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Abstract 15 

Paenibacillus polymyxa has been shown to have great potential as a bio-fertiliser and biocontrol 16 

agent, however information regarding its effect on below-ground biota when used as a soil 17 

additive is scarce. Below-ground biota provide vital services to boost plant performance and 18 

thus knowledge regarding their response to bio-fertiliser and biocontrol agents is critical for 19 

future crop management. 20 

Here, we extracted below-ground nematode (N) and microbial communities (M) and 21 

reassembled them in presence and absence of P. polymyxa soil inoculation (P). We then 22 

assessed the impacts of each of the three components, individually and in combination, on 23 

nematode community structure and plant growth. 24 

The main pattern was a gradual shift in the below-ground nematode community from those 25 

with increased abundances of omnivorous and plant parasitic nematodes towards those with 26 

increased abundances of predatory nematodes along the treatment gradient from N, to N,M to 27 

N,P to N,M,P. This shift from increased abundances of omnivores and plant parasitic 28 

nematodes to increased abundances of predatory nematodes was significantly positively 29 

correlated with plant growth. 30 

In conclusion, our study demonstrates for the first time that inoculation of soil with P. polymyxa 31 

changes the below-ground nematode community resulting in significant changes to plant 32 

growth. 33 

Highlights 34 

 Non-inoculated communities associated with omnivore and plant parasitic nematodes. 35 

 P. polymyxa acts with soil microflora to increase predatory nematode abundance. 36 

 Plant growth correlated with a shift in nematode community composition. 37 

 Increased abundance of plant parasitic nematode linked to reduced plant growth. 38 

 Increased abundance of predatory nematode linked to increased plant growth. 39 

1. Introduction 40 

Meeting the increasing demand for food caused by global population and economic growth is 41 

one of the major challenges of the 21st century (FAO, 2012). It is predicted that maintaining 42 

global food security will require a doubling of agricultural outputs (Tubiello et al., 2007; FAO, 43 

2012) and a shift towards the use of more sustainable and eco-friendly bio-fertiliser and 44 
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biocontrol agents made from plant beneficial microbes. One determinant for plant growth is 45 

the intricate interplay between plants and the below-ground biota (van der Heijden et al., 2008; 46 

Ferris et al., 2012). It is therefore critical to understand the effect of plant beneficial microbes, 47 

when applied as soil inoculum, on below-ground biota. Paenibacillus polymyxa is a plant 48 

beneficial soil bacterium, that shows great potential for development as a bio-fertiliser and 49 

biocontrol agent due to its plant growth promoting traits including nitrogen fixation, 50 

phosphorus solubilisation, production of phytohormones and protection against plant 51 

pathogens (Lal & Tabacchioni, 2009; Eastman et al., 2014; Grady et al., 2016). Yet information 52 

regarding its impact on the below-ground biota and associated processes is scarce. 53 

Nematodes are an abundant and diverse below-ground metazoan community (Bernard, 1992). 54 

They provide significant ecosystem services and as such serve as useful indicators for soil 55 

quality (Neher, 2001). To date, the impact of P. polymyxa on nematodes has only been studied 56 

in artificial binary interactions involving a single trophic nematode group where it was 57 

observed to have nematicidal activity against plant parasitic nematodes and thereby suppresses 58 

plant diseases such as root galling and wilting (Khan et al., 2008; Son et al., 2009). Below-59 

ground nematode communities however, are comprised of 5 different trophic groups: i) 60 

bacterivores; ii) fungivores; iii) plant parasitic nematodes; iv) predators; v) omnivores (Yeates 61 

et al., 1993; Bonger & Bongers, 1998). Combined they play important roles below ground e.g. 62 

they contribute to nutrient cycling through the mineralisation of nitrogen, they distribute 63 

microbes through the soil, they serve as food source for other soil dwelling organisms, and they 64 

both contribute to and antagonise plant diseases (Ferris et al., 2012). They also interact with 65 

the microbial community within the soil. These interactions can be beneficial to the microbial 66 

community, for example root infestation by plant parasitic nematodes can lead to ‘leakage’ of 67 

nutrients from damaged plant root systems which results in an enhanced microbial biomass 68 

