by'the use
of genus- ér species—specific selective media. Fér example, the use
of a modified King's B medium (Sands et al.,1980) to impréve detection
of P. fluorescens isolates might not be an improvement over 1/10 TSBA,
. but it should at least be evaluated after an isolate has been
designatgd an efficiént root colonizer. vThe primary difficulty in
using selective media is logistical. By using 1/10 TSBA as the bgsal
medium in all experiments, the only difference in the selection pro-
cess for eagh isolate was the éntibiotiq(s) added. This simplified-

media preparation and also eliminated a bias against organisms for

which there are no selective media.

The importance of efficient antiBio;ic—resistant ﬁarkers can not
be over emphasized. This was the main reason why the Bacillus mu;énts
‘with only stfeptomycin resistance were not selected for further field
testing in 1986, Tab}e 26 is a summary of the root colonization aﬁd

yield results obtained for the 20 mutant isolates which were
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Table 26. Summary of root colonization and yield results‘fdr 20
bacterial isolates utilized for spring wheat bacterization

field studies in 1985 and 1986.

" Check - without Ggt

LoglOCFU/mgab .
Yield®®¢
1985 Growth Stage 1986 Growth Stage grams/3.3-m
Isolate 4,5¢ 92 1.2-1.3¢  6.9¢ .1985 1986
P. fluorescens ‘
D-290E 3.4y -—d. 3.2 v -—-d 179 304
28Er 2.4 yz 1.6 2.8 vw 1.1 xyz 205 306
216SR 1.4 y=z NT 1.7 xy 0.1 =z 179 328
D~288SR 1.4 yz 1.1 1.5 xy 0 =z 194 330
D-2738N 0.7 =z 0 0 =z 0 =z 205 332
X. maltophilia
88SE . 2.5 yz 1.6 2.8 vw 1.1 xyz 224 357
598N 0.6 =z 0.6 1.7 xy 1.6 xy 184 321
1000SNR 1.2 z 1.7 0.9 y 0.9 yz 196 315
B. subtilis - o
D~-39Sr 2.1 yz 1.8 2.0 wx 1.6 xy - 155 295
D-60R 1.8 yz 2.8 1.8 xy 1.4 xy 260 314
157R 0.6 =z T 0 z 0 =z 204 316
B. pumilus :
147R 1.8 yz 3.3 2.2 wx 2.1 x 226 322
B. subtilis/pumilus : ‘
D-168r 2.3 yz NT 2.3 wx 1.2 xy .199 309
- 58R : 2.0 yz 1.8 2.2 wx 1.4 xy 156 333
Streptomyces : ’
1098 0.6 z 0.7 2.2 wx 0.6 y=z 232 345
D-185S 1.4 yz 0.5 1.9 wx 1.2 xyz 228 337
1318 2.1 yz 2.4 1.7 xy 0 =z . 202 274
239N 0.8 =z 1.8 0 z 0 =z . 203 .304
D-4N 0.5 z NT 0 z 0 .z 190 307
"Coryneform" : ’
D-568R 2.8 yz 2.3 3.2 v 1.5 xy 239 324
Check - with Ggt 173 —-—
287

311

8pry wéight (mg) of root system sampled plus tightly‘adhering soil,

Values represent average of four replications.

CValues followed by the same letter were not significantly different
(P=0.05) according to Newman-Keuls multiple range test.
were no significant differences between yield values (P=0.05)

dp-290E colonies could not be separated visually from background

contaminants on dilution plates.

There
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screened under field conditions for rhizosphere competence -in both
1985 and 1986.

