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ABSTRACT

The role of below-ground interactions between microbial biocontrol agents and soil fauna for
combatting soil-borne plant diseases have not been studied sufficiently. This study tested the
hypothesis that the beneficial bacterium Bacillus velezensis UCMB5113 and the anecic earthworm
Lumbricus terrestris positively influence health and growth of peas (Pisum sativum L.) infested
with the pathogen Aphanomyces euteiches causing root-rot disease. A greenhouse fully factorial
experiment studied the effects of A. euteches, B. velezensis and L. terrestris on the emergence,
growth and health of pea plants. The factors B. velezensis and L. terrestris resulted in taller plants
(p = .003 and p = .030). B. velezensis treatment resulted in a higher biomass of shoots and roots
(p < .001 and p = .005). The effects increased with the presence of both factors (p = .036).
Earthworms reduced the disease symptoms significantly (p = .032). The decreased disease
symptoms caused by the earthworms might be due to the consumption of A. euteiches (direct
effect) as well as soil disturbance (indirect effect). Interactions between the microorganisms
added and the earthworms were shown. B. velezensis and L. terrestris can be useful for
enhancement of plant growth and for biological control of root-rot in peas.
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Introduction oospores is triggered by root exudates from host

plants. Oospores can form infective mycelia, but the for-
mation of a short germ tube that releases high

Protection of crops against plant pathogens is of para-
mount importance since these organisms cause substan-

tial yield loss worldwide. Protection against soil-borne
plant pathogens is especially difficult since such organ-
isms can seldom be effectively managed by use of
chemical pesticides (Mihajlovi¢ et al. 2017). Soil-borne
obligate fungal parasites are among the most difficult
to target, as they do not grow outside their host plants
and may produce long-lived spores.

Root-rot of legumes caused by the soil-borne obli-
gate parasite Aphanomyces euteiches Drechs is the
most devastating disease in peas globally and a major
limiting factor in pea production (Heyman 2008).
Disease symptoms begin with healthy white roots
turning honey brown. In later stages, roots turn
brown, the hypocotyl darkens at the soil line and even-
tually the plants wilt (Gaulin et al. 2007; Wu et al. 2018).
A. euteiches is a filamentous plant pathogen belonging
to the Oomycetes with both asexual and sexual stages.
The oospores are sexual unicellular resting structures,
which can remain viable in the soil for decades to with-
stand unfavourable conditions. Germination of

numbers of root-infecting asexual zoospores is more
common. Upon germination and root penetration, a
mycelium is formed inside the plant that releases new
zoospores spawning a new generation of oospores in
the rotting root tissue (Gaulin et al. 2007). The whole
life cycle is completed within hours for zoospores and
within a few days for oospores in a suitable host
(Heyman 2008). The most secure management option
to minimise root rot in pea is to avoid cultivation of sus-
ceptible (and alternative host) plants for several years
since neither effective fungicides (with acceptable
environmental impact) nor fully resistant germplasm
are available (Gaulin et al. 2007; Hughes and Grau
2007; Wu et al. 2018). Genes associated with pea immu-
nity have been identified, which can support breeding
of disease-resistant pea cultivars (Hosseini et al. 2015).
Good drainage, less compact soils, the addition of
calcium, use of cover crops and biofumigation with
Brassicaceae plant residues are also promising control
strategies (Heyman et al. 2007; Hossain et al. 2012).
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For soil-borne pathogens, biological control and man-
agement of crop and field conditions are of special inter-
est to prevent disease (Matthiessen and Kirkegaard
2006). The use of belowground ecosystem services pro-
vided by soil biota and the addition of biological
control agents (BCAs) has large unexplored potential
(Raaijmakers et al. 2009). Many BCAs originally found to
stimulate plant growth and denoted as plant growth-
promoting rhizobacteria (PGPR) were later found to
also improve stress management (Bhattacharyya and
Jha 2012). Mechanisms of disease suppression by bac-
terial BCAs include the production of enzymes and anti-
biotics (Bhattacharyya and Jha 2012) as well as priming
of induced systemic resistance (ISR) in the host plant (Pie-
terse et al. 2014). Several publications report the use of
microorganisms as BCAs in controlling A. euteiches infec-
tion of leguminous plants. Wakelin et al. (2002) found
that several spore-forming bacteria were able to
control the pathogen and suggested that inhibition of
zoospore germination, lysis of germ tubes and the pro-
duction of antibiotics served as control mechanisms.
Xue (2003) showed that a Clonostachys rosea strain was
effective in controlling pea root-rot caused by a
complex of pathogens, including A. euteiches. Thygesen
et al. (2004) found that Arbuscular mycorrhiza fungi
reduced root-rot by A. euteiches in peas. Oubaha et al.
(2018) found two Streptomyces strains out of a large col-
lection to display antimicrobial activity against Aphano-
myces and significantly reduce damping-off on pea.
Godebo (2019) screened 184 rhizosphere bacteria for
potential antagonism to A. euteiches and identified
several strains that inhibited zoospore germination in
vitro and suppressed Aphanomyces root rot in field pea.