(Yeates et al., 1998) or detrimental, for example bacterivorous nematode activity can lead to a 69 

significant decrease in microbial biomass (Bardgett et al., 1999). However, little is known 70 

about how the different nematode trophic groups interact and we lack any information on how 71 

they are affected by P. polymyxa. 72 

In this study we conducted a factorial experiment in controlled conditions which allowed us to 73 

assess changes to the below-ground nematode community structure and the resulting effect on 74 

plant growth in response to i) the native below-ground microbial community, and to ii) 75 

inoculation by P. polymyxa. We hypothesised, based on the outcomes of previous binary 76 
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interaction studies (Khan et al., 2008; Son et al., 2009), that P. polymyxa would reduce the 77 

abundance of plant parasitic nematodes leading to further changes within the below-ground 78 

nematode community. We further hypothesised that this reduction in plant parasitic nematodes 79 

would have a beneficial effect on plant growth. 80 

2. Material and Methods 81 

2.1 Extraction of nematodes and soil microbial communities. 82 

Nematodes were extracted from 5.2 kg of multipurpose compost using a modification of Cobb's 83 

decanting and sieving method (Van Bezooijen, 2006) followed by the Baermann funnel 84 

methods (Barker, 1985). To remove large particles, soil was washed through a 4mm aperture 85 

sieve. The remaining soil suspension was then stirred vigorously, left to settle for 15 s and then 86 

passed through a 250µm sieve, followed by a 53µm sieve. The contents of these sieves were 87 

then washed into a nematode extraction container lined with a 20 cm Easy Flow Bonded Fibre 88 

Milk Filter (GD Textile). This was attached to a glass vial at the bottom for the eventual 89 

collection of nematodes (nematode wash). Samples were left for 24 h at 23 ºC. The remaining 90 

soil suspension was passed through a 35 µm sieve in order to collect the microbial community 91 

(microbial wash). The contents of this sieve were washed into test tubes with water. Both the 92 

nematode and the microbial extractions were then divided into 4 equal measures for the 93 

resulting treatments. 94 

2.2 Sterilisation of seeds and seedling preparation 95 

Arabidopsis thaliana Col-0 seeds were sterilised by immersion in 70% ethanol followed by 96 

50% bleach solution for 10 minutes and then rinsed twice with autoclaved ddH2O. Sterilised 97 

seeds were germinated on a solid 1/2x Murashige and Skoog medium (Sigma M5524) 98 

supplemented with 1.5% agar. For vernalisation, the seeds were incubated at 4ºC for 2 days 99 

before growth at 25ºC with 80% relative humidity and a photoperiod of 16h light / 8h dark. 100 

After 4 days, seedlings were potted into soil, see Soil treatment.  101 

2.3 Preparation of the Paenibacillus polymyxa inoculum 102 

Paenibacillus polymyxa strain ATCC 842 (Bacillus Genetic Stock Center) was grown in SOC 103 

medium at 30ºC overnight with shaking. The overnight culture was washed twice with Ringer’s 104 

solution and adjusted to 105 colony forming units before being used as soil inoculum, see Soil 105 

treatment. 106 
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2.4 Soil treatment 107 

Multipurpose compost was autoclaved in small batches and a subsample was checked for the 108 

presence of nematodes. The nematode free autoclaved compost was then potted into 56 pots 109 

(140g per pot). These pots were subjected to the following treatments: C = control 110 

(autoclaved soil); M = below-ground microbial community only; P = P. polymyxa only; M,P 111 

= below-ground microbial community and P. polymyxa ; N = below-ground nematode 112 

community only; N,M = below-ground nematode and microbial communities; N,P = below-113 

ground nematode communities and P. polymyxa; N,P,M = below-ground nematode and 114 

microbial communities and P. polymyxa. N,M hereby represents the most natural condition 115 

since both N and M were extracted directly from the soil, while in contrast P was used as 116 

external inoculum. Moreover, all individual components originated from the same pool of 117 

either N, M, or P respectively, enabling us to directly compare treatments. As defined by the 118 

treatment, in addition to Arabidopsis thaliana Col-0 seedlings, each pot received 6 mL of 119 

nematode wash, 6 mL of microbial wash, 6 mL of 105 Paenibacillus polymyxa in ringers 120 

solution, 6 mL of water (as a control for N and M) or 6 mL of ringers solution (as a control 121 

for P). All treatments had 7 replicates except N and N,P which both had 6 replicates. The pots 122 

were then incubated in a growth chamber at 25ºC with 80% relative humidity and a 123 

photoperiod of 16 h light / 8 h dark. Pots were watered daily to field capacity. After one 124 

week, we removed all the seedlings and quantified plant growth using plant height which we 125 

measured as the height of each seedling from the bottom of the stem to the top of the main 126 

plant stem. 127 

Where nematodes were added, we extracted the nematodes using the method detailed above. 128 