Only one of the mutant P. fluorescens isolates (28Er) can be
considered rhizosphere competent. This mutanf had one of the highest
colonization values in 1585 and 1986 at the earlier plant growth-
stages. Although its logyoCFU values declined over time,‘they did not
decline below 1.0, In the first root assay of 1986 (growth stage 1.2-
1.3), 13.4% of the total aerobic'bécteria isolated from the

rhizosphere was mutant 28Er. Parental isolate 28 was one of the best

inhibitors of R. glutinis and-th in vitro, but these characteristics
were lost after the developnment of antibiotic resistance. Grain
yieldé in both years were very closé to those of the checks. Loss of
antifungal activity may have affected the ability of 28Er to increase
yield but it éertainly did not affect root colonizétion.'~

| The‘fluorescent pseudomonad mutant D—ZQOE may also be a good root
colonizer but the single antibiotic resistance marker of erythromycin
does ﬁot permit D-290E to be @etected after the spring wheat plants
flower due to an increase in the number of natural erythromycin-
resistant rhizosphere organisms., The addition of ;nother antibiotic °
marker, such as rifampigin, would help to solve this problem. When D-
290E could be detected, the roo? colonization values were the highest
of the 20 bacterial mutants. For the first root assay (growth

stage 1.2-1.3) in 1986, 13.6% of the‘total geroﬁi;'bacteria isolated
were D-290E. The other three P, flﬁoresceﬁs mutant isolates simpiy

were not consistent in their colonization of roots.
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All three of the X, maltophilia mutants should be considered
rhizosphere compéteht with:mutant 88SE the best of the three in terms
of higher colonization values. Tﬁis isolate comprised 11% of the
total culturable rhizosphere bacterial population when ghe plants were
seedlings in 1986, Mutants 59éN and 1000SRN, howéver. seem to be more
stable colonizers over the en%ire season., For each year, their réot'
colonization Qalues did not differ greatly between ro@t.asséys, unlike
88SE and the P. fluorescens isolates. These three xanthomonad mu;ants
were among the least inhibitofy isolates of R. giutinis and Ggt in
vitro. However, the 88SE seed treatment produced the highest yiela.in
1986 ;nd one of the higher yields in 1985. This is a.good'examplg of
non~correlation between in vitro studies and field studies. h

Althoﬁgh there were three Bacillus groups represented, they will
be considered és one group. Only;pne of the six Bécillus mutants
k157R) did not appear to be fhizospﬂere competent.. The other mutants
all had very similar root colonization values which should be adequate
iﬂ the development of biotic agents. Based on grain yield results, it
is possiblé that mutant D-39S8r is a deléterious rhizosphere organism
sincé seed treated with this isolate produced one bf the lowest yields
in both years.

The.réason mﬁtant 157R did not colonize as well as other Baciilus
mutants may be due to the dissimilar type of endpspbfe 157R produced
on SEA. After endospore staining, a typical Bacillus endospore was
green and vegetative cells were pink. All of iS?R endospores were

green with distinct pink borders. While these may be the typicalh
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cells of 157R, they may not be conducive to cell survival in soil or
on roots.

Only one of the Streptomyces mutant isolates appeared to be

rhizosphere competent (D-185S), although two more (1095 and 1318) may
belong in this category. Mutant 131S had congistently high root
colonization values until the last root assay of 1986. It was
unexplainably not detected at all in this assay. Mutant 109S does
colonize spring wheat roots but not at very high levels. Since there

is so little information available on Streptomyces root colonization,

it is quite possible that these low values could be adequate for
biocontrol or growth-promoting purposes. Root colonization might be

improved by increasing the amount of inoculum applied to the seed.

The logIOCFU per seed for'Streptomyces mutants was usually about half
the amount for all other mutants. o

The coryneform mutant (D-56SR) had some of the highest root
colonigétiqn values in every root assay ;es;Aof both years. In addi-
tion, it comprised 27.8% of the total éerobiC'bacteria isolated from
the rhizosphere in 1986. Therefore, mutant D-56SR should 5e con—
sidered rhizosphere competent.