Besides microorganisms, soil fauna affects plant
growth and health through direct and indirect inter-
actions in the environment of plant roots (for review
see Friberg et al. 2005; Bonkowski et al. 2009; Schrader
et al. 2013). Earthworms, in particular, are known to inter-
act with the soil biota (Brown 1995; Scheu et al. 2002;
Postma-Blaauw et al. 2006; Gomez-Brandon et al. 2012).
Microorganisms are common food sources for many
earthworms (Moody et al. 1996; Byzov et al. 2007). Con-
sumption of soil-borne plant pathogens has thus positive
effects on plant health (Bi et al. 2018; Puga-Fretas et al.
2016; Elmer 2009; EImer and Ferrandino 2009; Meghvansi
et al. 2011; Wolfarth et al. 2011; Hume et al. 2015). Many
fungal pathogens are attractive to most species of earth-
worms, for example, R. solani and Microdochium nivale
(formerly Fusarium nivale) (Bonkowski et al. 2000). Plas-
modiophora brassicae, causing clubroot disease in Bras-
sica plants, produces very durable resting spores and
passage through the gut of earthworms reduced the
disease rate in Brassica plants (Nakamura et al. 1995).

On the other hand, if spores survive gut passage earth-
worms can spread the disease (Brown 1995). For patho-
gens that grow saprophytically, earthworms may actively
consume the whole crop residue infected with patho-
gens and thereby reduce disease pressure on plants. In
addition, the incorporation into the soil of such plant
material reduces disease pressure (Wolfarth et al. 2011).
The impact of earthworms on plant pathogens such as
A. euteiches that do not grow actively outside the
plants could thus be through the consumption of
resting spores or infested tissue as well as indirectly by
strengthening of plant defence. Mechanisms underlying
plant disease suppression by earthworms may accord-
ingly involve both direct and indirect effects.

The combined effects of plant-beneficial bacteria and
earthworms on plant production and plant health have
so far been studied only in a few cases (Ayuke et al.
2017). In order to develop sustainable agricultural
systems with optimal use of ecosystem services and bio-
logical control the interaction of these below-ground
organism groups is of high interest. Earthworms could
modify the effects of plant-beneficial bacteria in either
positive or negative ways. Because of their massive pro-
duction of bioactive substances, applying bacterial BCAs
in high concentrations may interfere with non-target
organisms such as earthworms. However, Lagerlof et al.
(2015) found no negative effects of the bacterial BCA
Bacillus velezensis on two species of earthworms (Aporrec-
todea caliginosa and A. longa), and Soderlund (2015)
found no effects on the tropical earthworm Pontoscolex
corethrurus when exposed to the bacterial BCA Bacillus
subtilis at doses comparable with the highest probable
exposure dose when used as BCAs.