Each nematode extraction was diluted to 20 mL. The extraction was then mixed thoroughly 129 

and 1 mL was placed onto a 1 mL cytometer slide. Nematodes were counted and identified 130 

using a Leica M165 C stereo-microscope (Leica Microsystems, Heerbrugg, Switzerland). 131 

Identification of the different trophic groups was carried out by observing mouth structure and 132 

movement behaviour (Dindal, 1990; Yeates et al., 1993). Using the total nematode count from 133 

the 1 mL subsample, we scaled up to obtain the total nematode count for 20 mL. Nematode 134 

trophic group frequencies were recorded and a total for the whole nematode extraction (20 mL) 135 

was calculated. 136 

2.5 Analysis methods 137 
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2.5.1 Nematode trophic group abundance 138 

We used a generalised least-squares approach to test for difference in the abundances of each 139 

trophic group between all treatments and the nematode only treatment. Each treatment was 140 

categorised using two factors: whether or not below-ground microbial communities were added, 141 

and whether or not P. polymyxa inoculum was added. We included both factors, as well as the 142 

interaction between them, into the model as fixed effects. We also accounted for heterogeneity 143 

of variances within the models using the varIdent function (Zuur et al., 2009).  144 

2.5.2 Plant growth 145 

We used linear models to look for difference in plant growth between a) the control group b) 146 

the nematode treatment, and c) all the other treatments. Each treatment was categorised using 147 

two factors: whether or not below-ground microbial communities, nematodes or both below-148 

ground microbial and nematode communities were added, and whether or not P. polymyxa was 149 

added. We included both factors, as well as the interaction between them, into the model as 150 

fixed effects. As a post-hoc test, we used a Tukey’s honest significant difference to test for 151 

differences in plant growth between the treatments. Additionally, we correlated the axis one 152 

and axis two loadings from the PCoA with plant growth using Pearson’s moment correlation 153 

tests. 154 

2.5.3 Nematode community composition 155 

We used a Hellinger transformation on the nematode trophic group abundance data to allow 156 

Euclidean-based ordination methods to be used. Hellinger transformations are recommended 157 

because they do not strongly weight rare species in the analysis (Legendre & Gallagher, 2001). 158 

We then used Principal Coordinates Analysis (PCoA) to summarise the effect of the different 159 

treatments on the nematode trophic group composition. We extracted the axis one and axis two 160 

loadings for each assay for further analysis. 161 

We carried out these analyses using R version 3.2.2 (R Development Core Team 2016: 162 

http://www.rproject.org), nlme (Pinheiro et al., 2016), vegan (Oksanen et al., 2006) and using 163 

packages ggplot2 (Wickham, 2009) and wesanderson (Ram & Wickham, 2016) for graphical 164 

display. 165 

3. Results 166 
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3.1 Nematode community composition 167 

The first axis of the PCoA accounted for 43% of the total variation and showed a gradient from 168 

fungivores on the negative side, to bacterivores on the positive side of the axis (Fig. 1a). 169 

Average loadings for axis one for each of the treatments also reflected this gradient: we 170 

observed that N was more associated with fungivores as shown by the negative average 171 

loadings. However, the loadings became increasingly more positive (and thus more associated 172 

with bacterivores) from N to N,M to N,P to N,M,P (Fig. 1b).  173 

The second axis of the PCoA accounted for 33% of the total variation and showed a gradient 174 

from fungivores, plant parasitic nematodes, omnivores, and bacterivores on the positive side, 175 

to predatory nematodes on the negative side of the axis (Fig. 1a). Average axis two loadings 176 

for each treatment showed that N was more associated with all nematode trophic groups (except 177 

predatory nematodes), but that along the gradient from the N to N,M to N,P to N,M,P the 178 

treatments become increasingly associated with predatory nematodes (Fig. 1c).  179 

3.2 Nematode trophic group abundance 180 

We found that there was a significant increase in the number of predatory nematodes in N,M,P 181 

compared to N (Fig. 2e: Supporting information Table S1). However, separately, neither M nor 182 