Since D-56SR was readilf reisolated from the rhizosphere of
'inoculated plants, D-56SR must be stable in the soil wit£ gtreptomycin
and rifampicin as its antibiotic markers even though there is no.’

selective pressure for maintenance of the antibiotic resistance. The

! problem with this isolate is the instability of the mutant in storage
and in culture without selective pressure for the markers. This was

demonstratéd best by the mutant isolate stability experiment. After
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four subisolates of D-56SR were serially transferred ten times, they
were né,longer reéistant to streptomycin and rifampicin. 'A
"tempofary" loss of resistance was also observed during the prepara—'
tién‘of inoculum for seed treatments fér other field experiments.
Several times when D-56SR was transferred froﬁ storage 1210 TSBA
slants to 1/10 TSBA suppleménted with streptomycin and rifampicin, the
mutant did not grow. Howevér. if the mutant was transferred to
unamended 1/10 TSBA first and then ‘this growth transferred to the
antibiotic medium, the isola;e would gfow. This also qccurred with
the glycerol storage solﬁtions at =15 C and -70 C; Perhaps
maintenance of entibiotic resistance is also a problem in the soil.
If this is true, then root colonization values for D-56SR have been
undgrestimated.

Although fesegrch with small grain rhizosphere bacteria has been

extensgive, utilization of marked bacterial isolates under natural

field conditions has been limited. Sugér beets and potatoes have been
the crops studied most often with marked strains (Suslow,1982). Wong

and Baker (1984) and Fredrickson and Elliott (1985) have used marked

 bacterial isolates with wheat, but these experiments were conducted

only under laboratory and greenhouse conditions. " There éppears to be
only one published repor# (Weller,1983) which presents wheat root
colonization values'fo; a marked bacterial isolate introduced into the
soil under field conditions.

Weller (1983) established a seed bacterization experiﬁent with
spring wheat using a P, fluorescens isolate resistant to rif;mpicin

and nalidixic acid (2—79RN10}.' The average bacterial pléte count-
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values for'2—79RN10 were 1°g10 1.1 CFU/mg roots (wet.veight> at 55
days after plantlng and loglo O 7 CFU/mg roots at 83 days after |
planting. The growth stage was ‘not reported. Note that the root
.weight,is for wet root tissue and not dried root tissue as in my
.study. So, Weller's values would be greater on a dry'weight basis.
The 1ntroduced isolate composed 0 003% (55 days) and 0.008% (85 days)
of the total aerobic bacterlal populatlon after planting: These values
would be independent of wet or dry welght calculations

The colonlzatlon values for the best P. fluorescens in my study
(28Er) were (per mg root dry weight) 1°g10 2.4 CFU and 1og10 1,6 CFU
at 43 and 109 days after plaptlng in 1985 and loglo 2.8 CFU and 1°g10-
1.1 dFU at 32 and 83‘days post—plent in 1986. ~ln addltion. this
mutant comprised 13.4% and 0.6% of the total aerobic rhizosphere
bacteria isolated at 32 and -83 days after planting in 1986." Some of
dthe hoh-fluorescent pseudomonads hed_colohization and percentage
values'whieﬁ”were better than mutant 28ﬁr. Therefore, I have selected
bacterial colonizers which would seem to be more effidient colonizers
of spring wheat than the P. fluorescens in'Wellerfs study.

In his report (Weller,1983), results were also presented for
winter wheat experiments. The fall root colooization.values‘for one
experiment were an.improvement over the spring wheat values. Isolate
2-79RNy was orlglnally developed for seed bacterization of winter
wheat and most work w1th this 1solate has been w1th winter wheat
(Wellef,1983; Weller and'Cook,1983; Weller;1984). This may explain. _

the low values obtained with spring wheat. Root colonization

values for unmarked Bacillus subtilis and Streptomyces griseus
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_ isolates were reported by Merriman et al. (1974). These organisms
were used to bacterize wheat, oat and barley seed which was
éubsequently planted in fiela plots. Since the isolates ﬁere not
marked, the bacterial counts were for the "number of actinomycetes
resembling §L griseus" or "number of baéteria resembling B. subtiiis“.
To eliminate non—-spore fo?ming bacteria and actinomycetes from the
foot sample, it was heated at 52 C for 20 min before dilution plating
was completed. For wheat, there were logyg 2.5 CFU/mg root for S.
.griseus and 1ogi0 3.3 CFU/mg root for B. subtilis. Root weights were
for dry roots. Samples were obtained at growth stage 1.2. These |
values are all greater than colonization values obtained in my study
for this growth stage,'but this.would be expected if.they were using

unmarked isolates.