In this paper, we present a study of the influence of
the plant pathogen A. euteiches, the BCA and PGPR
B. velezensis UCMB5113 and the anecic earthworm Lum-
bricus terrestris L. on plant health and growth of peas. We
hypothesised that pea plant emergence, growth and
health would be positively influenced by the added
BCA bacteria and earthworms, and that hampered
plant growth and disease symptoms caused by the
plant pathogen would be counteracted. We also tested
the effect of the added microorganisms A. euteiches
and B. velezensis on growth and survival of earthworms.

Material and methods
Experimental setup

The influence of A. euteiches, the causal agent of pea rot,
the BCA gram positive bacterium B. velezensis subsp.
plantarum UCMB5113 (formerly B. amyloliquefaciens)
and the anecic earthworm L. terrestris on growth and



ACTA AGRICULTURAE SCANDINAVICA, SECTION B — SOIL & PLANT SCIENCE . 429

health of peas was studied in a fully factorial pot exper-
iment in a greenhouse at SLU in Uppsala (59°49'05” N,
17°39'28" E) during the period 29 October-16 December
2014. The influence of the added microorganisms on sur-
vival and growth of L. terrestris was also studied. The
presence of A. euteiches in the soil at the end of the
experiment was tested using gPCR analysis. Peas were
sown at the start of the experiment and grown in soil fer-
tilised with cow manure.

The experiment was fully factorial with three factors
and two levels of each factor: Aphanomyces (no, yes),
Bacillus (no, yes) and Earthworms (no, yes), thus resulting
in eight treatments, which were applied in five replicates.
The test groups were denoted as:

¢ C, Control: no organisms added to soil or seeds

¢ E, Earthworms: L. terrestris added to soil

e B, Bacillus: pea seeds coated with B. velezensis

e BE, Bacillus-Earthworms: pea seeds coated with
B. velezensis and L. terrestris added to soil

e A, Aphanomyces: A. euteiches spores mixed into soil

* AE, Aphanomyces-Earthworms: A. euteiches spores
mixed into soil and L. terrestris added to soil

e AB, Aphanomyces-Bacillus: A. euteiches spores mixed
into soil and pea seeds coated with B. velezensis

o ABE, Aphanomyces-Bacillus-Earthworms: A. euteiches
spores mixed into soil, pea seeds coated with
B. velezensis, and L. terrestris added to soil

In addition to the eight treatments mentioned above,
one more treatment was set up in five replicates in order
to analyse the effect of the pea plants on the presence of
A. euteiches in the soil, namely

o Soil fertilised with cow manure without plants, with
addition of A. euteiches.

80

40

1

0 0.8 8 40 80 800
Oospores ml* soil

Disease severity index mean

Figure 1. Aphanomyces euteiches infection in peas with increas-
ing oospore concentration in planting soil. Mean disease severity
index and SE in 6 replicated pots. Based on this pre-experiment,
the concentration of A. euteiches spores in the experimental soil
was set at 15 oospores ml~" soil.

The pots were made from PVC plastic sewage pipes
with 14.5 cm inner diameter and 30 cm height. Nylon
mesh (1 mm mesh size) was attached with a rubber
band at the bottom of the pots in order to allow drainage
but prevent escape of earthworms. Each pot was filled
with 2 L of a moist soil mixture, up to approx. 15 cm of
the height of the cylinder. The soil mixture was com-
posed of 60% clay-loam soil (36.5%, clay, 1.5% C-
content, pH 6.6), 30% sandy soil (C-content 2.7%, pH
6.3), and 10% cow manure (Weibulls® concentrated,
dried organic cow manure, particle size mostly <1 mm
and not more than 3 mm). Soil was collected from two
different sites on SLU’s experimental farm outside
Uppsala, close to the greenhouse where the experiment
was performed. Soil was hand-sorted to eliminate stones,
plant debris and macrofauna and frozen and thawed
twice at —20°C for 24 h before use. The cow manure
was wetted to 50% moisture content before being
added to serve as fertiliser for the plants and as feed
for the earthworms. An additional amount of 70 g of
wetted cow manure was added superficially to each
treatment after four weeks to ensure enough feed for
the earthworms and plant nutrients, also in the treat-
ments without earthworms. A. euteiches oospores from
a pure culture, applied in a dry talcum powder mixture
(Persson et al. 1999) containing 1.3*104 spores g~1
powder was added to the soil. The inoculum dose used
was 15 oospores ml™" soil, and the soil was thoroughly
mixed with a cement mixer. The oospore inoculum
batch used was first tested on peas in a dose-response
experiment (Figure 1) to select a dose that resulted in
clear disease symptom development but not death of
the plants during the course of the experiment. The
dose ranged from 0.8 to 800 spores ml~' soil, and
disease symptoms were observed at 8 spores ml™
(disease index mean 14 of 6 pots) and increased pro-
gressively with higher inoculum (disease index mean
87 at 800 spores ml~"). Weak disease symptoms were
only observed on parts of the roots, while more severe
disease affected the whole root system, then, in addition,
stems and stipples.

