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Abstract The effects of interactions between pseudomﬂﬂmd“ction
nads Pseudomonas cepacgrains R55 and R8®. aer-
uginosastrain R80,P. fluorescenstrain R92, and®. puti- Considerable interest and research has been directed to-
da strain R104) and the arbuscular mycorrhizal fungugards enhancing plant growth by manipulating the micro-
Glomus clarum(Nicol. and Schenck) isolate NT4, onbial status of the rhizosphere via the introduction of plant
spring wheat Triticum aestivunL. cv. Laura), grown un- growth-promoting rhizobacteria (PGPR), many of which
der gnotobiotic and nonsterile conditions, were investiave been identified as pseudomonads (Kloepper et al.
gated. Although plant growth responses varied, positive £989). Although pseudomonad-induced plant growth-pro-
sponses to pseudomonad inoculants generally were aibtion has been attributed to production of plant growth-
tained under gnotobiotic conditions. Shoot dry weight emegulating substances (Lifshitz et al. 1987; Kloepper et al.
hancement ranged from 16 to 48%, whereas root enhant®88), siderophore- and antibiotic-mediated biocontrol of
ment ranged from 82 to 137%. Shoot growth in nonsteritieleterious or pathogenic microorganisms has been impli-
soil, however, was unaffected by pseudomonad inoculardated more frequently (Howell and Stipanovic 1979;
or reduced by as much as 24%. Shoot growth was un&foepper et al. 1980; Weller and Cook 1983; Kloepper et
fected or depressed 3. clarumNT4 whereas early root al. 1988; Thomashow and Weller 1988; de Freitas and
growth was enhanced by 38%. Significant interactions b&ermida 1991; McLoughlin et al. 1992). Thus, in some in-
tween the pseudomonad inoculants &Bd clarum NT4 stances, expression of plant growth-promotion is depen-
were detected. Typically, dual inoculation influenced théent on interactions between the introduced PGPR and in-
magnitude of response associated with any organism dpmenous target soil microorganisms. In addition to deleter-
plied alone. The effect of these pseudomonad<ormlar- ious or pathogenic microorganisms, however, many non-
um NT4 spore germination was investigated. Germinatidarget rhizosphere inhabitants, considered neutral or benefi-
was inhibited when spores were incubated either on meaial to plant growth, are necessarily subject to interactions
branes placed directly on bacterial lawns of strains R 8Gth introduced PGPR. The nature of these interactions,
and R104 (i.e., direct assay), or on agarose blocks sepher antagonistic, neutral, or synergistic, may play an im-
rated from the bacteria by membranes (i.e., diffusion gsertant role in the subsequent expression of plant growth-
say). When the agarose blocks were physically separapegdmotion attributed to PGPR.
from the pseudomonad (i.e., volatile assay), there was noBecause arbuscular mycorrhizal fungi (AMF) are a
evidence of inhibition, suggesting that a nonvolatile, ditommon component of the rhizosphere microflora and
fusible substance(s) produced by both strains R85 agenerally regarded as beneficial to plant growth, it is logi-
R 104 may inhibitG. clarumNT 4 spore germination. cal to consider the effect of interactions between PGPR
and AMF on plant growth. Indeed, Paulitz and Linderman
(1991) have suggested that it may be necessary to re-eval-
Key words Glomus clarum Pseudomonaspp. - uate growth promotion attributed to PGPR in terms of
Arbuscular mycorrhizae - Rhizobacteria - probable interactions with AMF. Moreover, they suggested
Spore germination - Gnotobiotic conditions - Inoculation that inconsistent responses to microbial inoculants may re-
flect both beneficial and deleterious interactions between
introduced microorganisms and AMF. Unfortunately,
F.L Walley - 3.9 Germida() although potential interactions are of considerable impor-
Departme?\/t of Soil Science, University of Saskatchewan, tance when evaluating the consequences of using inocu-

51 Campus Drive, Saskatoon, Saskatchewan, S7N 5A8, Canada, 1ants to enhance plant growth, limited information is avail-
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This study assessed the effect of interactions betwedegptile was allowed to protrude approximately 1 cm. Using a sterile
Pseudomonaspp. and the AMF isolat&. clarum NT4 Pasteur pipette, 200 surface steriliz€d clarum NT4 spores were