P had a significant effect on predatory nematodes (Supporting information Table S1). 183 

Additionally, there was no significant effect of M and P separately or the interaction between 184 

the two on any of the other nematode trophic groups (Supporting information Table S1). 185 

However, we note that along the gradient of treatments from N to N,M to N,P to N,M,P there 186 

was a trend towards decreasing abundances of omnivores (Fig. 2c) and plant parasitic 187 

nematodes (Fig. 2d). 188 

3.3 Plant growth 189 

Below-ground biota (nematode and microbial communities) had a significant positive effect 190 

on plant growth (F3,46= 6.65; p<0.001) as did the interaction between the below-ground biota 191 

and the added P. polymyxa (F3,46= 3.02; p<0.05). A posthoc tukey test showed that compared 192 

to the control treatment, plant growth was significantly increased with N,P and N,M,P 193 

(Supporting information Table S2) (Fig. 3a). 194 
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When we correlated axis loadings from the PCoA of nematode community composition, we 195 

found that axis one loadings, which represented a gradient from fungivores to bacterivores, was 196 

not significantly correlated with either plant growth (Fig. 3b). However, axis two loadings 197 

which represented a gradient from fungivores, plant parasitic nematodes, omnivores, and 198 

bacterivores to predatory nematodes, was significantly correlated with plant growth (r24=-0.47, 199 

p=0.02) (Fig.3c). 200 

4. Discussion 201 

In this study we conducted a factorial experiment in controlled conditions which allowed us to 202 

assess, both individually and in combination, the impact of microbial (M) and nematode (N) 203 

communities, as well as the application of an external bacterial bio-fertiliser, P. polymyxa (P) 204 

on plant growth and nematode community structure. 205 

4.1 Arabidopsis plant growth in presence of native below-ground biota represents an 206 

intermediate between the individual constituent parts 207 

It has been reported that nematodes can have different effects on plant performance; 208 

bacterivores, fungivores and omnivores can improve plant performance through indirect 209 

nutrient release as when feeding on microbes they excrete excess nutrients which can then be 210 

taken up by plants (Ingham et al., 1985; Bonkowski et al., 2000; Osler & Sommerkorn, 2007; 211 

Gebremikael et al., 2016). Plant parasitic nematodes, however, have been shown to decrease 212 

plant production, and disrupt plant nutrient and water transfer (Yeates & Coleman, 1982; 213 

Brussaard et al., 1997). Predatory nematodes may have a dual function - i) they have the 214 

potential to act as a biocontrol for plant parasitic nematodes (Khan & Kim, 2007), and ii) they 215 

stimulate cycling of plant nutrients, potentially enabling plants to withstand any nematode 216 

burden on their roots (Yeates & Wardle, 1996). We observed no increase in plant growth, 217 

compared to the sterile control when only nematodes (N) were present. These below-ground 218 

nematode communities comprised of bacterivores, fungivores, omnivores and plant parasitic 219 

nematodes but lacked high abundances of predators. Given that the positive effect of 220 

bacterivores, omnivores and fungivores is dependent on the presence of microbial prey, the 221 

lack of a microbial community in the N treatment may explain why under this condition plants 222 

showed no increase in plant growth compared to the control. Consistent with this, we observed 223 

an increase in plant growth compared to the control when plants had most natural conditions 224 

i.e. when they were treated with a combination of below-ground nematode and microbial 225 
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communities (N,M).  The microbial community inoculum was created by sieving soil using a 226 

35um sieve. A previous study by Wagg et al., (2014) suggests that the use of this size sieve 227 

will exclude some of the microbial community. However, given that identical methods were 228 

used to create all the microbial community inoculums and the comparative nature of this study, 229 

we suggest that this does not affect our results. Further work, on the effect of P. polymyxa 230 

should include in situ experiments. 231 

4.2 Plant growth and native nematode community in response to P. polymyxa inoculation 232 

Inoculation by P. polymyxa (P) in absence of M and N had no significant effect on plant growth 233 

compared to sterile soil (C). Previous studies suggest that plant growth promotion by P. 234 

polymyxa may be context dependent e.g. Timmusk & Wagner (1999) reported that plants 235 

inoculated by P. polymyxa had a 30% reduction in growth, a stunted root system, and an 236 

increased expression of plant stress response genes. This suggests that P. polymyxa can act as 237 