At the onset of the experiment, six pea (P. sativum L.,
cv. Clara) (Lantmannen Lantbruk, Malmo, Sweden) seeds
were sown in each pot at 1cm depth. B. velezensis
UCMB5113 (formerly referred to as B. amyloliquefaciens,
Dunlap et al. 2016) has earlier been shown as an
efficient BCA towards Brassica pathogens (e.g. Daniels-
son et al. 2007; Sarosh et al. 2009). UCMB5113 was
grown in LB medium at 28°C until stationary phase and
after heat shock, centrifugation and washing with phos-
phate-buffered saline the concentration was determined
using colony-forming unit counts. The pots were
watered when needed, at least twice a week. In
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treatments with B. velezensis UCMB5113, the pea seeds
had been coated with a layer of Bacillus spores
(107 mI™") (Danielsson et al. 2007) prior to sowing.

The earthworms L. terrestris were collected from the
Ultuna Park at SLU campus in Uppsala by means of extrac-
tion from the soil after watering with a mild detergent,
whereupon they were thoroughly rinsed in cold tap
water. The earthworms were kept in a soil mixture similar
to the experimental soil for at most two weeks before
being used in the experiment. Two L. terrestris specimens
per pot were weighed and then added on November 3,
five days after sowing the peas. All individuals used were
adults with developed clitellum. The soil was watered to
field capacity prior to the addition of earthworms and the
worms could easily submerge into the soil. We observed
during the course of the experiment that there was very
little visible activity of earthworms at the soil surface, e.g.
casts or visible channel openings. Therefore, on November
28, one more earthworm individual was added to each pot
of the earthworm treatments. This was to ensure that there
would be at least one live individual per pot throughout the
experimental period. However, all individuals survived and
gained weight during the experimental time period. The
pots were placed randomly in the greenhouse with light
regime 18 h full daylight and 6 h night, and the air temp-
erature (recorded continuously) was 19-22°C at daytime
and 16-18°C at night, with a mean temperature for the
whole period of 19.1°C. Overheating of air and soil was
not a problem since the study was done in late autumn
and winter when outdoor temperatures and sun exposures
were low.

Data collection and analysis

At the end of the experiment, plant height, above
ground and root biomass, disease severity index as
well as earthworm survival and biomass were recorded.
The pea plants were in florescence and no plants had
started to wilt when the experiment was terminated.
We presumed based on earlier experiments (Heyman
et al. 2007) that the clearest differences in symptom
development (and disease severity index) among treat-
ments would be shown at this stage. At a later stage,
the symptoms would be more extreme without
nuances. Therefore, the experiment was not run until
maturity of peas and crop yield was not measured.
Plants were dried at 70°C for 48 h before recording dry
biomass. The disease severity index was scored as 0% =
no symptoms, 25% = symptom on parts of roots (brown-
ish colour), 50% = symptoms on the whole root system,
75% = symptoms on the whole root system and on the
stem, 100% = symptoms on the whole root system and
all stipes below top senescent (Heyman et al. 2007).