: ransferred into the bottom of the transplant hole. A pseudomonad in-
on plant growth of spring wheat. The effect of these pse culant (R85, R92, or R104) was then applied to the seedling roots

domonads orG. clarumNT4 spore germination was alsopy pipetting 1 ml of the appropriate pseudomonad suspension (ap-
investigated. proximately 16 cfu) into the transplant hole. Control treatments con-
sisted of autoclaveds. clarum NT4 spores and/or an autoclaved

R 104 suspension. Sterile cotton was packed around the base of each
emerging coleoptile and the exposed Turface surface was covered
Materials and methods with a tinfoil cap in which a small hole had been fashioned, allowing
the coleoptile to protrude through. The completed assemblies were
held for 48 h at ambient room temperature and lighting to reduce
transplant stress. Following this short adjustment period, the assem-

Spores ofGlomus clarum(Nicol. and Schenck) isolate NT 4 (Taluk-(%IIes were transferred to a growth chamber with a 16-h photoperiod,

AMF inoculant

dar and Germida 1993) were multiplied in pot cultures using co fy-night temperature of 25-20, relative humidity of 50%, and ir-

f 21
(Zea mayd.. var. Golden Bantam) as the host crop and grown for Od:ja:;Se aefltte(r:?arllgr?t)i/nlge\(/gllg) B4 m’s™. Plants were harvested at
?oaysrcl)rr]ngtéi rg//v\t/% ng" ssarTr(lj mvi/)ﬁg;?I?Trglﬂig;?rngéeLsmli(ggqgg The experiment was repeated twice. The first experiment used
pror growtnh of spring - %Iomus NT4 spores that had been stored for 8 weeks whereas the
Following multiplication, pot cultures were stored atG Prior to

L . second used spores which had been stored for 52 weeks. In all other
spore germination experiments, spores were held aC20r 14 days respects, experimental conditions were identical. Similar plant growth
to improve and synchronize spore germination (Safir et al. 1990).

AMF spores were recovered from pot cultures by wet sieving a sponse trends were observed for both Leonard jar experiments,