As indicated previously, at least one bacterial isolate:from each
‘genus in this study should be considered rhizosphere cémpetent. ﬁix—
ing the different bacterial isolates together to achieve co-
colonization of spring wheat roots also proved to be successful,
Isolate mixing ma& enhance the development and ipcrease the utiliza-
tion of biotic agents. Cook and Baker (1983) discuss the potential
usefulness of mixtures in terms of commercial production., Bacterial
isolates with different pesf control properties could be.mixed
together for a "super" seed treatment.

Another approach would be to mix an efficient root colonizer with
an inefficient root colonizer éhat has an excellent pest control
property. The efficient root colonizer couid create a niche for.thg'

inefficient colonizer. For example, one could mix a streptomycin
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producing S. griseus sfrain_with a biocontrol agent that is ¥esistant
to streptomycin. The streptomycin producer would coionize and
eliminate some of the native root microflora because of the
streptomycin produced (Hossain and Alexander,1984; Bashan,1986b). -
This would provide an empty niché for the streptomycin-resistant
Biocontrol agent to colonize. Also, mixing of isolates with the same
biocontrol property but with differenf'niche requirements could
produce a more stable and, so more consistent, Biological seed treat-
ment (Cook and Baker,1983).

Published,répor£s concerning the mixing of.bacteriél isolates
together for utilizafion as a sinéle'seed treatment are few and often
fhese mixtures have been composed of the same species (Schroth and
Hancoék,1981; Suslow and Schroth,1982; Weiler and Cook;1983). These
reports do indi;ate that a mixture of isolates is more effective thén
a single isolate.

Bennett and Lynch (1981) mixed together isolates from three
different bacterial genera'for direct application to roots of wheat,

barley and maize grown under gnotobiotic conditioms. The bacteria

included Curtobacterium sp. (a coryneform), Mycoplana sp. (a Gram

negative rod) and a Pseudomonas sp. (fluorescent type). When the- 3
Pseudomonas sp. .was part of the mixture on wheat roots, the

Curtobacterium was not reisolated from the roots. There had been no

evidence of antibiotic production by the Pseudomonas sp. in culture
but that does not eliminate this as a means of inhibition.
Microscopic studies did show that the Pseudomonas sp. was "more

intimately associated" with the roots than the Curtobacterium or
y
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Mzcoglané. Perhaps the pseudomonad was competing with Curtobacterium
for space and nufrienté on the roots.

Despite the fact that only half or less than half the'amouﬁ£ of
bacteria used for single isolate treatments was used for mixture
treatments in my stqdy, only two of the nine isolates used for mixture
treatments had bacterial counts which differed significantly frém
their counts as single isolate treatments. This would imply that the
majority of the mutant isolates were compatible with each other. The

only mutant isolate having colonization values that dropped to

" unacceptable colonization levels in the mixture treatments was the

Streptomyces mutant D-185S. Without further testé, it is difficult to

ﬁnderstand why this Stréptomyces mutant did not colonize as well in a

mixture of organisms as it-did alone. One or all of the other

bacterial mutants could have been inhibiting its growth in the

rhizosphere. However, I think it is more likely that its colonization

values dropped due to the decrease (one—half less) in the amount of.D—
1858 inoculum applied to the seed. One of the mixtures contained D—
1858 and another.stfeptomyéete mutant (239N). Mutant 239N was not
reisolated from the seed or from the rhizosphere in either root assay
test. Therefore, if 239N was not present, it is unlikely it could
have been inhibiting D-185S8 which was reisolated from seed and roots.
Since the root colonization values for ﬁ—lBSS,in this mixture were
similar to those in tﬁe other mixtures it éompfisea,,it is probable
the low values were due to inoculum aﬁount and not inhibitioﬁ.

Only half or less than half of the normal inoculum amount of each

" mutant isolate was used in the mixture treatments. The reduced
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inoculum levels did not affect the colonization values for the
majority of the isolates; This implies that one could inoculate with
lower numbers of bacteria than ﬁsed_iﬁ this experiment and still
maintain efficient rhizosphere colonization. This could have an
important impact on commercializétion of seed inoculants.