Earthworms were retrieved from the pots and weighed
live after having been washed in tap water and dried on
a paper tissue. The presence of A. euteiches in the soil at
the end of the experiment was analysed with gqPCR
using specific primers (Heyman 2008). Soils of all treat-
ments of the experiment, except for Bacillus-Earthwormes,
were analysed. In addition to this, control soils without
peas and with the addition of A. euteches was analysed.
Genomic DNA was isolated from soil using the NucleoS-
pin® Soil kit (Macherey-Nagel GmbH, Diren, Germany)
and DNA amount and purity measured using a Nanodrop
instrument (A260/280 was 1.81 + 0.05 and yield 2.40 +
0.63 mg for 35 samples). The primers used were Ae169F
(5'-TCAGGGCTAGCCGAAGGTT-3) and Ael69R (5'-
ACAAGCTTCATTTCTGATGCTAGTTTA-3) at 400 nM final
concentration with 25 ng DNA as a template (Heyman
2008). The amount of pathogen DNA was quantified
using a dilution series of standard target DNA included
in each run. The standard contained a cloned 524 base
pair sequence of the target gene. The real-time PCR reac-
tion used EvaGreen supermix (Bio-Rad Laboratories, Her-
cules, CA). Post-run melting curve analysis was performed
to ensure the specificity of the amplification reaction,
which amplifies a 96 bp fragment of the ITS1 region
(Heyman 2008). Two technical replicates of each treat-
ment was analysed. The number of A. euteiches target
copies in soil sample extracts was quantified according
to Wallenhammar et al. (2012). Potential inhibition of
the PCR reaction by the isolated DNA fractions due to
soil contaminants was tested by dilution analysis.
Samples were considered positive if the technical repli-
cates showed Ct < 32 in the same gPCR reaction.

Differences between treatments and the factors Apha-
nomyces, Bacillus and Earthworms in plant emergence,
growth and disease severity index were analysed with
three-way general linear model (GLM) ANOVA. Earthworm
survival and growth as a function of the factors Aphano-
myces and Bacillus were analysed with two-way GLM
ANOVA. When significant effects were found (p<0.05),
Tukey's pairwise comparisons were used to compare treat-
ment means. ANOVA was done on log10-transformed data
in order to fulfil the assumption of normal distribution. A
correlation analysis was done for the correlation between
plant growth and disease index response factors. Minitab
16 Software was used for all analyses.

Results
Growth of pea plants and disease symptoms

Tukey’s pairwise comparisons between treatments
The number of emerged plants per pot remaining at the
end of the experiment was lower if Bacillus was added
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(3.4 plants per pot) compared with the treatment with
both Aphanomyces and Earthworms (6.0 plants per pot,
p < .05). An average number of remaining plants in the
other treatments was intermediate to these values.
None of the treatment combinations was, however, sig-
nificantly different from the control group (Table 1).

The pairwise comparisons showed that plants grew
significantly higher (p < .05) in the treatment if Aphano-
myces, Bacillus and Earthworms were added simul-
taneously (738 mm) compared to control (560 mm). If
Aphanomyces was present in the pot, adding Bacillus
also significantly increased plant growth (700 mm).
Plant height of other treatments did not differ signifi-
cantly from the control.

The dry mass of individual shoots was larger in the
treatments Aphanomyces-Bacillus (2.15 g) and Aphano-
myces-Bacillus-Earthworms  (2.26 g) than in control
(1.21 g) and Aphanomyces (1.29 g). Values of the other
treatments were in between.

Root dry mass of individual plants was significantly
lower (p < .05) in Aphanomyces (0.15 g) and Aphano-
myces-Earthworms (0.17 g) than in Aphanomyces-Bacillus
(0.29 g), while the other treatments were in between and
did not differ significantly among each other.