sucrose density gradient [20:60% sucrose (w/v)] centrifugation (D _Ihough responses associated with 52-week-old AMF spores gener-
: ; \ were more pronounced; thus, data presented are limited to the ex-
niels and Skipper 1982). Spores were collected from the sucrose in %iment using 52-week-old AMF spores
face using a Pasteur pipette and thoroughly washed in running td] 9 p ’
water. Debris and damaged or discolored spores were discarded.
Spores were surface decontaminated in a solution of 5.0% (W/VR ) ] o
chloramine-T (Sigma Chemical Co., St. Louis, MO) and 0.1 mg mlPlant growth in nonsterile soil mix
sodium dodecyl sulfate (BDH Chemicals, Toronto, ONT) in reverse
osmosis water, for 30 min at 3@ (Tommerup and Kidby 1980). Plants were grown in 15-cm diameter pots containing 2 kg soil mix
Spores were isolated and decontaminated within 24 h of initiating eansisting of a 1:1 (v/v) mixture of soil [Cutknife Orthic Black Cher-
experiment and were maintained in tap water & 5uring experi- nozem (Udic haploboroll)] and construction grade silica sand (Grade
mental preparation. Sil-7) (Sil Silica, Edmonton, AB). Nutrients were supplied to each
pot by thoroughly incorporating 100 ml modified half-strength Hoag-
land’s solution no. 2. Growth medium was brought to two-thirds field
Pseudomonad inoculants capacity (33 kPa) through the addition of reverse osmosis water. Four
evenly spaced small aluminium foil funnelsx@cm) were pushed
Pseudomonas cepacistrains R55 and R85P. aeruginosastrain into the surface of each pot and the entire assembly was then covered
R 80, P. fluorescenstrain R92, andP. putidastrain R104 (de Freitas with foil and autoclaved at 12C and 124 kPa for 60 min to elimi-
and Germida 1990a) were maintained &C5on King’s B medium nate any indigenous AMF. Chemical properties of the autoclaved soil
(King et al. 1954) slants. These pseudomonads are used routinelynix, performed by the Saskatchewan Soil Testing Laboratory, were as
our laboratory as model PGPR because they are known to enhafotews: pH 7.1 and conductivity 0.7 mS ¢t (determined on a 1:1
the yield of a variety of plants including winter wheat (de Freitas argbil:water suspension); 274 NO:-Ng™ and 21.0ug SQ-Sg*
Germida 19904, 1992a, b), cabbage, lettuce and onion (Germida &alcium chloride extractable); 14@ P g* and 180ug K g™ (so-
de Freitas 1994), and because they exhibit antibiosis against phydissm bicarbonate extractable); 0.6 Cug? 9.06ug Fe g?,
pathogenic fungi in soil microcosms (de Freitas and Germida 199M)74pg Zn g, and 44.21g Mn g™ (diethylene triaminepentaacetic
In addition, strain R85 enhances root hair development on root tisamd extractable).
cultures (de Freitas and Germida 1990b). Bacteria were inoculated Soil microorganisms were reintroduced into the autoclaved soil
into 40 ml King’s B broth and grown for 48 h on a rotary shakemix by adding 20 ml of a mycorrhizal-free soil filtrate to the surface
(110 rev minY) at 27°C. Cultures were harvested by centrifugatiomf each pot. The filtrate was prepared by shaking 50 g soil in 100 ml
(15 min at 500Qy), washed twice in phosphate-buffered saline, ansterile tap water for 2 h. The supernatant was passed through a graded
resuspended in 40 ml sterile tap water, yielding approximateR/ 1fliter series, ending with a 1.@m-pore-size membrane filter. The re-
colony-forming units (cfu) mi* bacterial suspension. sulting filtrate contained 0cfu mi~. Soil was brought to field capac-
ity by adding sterile distilled water, and allowed to incubate at room
temperature for 7 days. Following incubation, reinoculated soil con-
Plant growth in Leonard jars tained 10 cfu g soil.
Surface sterile spring wheat seed§riticum aestivumL. cv.
Wheat seedsT¢iticum aestivumL. cv. Laura) were sterilized in 70% Laura) were inoculated b¥ immersion in the appropriate pseudomonad
(viv) ethanol for 2 min and 1.2% (v/v) sodium hypochlorite forsuspension (ca. 2@fu mi™) for 4 h on a rotary shaker (70 rev miy
10 min, and rinsed 10 times in sterile tap water. Sterile seeds wete27°C. This procedure yielded 161 cfu seed™. Control seeds
aseptically transferred onto 1.5% (w/v) water agar and allowed to garere immersed in an autoclaved suspension of R 104.
minate, in the dark, at ZC. Following germination (96 h) sterile ~ One hundred>. clarumNT 4 spores were placed in the bottom of
seedlings were aseptically planted in sterile Leonard jar assembkegh funnel and covered with a 1-cm layer of soil mix. A single in-
(Vincent 1970) containing 185 g crushed montmorillonite (“Turfacedculated seed was placed in each funnel and covered with 2 cm soil
Applied Industrial Materials Corporation, Deerfield IL) and 1.5 | modmix. The pots were placed in a growth chamber with a 16-h photo-
ified Hoagland’s solution no. 2 (Hoagland and Arnon 1938). Hoageriod, day-night temperature of 25-Z0) relative humidity of 50%,
land’s solution was modified by reducing the P supply fronand irradiance at canopy level of 5u m2s™. Following germina-
115mgmit  NH4sH.PO, to 12mgmiY; adding 60mgmi tion and emergence, the plants were thinned to two per pot. Thinning
(NH,)>SOy; replacing 0.09 mg BMoO, with 0.10 mg NaMoO, was accomplished by removing the entire funnel containing AMF
-2 H,0; and adding 8.9g m™t Co(NOy),-6 H,O. The seedling root spores and the emerging seedling from the pot. An equivalent amount
system, which consisted of a primary root and two early roots, was sterile soil mix was replaced in the resulting holes. Two pot experi-
carefully inserted into a 5-cm-deep hole in the Turface and the aments were conducted. The first experiment had a single harvest at
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diameter and 3 mm high, was placed in the center of the larger mem-
brane resting on the media surface and spores on a smaller 13-mm
membrane were placed on top of the agarose plug. The volatile assay
was similar to the diffusion assay in that spores rested on top of an
agarose plug; however, the larger membrane was replaced by a glass
coverslip, restricting any direct contact between the bacterial lawn
and the agarose plug. In all assays, large membranes, glass coverslips
and agarose plugs were incubated on the plates for 24 h before the
start of the bioassay. Controls consisted of uninoculated agarose and
King's B medium plates. Petri dishes were sealed with Parafiim to
confine the internal atmosphere and incubated for 7 days, in the dark,
at 27°C.