The results from the field exferiments utilizing different
bacterial iﬁoculum rates for seed treatments did demonstrate that a
very low amount of inoculum resulted in colonization valueé equivalent

to thosé obtained with the normal amount of inoculum applied to the

‘seed. My results are different from those of'Kloepper et al. (1985). .

They determined that inoculant levél on soyﬁegn'did affect
spermosphere populations. The Aifferent:conclusions_could‘bé due to
experimental procedure. Kloepper's group ﬁaé working with soil under
lab conditions and the spgrmosphere wasisampled after only 48 hours.
ﬁsing a hydroponic system, Bashan (1986a) determined that high levels

of Azospirillum could decrease plant growth response and low levels

were simply ineffective. He also stated that unpublished research
results demonstrated that Mover 70 different rhizosphere bacteria

isolates showed similar trends". Obviously, there is an optimum

..inoculum level, but it may differ for each organism and each target

crop.
From many studies there are reports which have suggested that
survival and colonization of bacterial isolates or the disease

suppressiveness exhibited by bacterial isolates was related to crop

specificity and/or soil type (Millet et al.,1985; Yuen et al.,1985;

Suslow and Schroth,1§82; Bennet and Lynch,1981), Therefore, some of
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the most ipterésting and unexpected results from this study wefe those
obtained from growth chamber ekéeriments which tested the capacity of
five bacterial isolates to colonize crops other than spring whgat in
Qermiculite and in non—-sterile soil. These isolateé were capable of
colonizing other crops aﬁd actuélly cologized corn and soybean roots
better than spring wheat roots even though theéé isolates were
selected based on spring wheat colonization résulté. It is important
to remember that siﬁila? regults may not be obtéined in an actual
field study. However, bacterial isolates with a broad host range
wbuld certainly be useful in deQeloping comﬁercially acceptable

biological seed treatments.




107

SUMMARY

Efficient bacterial root colonizers were identified and
characterized. A next step could be the development of biotic agents
to control soilborﬁe pests'or to-promote plant growth. This could be
done by inserting useful genes into these roét colonizing bacterisa,
amplifying genes already present or moﬁifying genes and gene'products.

Fof example, mutant isolate 88SE (X; maltophilia), a doubly

marked rhizosphere competent xanthomonad, appears to produce compounds

which promote planf growth, If the genes which direct the producfion
of these compounds can be isolated, it is possible that the gene
sequence could be amplifiéd-or put under the control of a stfonger
promoter to increase production of the compounds.

If antibiotics are produced by Streptomyces in the soil (Ro;hrock

and Gottlieb,1984), inserting gene sequences for antibiotic production

into Streptomyces root colonizers could produce an effective

biocontrol agent. This same idea could apply to enzyme or toxin

production, such as chitinase or B. thuringiensis endotoxin, in other

" bacterial root colonizers. In theory, the number of different

agriculturally useful biotic agents which could be developed appears'
limitless. The only way one determines the boundary limits is to
expand as far as possiblel

Once the biotic agents have been.developed, they can be mixed

together to develop seed bacterization treatments with expanded
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biological control éapabilities( ‘Presently, a biological seed treat-
ment usually controls one soilborne pest or promotes‘grqwth for
unknown reasons. With each bacterial colonizer in a mixture
pbssessing specific useful genes, seed treatments can be designed to
fit the targeted agriculfural market.

My preliminary results which indicate thaf some of the bacterial
isolates are capable of colonizing roots. of field crops other than
spring wheat in nén—sterile soil are'especially intriguingf If an
organism could colonize several economically important crops ip a
number of different soil environmen?s and be éenetically manipulated
easil&, its value as a biotic agent for agriculture would be greatly
enhanced. The ability to use significanfly smaller amounts of |
bacterial isélates_than used presently to inoculate seeds would also
be extrémely useful comﬁerciallya
| Rhizosphere competent bactgria have been identified which have
the potential for commercial &evélopmént - but primarily via the use
of recombinaﬁt DNA technology. Presently, the formidable.problem is
to gain EPA apfroval f&r pelease of genetically engineered
microorganisms into the s6il environment. Pérhapé the best use of the
organisms in this study is not in commerqiél development as seed
inoculanté bu£-rather in microbial ecology stﬁdies to help'answer the
questions EPA and the geheral public are posing concerning the release

of genetically engineered microorganisms.
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APPENDIX
MEDIA
All antibiotics and Sigma products were obtained from Sigma
Chemical Co., St. Louis, MO. Bacto products were procured from Difco