a mild biotic stress (Timmusk & Wagner, 1999).  238 

Remarkably, compared to P. polymyxa alone (P), the below-ground nematode community 239 

alone (N) and the sterile soil (C), P. polymyxa shows a significant positive effect on plant 240 

growth when in synergy with the below-ground nematode community (N,P)  and with both the 241 

below-ground nematode and microbial community together (N,M,P). Furthermore, the below-242 

ground nematode community gradually shifts towards increasing dominance by bacterivores 243 

along the treatment gradient from N to N,M to N,P to N,M,P indicating an additive effect of M 244 

and P. This shift, however, is not directly due to a significant increase in the abundance of 245 

bacterivores, but rather as an indirect result of a decrease in the number of fungivores, 246 

omnivores and plant parasitic nematodes. Moreover, our data suggests that increased 247 

dominance by bacterivores is not the basis of the positive effect on plant growth observed in 248 

N,P and N,M,P. Conversely, there was a significant correlation between plant growth and the 249 

shift along the same treatment gradient towards communities increasingly associated with 250 

predatory nematodes (Fig.4). Predatory nematodes feed on bacterivores, fungivores, omnivores 251 

and plant parasitic nematodes (Yeates et al., 1993; Bonger & Bongers, 1998). Interestingly, 252 

whilst we see below-ground nematode communities increasingly associated with predators 253 

along the treatment gradient from N to N,M to N,P to N,M,P, at the polar end of this gradient 254 

we observe communities which have higher proportions of omnivores and plant parasitic 255 

nematodes. We therefore suggest that the omnivores and plant parasitic nematodes may act as 256 

the key prey for predatory nematodes in this scenario. Khan et al., (2008) and Son et al., (2009) 257 
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have shown that P. polymyxa reduces the vitality of the plant parasitic nematode Meloidogyne 258 

incognita suggesting that in our study P. polymyxa might weaken plant parasitic nematodes 259 

and facilitate their predation by predatory nematodes which in turn may result in improved 260 

plant performance. The interplay between omnivores, plant parasitic nematodes and predators 261 

upon P. polymyxa inoculation are subject to ongoing investigations. 262 

Notably, the frequent cultivation of agricultural soils results in the depletion of predatory 263 

nematodes with an associated loss of soil suppressiveness against plant parasitic nematodes 264 

(Ferris et al., 2012). One way to mitigate this negative effect is the use of conservation tillage, 265 

this process however takes more than 2 years (Ferris et al., 2012). Our study suggests that 266 

application of P. polymyxa as a soil additive may be an additionally faster strategy to increase 267 

predatory nematodes in agroecosystems. 268 

4.3 Conclusions 269 

Our study for the first time demonstrates that P. polymyxa changes the below-ground nematode 270 

community by increasing the dominance of predatory nematodes. We therefore conclude that 271 

in addition to the reported direct protection of plants by inhibiting plant pathogens through the 272 

production of antibiotic compounds, P. polymyxa may also indirectly protect plants by 273 

increasing other soil dwelling organisms such as predatory nematodes which themselves have 274 

biocontrol characteristics. 275 
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Figure legends: 374 

Figure 1. Effects of the native microbial community and Paenibacillus polymyxa 375 

inoculation on below-ground nematode community composition. a) Ordination plots of the 376 

Principal Coordinate Analysis on the nematode trophic group abundance as dependent on 377 

treatment type. Each line on the diagram represents a site for the corresponding habitat while 378 

label in boxes are the habitat centroids. N = below-ground nematode only treatment (blue 379 

lines); N,M = treatment with below-ground nematode and microbial communities (green lines); 380 

N,P = below-ground nematode communities and P. polymyxa treatment (red lines); N,P,M = 381 

treatment with below-ground nematode and microbial communities and P. polymyxa (yellow 382 

lines). Also shown are the nematode trophic groups: Fungi = fungivores, Plant = plant parasitic 383 

nematodes, Omni = omnivores, Bact = bacterivores, Pred = predatory nematodes. b) Mean 384 

loadings for axis one of the PCoA for each treatment with standard error c) Mean loadings for 385 

axis two of the PCoA for each treatment with standard error. 386 

Figure 2. Effects of the native microbial community and Paenibacillus polymyxa 387 

inoculation on abundances of trophic groups within below-ground nematode 388 

communities. Shown are mean abundances for a) bacterivores, b) fungivores, c) omnivores, 389 
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d) plant parasitic nematodes, e) predatory nematodes for each treatment with standard errors. 390 