Two experiments were conducted simultaneously. In the first ex-
periment, the gaseous environment within the sealed Petri dish was
allowed to develop undisturbed. In the second experiment, W&s
excluded from the gaseous environment using KOH traps. Each KOH
trap consisted of 3ml M KOH on a cotton dental roll fitted into a
presterilized small inverted bottle lid (%8 mm). Two traps were
added to each selected experimental unit (Fig.1). Concentration of
CG; in the gaseous phase was determined at the completion of each
experiment by inserting a syringe needle, which had been bent to a
90° angle, into the sealed Petri dish and withdrawing a gas sample.
The gas sample (1 ml) was analyzed with a gas partitioner (Fisher-Ha-
milton).

Spore germination and presence of contaminants was assessed at
7 days. Entire plates were discarded if gross contamination was ob-
served. Spores were considered germinated if a germ tube was clearly
visible (25-50< magnification).

Fig.1 Schematic drawing of the direct, diffusion and volatile bioagExperimental design and statistical analyses
says (not drawn to scale) in cross-view and viewed from above.

(Adapted and modified from Liebman and Epstein 1992)

A completely randomized design was used for all factorial plant
growth experiments. Treatments were replicated 5 times. Analysis of
variance and mean separation were performed using the GLM proce-

30 DAP. The second experiment was designed to accommodate tiffdge and LSD test in SAS (SAS Institute 1990). o .
destructive harvests at 30, 45 and 78 DAP. Results from the two ex- A nested design was used for in vitro spore germination experi-
periments were similar; thus, only data from the second experiméRgnts with pseudomonads as main treatments and bioassay (i.e., di-

are presented.

Assays

Shoot and root dry weight, seed yield, plant N and P, and root len
(Farrell et al. 1993) were determined. Roots were cleared (Philli
and Hayman 1970), stained (Kormanik et al. 1980) and examined

rect, diffusion and volatile) as subtreatments. Treatments were repli-

cated 5 times; each replicate consisted of a single Petri dish in which

each of the direct, diffusion and volatile assays were present. Repli-

cate assays had 14-28 spores. Analysis of variance was performed

using the GLM procedure in SAS (SAS Institute 1990). The LSD
chnique with weighted-values was used to detect differences be-

&%een subtreatments for different main treatments (Little and Hills
78).

and 100« magnification) for percentage mycorrhizal colonization
(Giovannetti and Mosse 1980). Colonized root length was described

as the product of root length and percentage colonization.

AMF spore germination

The effects of compounds produced by pseudomonad&.odarum
NT4 spore germination were measured using three assays: direct,

Results
Plant growth in Leonard jars

Applied in the absence of AMF, both R85 and R92 en-

fusion, and volatile, which were modifications of those used by LieHﬂ_anced shoot and root growth as compared to the uninocu-
man and Epstein (1992) (Fig.1). The assays were conducted|dfed control (Table 1). For example, root dry weight en-

15x100-mm sterile polystyrene Petri dishes. Fifteen milliliters o
either agarose (1% w/v Agarose 15, BDH Chemicals Ltd., Poo
England) or King’s B medium (King et al. 1954) were poured int

each Petri dish and allowed to solidify.
Pseudomonad inoculants R85, R92, and R104 were grown {afhen either inoculant was applied in combination with
above) and evenly applied to prepared King’s B medium plates USIAQIF, the magnitude of response was reduced such that

sterile cotton swabs. Inoculated plates were incubated &€ 2ér

24 h to establish a bacterial lawn.

Iﬁancement resulting from pseudomonad inoculation ranged
fr‘om 82 to 137% whereas root length was enhanced by as
much as 288% as compared to the uninoculated control.

R85 no longer resulted in a positive growth enhancement

The direct assay consisted of placing a sterile 25-mm Microcle@f €ither shoot or root. In contrast, R104 did not thance
polycarbonate 0.2am-pore-size membrane (Micron Separations Incshoot dry matter in the absence of AMF whereas in com-
Westboro, MA) on the medium and/or bacterial lawn surface. Susination with AMF, a positive shoot dry matter response

face-sterilizedG. clarum NT4 spores were vacuum-filtered onto
second sterile 13-mm Microclear polycarbonate (Qu#2pore size