Laboratories, Detroit, MI. BBL products were obtained from BBL
Microbiology Systems, Cockeysville, MD.’ ST

Modified King's Medium B (Sands et al.,1980)

Proteose Peptone # 3, Difco 20

K,HPO, * 3 H,0 . 3 1
2 2

MgS0, (anhydrous) 1

Glycerol, Sigma ' 15.

Bacto Agar, Difco 15

Double Distilled H,0 1

oo 8 0o 0w o

Autoclave 20 min at 121 C; cool to 45 C and add following:

Bacitracin ' 10.0 mg

0.0
Vancomycin . 6.0 mg
Rifampicin : 0.5 mg
Cycloheximide 100.0 mg
Benomyl : 250.0 mg

Actinomycete Selective Medium GKustervand Williams,1964; Williams and
Davies,1965) :

Soluble Starch, Sigma 10.0 g .
Casein — Vitamin Free, Sigma 0:3 g
KN03 2,0 g
NaCl 2.0 g
R,HPO, * 3 H,0 2.0 g
MgSO, (anhydrous) 0.05 ¢
CaCo 0.02 g
FeSO, * 7 Hy0 0.01 g
Bacto Agar, Difco 20.0 g
1.0 L

Distilled H,0

. Autoclave 20 min at 121 C; cool to 45 C and add following:

.mg

Polymyxin B Sulfate 5.0

Sodium Penicillin 1.0 mg
Cycloheximide 50.0 mg
Nystatin 50.0 mg
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Soil Extract Agar (Norris et al.,1981)

Nutrient Broth, BBL 8.0 g
Soil Extract* . 250.0 ml
Bacto Agar, Difco S 15.0 g
Distilled H,O ~ 750.0 ml

Autoclave 20 min at 121 C.

#Soil Extract obtained by autoclaving 1 kg soil in 1 L distilled HyO
for 60 min, filtering and restoring to 1 L volume with distilled H,0. .

Modified Soil Extract Agar (Parkinson et al.,1971)

KZHP04 *3 HZO

Glucose .

Bacto Gelatin, Difco 3
Bacto Agar, Difco 1
Soil Extract*

= oOoORro
L]

OO OOWN

09 0o 00 00

Autoclave 20 min at 121 C; cool to 45 C and add following:

Cycloheximide . 100.0 mg
Polymyxin B Sulfate 5.0 mg

*#Soil Extract obtained by autoclaving 1 kg soil and 1 L distilled H20-
for 20 min, filtering and restoring to 1 L volume with distilled H,O.

Tryptic Soy Broth Agar

Bacto Tryptic Soy Broth, Difco 3
Bacto Agar, Difco 1
Distilled Ho0

Autoclave 20 min at 121 C.

Note: This is not the same as the commercially available Tryptic Soy
Agar. ‘

1/10 Tryptic Soy Broth Agar

Bacto Tryptic Soy Broth, Difco
Bacto Agar, Difco 1
Distilled Hy0
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Autoclave 20 min at 121 C.
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Bacto Lactobacilli Broth, Difco 55.0
CaCOq ’ ) 3.5
Bacto Agar, Difco o 15.0
Distilled HZOﬂ. 1.0

Autoclave 20 min at 121 C.

Tryptone Yeast Extract Broth (Kutzner,1981)

Bacto Tryptone, Difco
Bacto Yeast Extract, Difco
Distilled H,0 '
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Autoclave 20 min at 121 C.

Phosphate Buffer (ph 6.8)

. NaCl _ . 8.5 g
K HPO, ° 3 Hy0 _ : 1%.2 g
KH,PO,, : .8 g

1.0 L

Distilled HyO -
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