Bars with different letters are significantly different. 391 

Figure 3. Plant growth as measured by plant height in response to below-ground 392 

nematode and microbial communities as well as Paenibacillus polymyxa inoculation. a) 393 

Mean plant height for all the different treatment types with standard errors are shown. Bars 394 

with different letters show those treatments which were significantly different from the control 395 

treatment. C = control; M = below-ground microbial community treatment only; P = P. 396 

polymyxa treatment only; M,P = below-ground microbial community and P. polymyxa 397 

treatment; N = below-ground nematode community only treatment; N,M = treatment with 398 

below-ground nematode and microbial communities; N,P = treatment with below-ground 399 

nematode communities and P. polymyxa; N,P,M = treatment with below-ground nematode and 400 

microbial communities and P. polymyxa. Correlations between the loadings of b) axis ones and 401 

c) axis two of the PCoA, and plant height. Each circle represents one assay. Blue dots = N; 402 

Green dots = N,M; Red dots = N,P; Orange dots = N,M,P.  403 

Figure 4. Effect of Paenibacillus polymyxa on the nematode food web in soil. Solid line 404 

arrows indicate feeding connections within the food web, with arrow direction depicted from 405 

food source towards consumer. The red arrows indicate the proposed effect of Paenibacillus 406 

polymyxa on plant growth via direct and indirect interactions with plant parasitic nematodes 407 

and predatory nematodes. The size of the nematodes corresponds to the abundances measured 408 

in this study. Paenibacillus polymyxa inoculation results in a decrease in the abundance of 409 

omnivorous and plant parasitic nematodes and an increase in the abundance of predatory 410 

nematodes while abundances of fungi- and bacterial-feeding nematodes are unaffected. These 411 

changes in the nematode food web correlate with an increase in plant growth in response to 412 

soil inoculation with Paenibacillus polymyxa which we propose, based on Khan et al., (2008) 413 

and Son et al., (2009), occurs as a result of Paenibacillus polymyxa weakening plant parasitic 414 

nematodes (as represented by the red dashed line) and facilitating their predation by predatory 415 

nematodes (as represented by the thick red line), which in turn reduces the negative effects of 416 

plant parasitic nematodes on the plants (as represented by the thin red line). 417 

  418 
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Supplementary Material 468 

Table S1 Generalised least squares model output for the effect of treatment on predatory 469 

nematode abundance  470 

 471 

Treatment Mean 
abundance 

Degrees of 
freedom 

Std.Error t-value (when 
compared to 

N) 

p-value (when 
compared to 

N) 
N 9.24 26 9.24 1 0.33 

N,M 4.91 26 4.90 -0.45 0.66 
N,P 18.38 26 13.10 0.70 0.49 

N,M,P 191.98 26 60.25 3.03 <0.01 
N = nematodes; N,M = nematodes and below ground microbes ; N,P = nematode and P. 

polymyxa; N,M,P = nematodes, below ground microbes and P. polymyxa. 
 472 

 473 

Table S2 Analysis results for testing the effect of treatment on plant growth 474 

Treatment Mean 
plant 

growth 

Std.Error Degrees 
of 

freedom

t-value 
(when 

compared 
to C) 

p-value 
(when 

compared 
to C) 

t-value 
(when 

compared 
to N) 

p-value 
(when 

compared 
to N) 

C 0.13 0.01 46 N/A N/A -0.74 1.00 
M 0.18 0.01 46 -1.41 0.85 0.61 0.99 

M,P 0.12 0.02 46 0.16 1.00 0.90 0.99 
N 0.16 0.02 46 -0.74 0.99 N/A N/A 

N,M 0.20 0.04 46 -2.15 0.40 -1.32 0.89 
N,M,P 0.24 0.03 46 -3.19 0.048 -2.32 0.305 

N,P 0.25 0.03 46 -3.28 0.04 -2.45 0.24 
P 0.12 0.04 46 0.31 1.00 1.04 0.97 

 C = control; M = below ground microbes; P = P. polymyxa; M,P = below 
ground microbes and P. polymyxa; N = nematodes; N,M = nematode and 
below ground microbes; N,P = nematodes and P. polymyxa; N,P,M = 
nematodes, below ground microbes and P. polymyxa. 

 475 