%o R104 was observed. Application of AMF in combina-

membrane and the smaller membrane was placed on the larger mBRP With the pseudomonad inoculants did not result in any
brane. For the diffusion assay, an agarose plug, measuring 14 mnadditional increases in either dry weight or length of roots
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Table 1 Effect of AMF (Glomus clarumNT4) and/orPseudomonas Table 2 Effect of AMF (Glomus clarumNT4) and/orPseudomonas
sp. (strains R85, R92 and R104) on dry matter production and raqt. (strains R85, R92 and R104) on dry matter production and seed

length of wheat 40 DAP in Leonard jars yield of wheat 45 and 78 DAP in nonsterile soil mix
Treatment Dry weight (g pot) Root length Treatment Shoot (g pob) Root (g pot?) Seed
_ (m pot?d) yield
Shoot Root 45 DAP 78 DAP 45 DAP 78 DAP (g pot)
Control (—AMF) 2.84 1.06 14.1 Control (-AMF) 6.6 12.4 4.8 3.6 53
R85 3.80 2.09 45.6 R85 6.2 11.6 5.9 3.5 4.8
R92 4.22 251 54.7 R92 5.8 11.8 6.8 3.8 4.9
R104 3.30 1.93 42.1 R104 5.0 10.4 4.6 3.0 4.3
+AMF 2.94 1.79 344 +AMF 6.2 11.3 6.6 3.2 4.8
R85+AMF 3.59 1.73 434 R85+AMF 6.0 10.9 5.2 3.3 4.6
R92+AMF 4.13 2.45 48.6 R92+AMF 5.9 11.6 6.4 2.8 4.9
R104+AMF 3.94 1.82 41.6 R104+AMF 5.8 11.0 5.8 3.3 4.7
LSD (P < 0.05) 0.86 0.59 10.9 LSD (P<0.05) 0.8 0.8 1.4 0.7 0.4

beyond that attributable to the pseudomonads alone. In flagle 3 Effect of AMF (Glomus clarumNT4) and/orPseudomonas
absence of the pseudomonads, however, AMF signifiR: (strains R85, R92 and R104) on AMF colonization and colonized
cantly enhanced root dry weight and root length as coffot 'ength of wheat 78 DAP in nonsterile soil mix

pared to the uninoculated control. Treatment AMF colonization  Colonized root length
Microscopic examination of roots harvested at 40 DAP (%) (m pot?)
revealed evidence of early AMF establishment in AMF-in=
oculated treatments, including the presence of external gl (-AMF) 8 8
internal hyphae, and appressoria. Colonization was, ho¥g, 0 0
ever, both limited and sporadic, limiting the usefulness efioa 0 0
guantitative determinations of AMF colonization. +AMF 34.4 308
Concentration of N and P in shoot and root tissue w&§5+AMF 20.4 187
L : . RO2+AMF 37.8 375
not significantly affected by either the pseudomonad iRg g4 amE 314 86
oculants or AMF or any of the combined inoculants (daiap (p<0.05) 7.3 109
not shown).

either R85 or R92, however, the magnitude of response

Plant growth in nonsterile soil mix was limited.
Seed vyield was reduced b@. clarum NT4 alone as
Although spring wheat grown in a gnotobiotic Leonard jatompared to the uninoculated control (Table 2). Similarly,
system responded positively to pseudomonad inoculariisth R85 and R104 reduced seed yield in the absence of
responses either were undetectable or were negative wh&fF. Application of the pseudomonad inoculants in com-
the same inoculants were applied in a nonsterile syst@mation with AMF did not affect seed yield beyond the
(Table 2). For example, the greatest shoot and seed yigddponses elicited by the inoculants applied singly, indicat-
production typically was achieved by the control plantég that the simple effects of these inoculants were not ad-
although reductions associated with microbial inoculandstive.
were not significant in all instances. Only R92 was ob- Only plants inoculated witl&. clarumNT4 spores de-
served to significantly enhance root growth at 45 DAReloped detectable AMF colonization. Both AMF coloni-
The effect of microbial inoculation on root dry weight wagation and colonized root length were reduced in the pres-
obscured at 78 DAP, likely due to sloughing and aging ehce of R85 (Table 3). AMF colonization was unaffected
the roots, which resulted in relatively high losses duringy the remaining pseudomonad inoculants.
the root extraction procedure.
Shoot dry weight was either unaffected or reduced by