The disease symptoms on pea plants measured as
disease severity index were significantly higher (p <
.05) in Aphanomyces (52.2) than in the uninfected treat-
ments control (0.00), Bacillus (0.00), Earthworms (2.25)
and Bacillus-Earthworms (0.00) as well as in the infected
treatment Aphanomyces-Earthworms (1.67). The average
disease-severity index was less than half as high in Apha-
nomyces-Bacillus (22.2) and Aphanomyces-Bacillus-Earth-
worms (25.8) as compared to Aphanomyces, but the
differences were not significant.

Influence of the factors Aphanomyces, Bacillus and
earthworms on plant growth and health

The GLM ANOVA showed that the factor Bacillus had a
significantly negative effect on the number of remaining
plants (p = .031). Interaction between Bacillus, Aphano-
myces and Earthworms shows that the negative
influence was moderated by the other factors (Table 2).

Further, the analysis showed that the factors Bacillus
and Earthworms had a significantly positive effect on
plant height (p = .003 and p = .03).

The factor Bacillus increased shoot mass (p < .001).
Interaction between Earthworms and Bacillus (p = .036)
indicated a reinforced effect with both factors present.

The factor Bacillus enhanced root dry mass signifi-
cantly (p = .005).

The factor Aphanomyces increased the disease sever-
ity index significantly and it was reduced by the factor
Earthworms. There was the interaction between the

factors Bacillus x Earthworms and Aphanomyces x Bacillus
X Earthworms, indicating that earthworm reduced the
disease severity index caused by Aphanomyces.

Correlations between factors

The number of remaining plants at the end of the exper-
iment was not correlated to plant growth variables or
disease severity index. Plant height was significantly
positively correlated with shoot dry mass and root dry
mass per plant. Shoot individual dry mass was signifi-
cantly positively correlated with plant height and root
dry mass per plant. Root dry mass of individual plants
was significantly positively correlated with plant height
and shoot dry mass per plant. There were no significant
correlations between disease severity index and any of
the other individual response factors (Table 3).

Aphanomyces euteiches in soil at the end of the
experiment

At the end of the experiment, the qPCR analysis (Table 4)
showed the presence of A. euteiches at least in one or a
few of the replicates of the treatment where the patho-
gen had been added. In treatments without addition of
A. euteiches, no A. euteiches DNA was detected. In all posi-
tive reactions, melting curve analysis displayed only one
product with a symmetrical peak at 76.0°C, indicating
specific amplification of the target gene. In treatment
Aphanomyces, three samples were clearly positive and
two showed a weaker reaction. In the treatment with
A. euteiches without pea plants, the qPCR reaction was
weakly positive in three out of five samples. In the rest
of the treatments, the reaction was in general weakly
positive. Due to high variation in Cq values, we restricted
analysis of qPCR results as presence or absence of the
pathogen in the soil in the different treatments.

Earthworm growth and survival

All earthworm individuals survived the experiment and
increased in biomass by 30-50% in the different treat-
ments (Table 5). There was no significant difference
between treatments, but GLM ANOVA showed that
weight increase was higher where the factor Bacillus
was present than without (Table 5, p = .039).

Discussion

The greenhouse experiment showed that the added BCA
bacteria B. velezensis and anecic earthworms of the
species L. terrestris enhanced plant growth, mostly result-
ing in taller plants and higher biomass of above- and
below-ground tissues. The effects were increased by
the presence of both factors. Our hypothesis was there-
fore valid in this respect and could not be rejected.
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Table 1. Influence of the factors Aphanomyces euteches (A), Bacillus velezensis (B) and Lumbricus terrestris (E) on survival (plants pot™"),
growth (shoot height, shoot and root dry mass) and health (disease severity index) of pea plants (Pisum sativum) in a factorial pot

experiment in the greenhouse.