AMF alone as compared to the uninoculated contrdtffect of pseudomonads on AMF spore germination
whereas root dry weight at 45 DAP was significantly en-
hanced (Table 2). Data indicate the occurrence of inter&enerally, germination frequency o6. clarum NT4
tions between AMF and the pseudomonad inoculantpores was low and did not exceed 30% (Table 4). Ap-
which influenced the magnitude of responses associafgdximately 9% of the AMF spores remained contami-
with inoculants applied singly. For example, orthogonalated following surface sterilization as determined on one-
contrast analysis detected significant interactidPs0(05) tenth strength TSA. There was no visual evidence, how-
influencing root dry weight between AMF and both R8%ver, of contaminant growth from spores placed on agar-
and R92 at 45 DAP. Specifically, when applied as a singbse. Growth of spore contaminants was observed, how-
inoculant, AMF elicited a positive root growth response asver, on some spores subject to direct assays on King’'s B
compared to the uninoculated control. In combination witimedium. Entire replicate plates were discarded if gross
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Table 4 Effect of Pseudomonasp. (strains R85, R92 and R104) onple interactions between the introduced bacteria, host crop
germination of AMF Glomus clarumNT4) spores detected usingand soil microflora, may influence the establishment, sur-
direct, diffusion and volatile bioassays vival and activity of certain organisms whereas other or-

Treatment Assay Germinatibn 9anisms may remain unaffected (Schroth and Weinhold
1986; Kloepper et al. 1989). Because plant growth param-
Control Direct 4.93 (24) eters were generally enhanced by pseudomonad inocula-
\[;(')flf:tflgn jgg ggg tion alone in Leonard jars whereas in nonsterile pot experi-
R85 Direct 175 (3) ments responses were varied and frequently negative, it is
Diffusion 2.57 (6) suggested that microbial interactions within the rhizo-
Volatile 4.50 (20) sphere may have played an important role in restricting ex-
R92 g‘#ﬁg}on 554112 ((22;3)) pression of growth promotion. _ N
Volatile 4.94 (24) The mechanisms of growth promotion of beneficial
R104 Direct 4.10 (16) pseudomonads generally are believed to be related to an-
Diffusion 4.08 (16) tagonistic interactions, i.e., antibiosis and competition,
LSD P<0.05) Volatile %-%% (25) which result in exclusion of deleterious or pathogenic or-

ganisms from the rhizosphere (Lifshitz et al. 1987). It is
& Values are means of transformed percentage germination data [ipgrtlculgrly interesting that Sh.OOt’ root angl total dry matt.er
(% germination + 1/%? production of wheat grown in Leonard jars was signifi-
b values in parentheses are weighted means of percentage germa@atly enhanced by R85, R92 and R104 in the absence of
tion data obtained by “detransforming” means of transformed datgher organisms (Table 1). De Freitas and Germida (1991)
back to the original units (i.e., % germination) similarly reported that R85 and R104 stimulated winter
wheat growth under gnotobiotic conditions in Leonard
jars. These observations indicate that mechanisms of
growth promotion other than biocontrol, such as phytohor-
one production, may be attributable to these organisms.
is hypothesis is in keeping with the observation that in-

contamination was observed. Highly significaf<(.01)
effects of the pseudomonads on germinatiorGofclarum
NT4 spores were detected (Table 4). Specifically, bo
Ef?l?si?)rr]]da;toi ;esdlég?s ;E;getogegprmﬁg%gnmoﬁ'Lenci:]c?ggulation of canola seeds withRa putidastrain (GR 12-2)
lated King's Bymedium 'FI)'he magr?itude of the reductioqr':x{cre"jls‘(ad root length, root dry weight, shoot length and
was greatest with R85. There was no evidence of redu shoot dry weight, under soil-free, gnotobiotic conditions

germination associated with the volatile assay. Germin -;h'tz et ?I'All\?lg?)' lonizati f wheat in L
tion was not significantly affected by R92. pparen colonization ot wheat grown in Leo-

nard jars was, at best, both limited and sporadic. Although

absseriwocrg gfe ;mclzngttlrc;n V(V(?;Ejlnmclltagrllgv?/ﬁ;h g;lilp;iiez;:e :HI her levels were observed in the nonsterile soil mix pot
P : y 9 %xperiment, AMF colonization did not exceed 40% (Ta-

samples obtained at the completion of the experiments - : .
; X e 3). Placement of the AMF spore inoculum as a single
glgjtffgf;hﬁ:liﬁgzﬁ;%gdth?atzg chg:\?;seggcﬁivilyaéegn fg//egoint source may have contributed to limited root coloni-
(+0.1%) remained in r;tes i’noculated with gR 85 L'eV;Fation. Restricted AMF colonization also may have been
b P : ue, in part, to limited rooting volume in both Leonard jar

of CO, in plates inoculated with both R92 and R10 .
o o . , nd pot experiments. B and Hayman (1984) observed
were reduced to 0.0496:0.04%) by the inclusion of KOH reduced AMF colonization of onion roots, a highly mycor-

traps. In an uncentrolied environment, the presence of Ilizal plant, when pot size was reduced or plant densities
minating spores alone slightly elevated £f@vels above were increased

tshpc:esc?i\%llc;;:alTﬁ]; nsr;rgzlngg gfeﬁ 8%&3;32\32&\3/3 83?;{; trg' In Leonard jarsG. clarumNT 4 inoculation alone did not
as high as.3%i(2%) whereas levels were Iirr21ited 00 90/enhance _shoot dr_y matter prod.uctlon (Table 1). Moreover, in
(+0.4) and 1% £0 40'/0) in the presence of R92 and RiO ot experiments, inoculation witB. clarumNT 4 alone was
rgsbectively ' associated with reduced shoot dry matter (78 DAP) and seed
: yield (Table 2). Although contrary to many reports, reduced
plant growth attributable to AMF formation is not unique,
and occurs when the carbohydrate allocation to the AMF
Discussion is not compensated for by improved nutrition (Buwalda
and Goh 1982; Hays et al. 1982).
Plant growth responses to pseudomonad inoculation wereSingle degree of freedom contrasts detected significant
highly variable and depended on the growth conditiomsteractions betwee6. clarumNT4 and the pseudomonad
imposed. Inconsistent responses to beneficial bacteria ficulants in a number of instances. The nature of these in-
guently are reported (Schroth and Weinhold 1986). Incoteractions was variable and they were typically manifested
sistencies associated with microbial inoculants are not sas a change in the magnitude of a plant growth response.
prising because physical and chemical factors, such as @t example, applied singly. clarum NT4, R85 and
texture, pH, nutrient status, moisture, temperature and B104 enhanced root dry weight as compared to the uninocu-
ganic matter content, and biological factors, such as muléted control in Leonard jars (Table 1). In combination with
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G. clarum NT4, however, pseudomonad inoculants R 8§ponses to the fungal endophyte which varied from detri-
and R 104 did not enhance root growth, indicating that themental to beneficial. Reduced AMF spore germination
was no additive effect of co-inoculation. In contrast, R10dould enhance plant growth if the fungal endophyte acts
in nonsterile soil reduced shoot and seed yields (Table 8% a deleterious sink whereas plant growth response could
In combination withG. clarumNT 4, however, the deleter-be reduced if the fungal association is beneficial. Dhillion
ious effects of R 104 were largely overcome and yields wefE992) reported that inoculation of rice plants with a fluo-
not significantly different than those achieved when plantescentPseudomonasp. reduced mycorrhizal colonization
were inoculated witlG. clarumNT 4 alone. Thus, the inter- and colonized root lengths of rice. However, dual inocu-
action betweenG. clarum NT4 and R104 resulted in alated plants had greater biomass and higher nutrient levels
change in the magnitude of response to the inoculants #pan plants inoculated with AMF alone. The author hy-
plied singly; however, uninoculated controls remained thmthesized that because tRseudomonasp. suppressed
highest yielding treatment. AMF colonization, the photosynthate loss to the mycorrhi-
The mechanisms by which interactions betwe€n zal associates was subsequently reduced.
clarum NT4 and the pseudomonad inoculants occurred is We observed that germination oB. clarum NT4
not known. However, all of the pseudomonads tested agores (Table 4), AMF colonization and colonized root
known to exhibit antibiosis against some plant pathogerength of wheat roots (Table 3) were significantly reduced
fungal isolates in vitro (de Freitas and Germida 1990d)y R85. Moreover, interactions betwe&h clarum NT 4
Although the nature of the antibiosis activity exhibited band R85 typically altered the magnitude of the observed
these bacteria is not known, de Freitas and Germidesponses to either inoculant applied alone. Although
(19904, 1991) suggested that production of both sidef®104 similarly limited germination ofG. clarum NT 4
phores and antibiotics may play a role. spores, colonization of wheat roots was unaffected. These
Paulitz and Linderman (1989) hypothesized that bi@bservations suggest that interactions between fungal en-
control agents such as fluorescent pseudomonads midbphyte, bacteria and host plant, which determine plant
antagonize not only fungal pathogens but also mycorrhizgowth response, are highly complex. Furthermore, inter-
fungi through production of antifungal compounds or sidexctions affecting a particular growth stage of the fungal en-
rophores. Studying interactions between pseudomoRadsiophyte may not be predictive of the eventual outcome of
putida (strains A12, N1R, and R-20) anl fluorescens the association.
(strains 2-79 and 3871), ar@. intraradicesand G. etuni- The mechanisms by whic. clarumNT4 limited the
catum they observed that strains 3871 and 2-79, whidfeleterious effects of pseudomonad inoculants on plant
are antibiotic producers, delayed germinationGaf etuni- growth similarly are not known. However, it is well estab-
catumin soil. This effect was undetectable after 7 day$ished that AMF can reduce soil-borne disease or limit dis-
however, and none of the pseudomonads had any deteeise symptoms (Paulitz and Linderman 1991). The effects
able effect on subsequent AMF colonization of cucumbef AMF on pathogen and disease development typically
roots. They concluded that fluorescent pseudomonads aexe attributed to better nutrition, enhanced plant growth
hibiting biocontrol properties might be compatible wittand physiological stimulation of mycorrhizal plants
mycorrhizal fungi. Linderman et al. (1991) similarly ob{Dehne 1982). Mechanisms by which disease severity is
served that although spore germination was delaykahited in mycorrhizal plants similarly may have limited
slightly, seed treatment of pepper and onion with bacterifile deleterious responses which some of the pseudomo-
biocontrol agents had no significant effect on root colonitads used in this study occasionally elicited.
zation and plant growth enhancement. These observation€Our study demonstrates the importance of evaluating po-
led Linderman (1991) to suggest that mycorrhizal fungéntial growth-promoting microorganisms under a variety of
may have evolved a tolerance to antifungal substances pegperimental conditions. Plant growth responses attributable
duced by some soil microorganisms, setting AMF apdn bothG. clarumNT4 and pseudomonad inoculants were
from fungal pathogens. highly varied, apparently due to variations in the physical,
In the present study, germination &. clarum NT4 chemical and biological conditions imposed in the different
spores was inhibited when incubated either on membrameperimental regimes. Of particular importance is the evalu-
placed directly on bacterial lawns of R85 and R104 (i.etion of interactions between microbial inoculants and indi-
direct assay), or on agarose blocks separated from the kgenous microorganisms. Clearly, application of bacterial in-
teria by membranes (i.e., diffusion assay) (Table 4). Whexulants would be self-defeating if plant productivity was
the agarose blocks were physically separated from tb@mpromised by antagonistic interactions between the in-
pseudomonad (i.e., volatile assay), there was no evidewoalant and potentially beneficial soil microorganisms, such
of inhibition. These observations suggest the involvemesmt AMF. Results from this study demonstrate the potential
of a nonvolatile, diffusible substance or substances inhilider such negative interactions. Although the mechanisms
tory to G. clarum NT4 spore germination. It is possibleby which antagonistic interactions occur are not known,
that substances inhibitory to pathogenic fungi known to tearly fungal events, such as spore germination, may be in-
produced by these pseudomonads (de Freitas and Gernhidbiied by some pseudomonads. We observed that plant
1990a) also were inhibitory t&. clarumNT 4. growth responses to inoculation with AMF and pseudomo-
Interpretation of the significance of reduc&l clarum nads typically were not additive in co-inoculated plants.
NT 4 spore germination is complicated by plant growth rédoreover, a nonvolatile, diffusible substance or substances
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produced by strains R85 and R104 was inhibitoryGo Kloepper JW, Leong J, Teintze M, Schroth MN (1980) Enhanced
clarumNT 4 spore germination. These observations suggestpPant growth by siderophores produced by plant growth-promot-

. g rhizobacteria. Nature 286:885-886
that substances produced by some pseudomonad inocul pper JW. Lifshitz R, Schroth MN (1988Pseudomonasnocu-

implicated in the biocontrol of pathogenic fungi, similarly |ants to benefit plant production. I.S.1. Atlas of Science: Animal

may antagonize AMF. and plant sciences. Institute for Public Information, Philadelphia,
PA, pp 6064
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