Aphanomyces (A)

Factor/

No Yes

Bacillus (B) Bacillus (B)
No Yes No Yes
Earthworm (E) Earthworm (E) Earthworm (E) Earthworm (E)

Variable No Yes No Yes No Yes No Yes
Treatment C E B BE A AE AB ABE
Plants pot™ 5.4ab 4.0ab 3.4b 3.8b 4.4ab 6.0a 4.8ab 4.2ab
Plant height (mm) 560bc 631abc 641abc 630abc 530c 660abc 700ab 738a
Shoot DM (g) 1.21b 1.58ab 1.93ab 1.80ab 1.29b 1.79ab 2.15a 2.26a
Root DM (g) 0.21ab 0.21ab 0.22ab 0.24ab 0.15b 0.17b 0.29a 0.22ab
Disease severity index (%) 0.00b 2.25b 0.00b 0.00b 52.2a 1.67b 22.2ab 25.8ab

Note: Mean and SE of plants in five replicated pots. GLM ANOVA and Tukey’s pairwise comparisons between treatments. Means that do not share a letter are
significantly different (p < .05). Six pea seeds were sown per pot, A. euteches spores were mixed into the planting soil. Seeds were coated with B. velezensis
before sowing. Two L. terrestris individual were added per pot 5 days after sowing and one additional individual 33 days after sowing. The experiment was
running for 49 days. Disease severity index was classed as 0 =no symptoms, 25% = symptom on parts of roots (brownish colour), 50% = symptoms on the
whole root system, 75% = symptoms on the whole root system and on stem, 100% = symptoms on the whole root system and all stipes below top senescent.

Addition of B. velezensis did, however, reduce seed ger-
mination and subsequently the number of remaining
plants at the end of the experiment. Disease symptoms
caused by the addition of A. euteiches to the soil were sig-
nificantly reduced by the presence of the earthworms
but not by B. velezensis. Therefore, the hypothesised
disease-reducing effect of the Bacillus strain alone
could not be confirmed using this particular system.
The inoculation of pea plants by A. euteiches oospores
added to the soil was successful and caused symptoms
recorded as high disease indices, while none of the
control treatments showed any signs of infection. The
gPCR analysis at the end of the experiment confirmed
the presence of A. euteiches. DNA in the soil of the treat-
ments with this organism added, and its absence in the
non-infested treatments indicated the integrity of the
samples with no cross-contamination occurring during
the experimental period.

Table 2. Influence of the factors Aphanomyces euteches (A),
Bacillus velezensis (B) and Lumbricus terrestris (E) on survival
(plants pot‘1), growth (shoot height, shoot and root dry mass
(dm)) and health (disease severity index) of pea plants (Pisum
sativum) in a factorial pot experiment in the greenhouse.

The plants were grown under controlled conditions in
a greenhouse. A. euteiches was present in the soil at the
end of the experiment only in treatments where this
organism had been added but not in other treatments.
The introduced earthworms survived to 100% and
increased in biomass during the experimental time.
These results and the fact that we used five replicates
of each treatment prove the validity of the results and
the reproducibility of this experiment.

A. euteiches caused no negative effects on plant
height or biomass production as compared to the
control, and disease severity indices were not correlated
to any of the recorded aspects of plant growth (Table 3).
Probably because of optimal plant growth conditions
concerning water and nutrient status, the disease had
not yet resulted in impeded plant growth at the time
when the experiment was terminated. The reason for ter-
minating the experiment at the florescence stage was
that we assumed that the clearest differences in
disease severity would be evident between treatments.

Table 3. Correlation analysis (correlation index and p-values)
between response factors of pea plants in Aphanomyces
euteiches and Bacillus velezensis infection experiment with

Plant Disease . .
height  Shootdm  Root dm Severity earthworms (Lumbricus terrestris).
Plants pot—1 (mm) (g plant™) (g plant™") Index (%) Height S DM R DM DSI
Aphanomyces 0.071 0.139 0.054 0.446 <0.001 S DM 0.864
(A) <0.000
Bacillus (B) 0.031 0.003 <0.001 0.005 0.683 R DM 0.398 0.568
Earthworms 0.901 0.030 0.058 0.589 0.032 0.011 <0.000
(E) DSI —-0.036 0.070 —0.051
AxB 0.469 0.162 0.635 0.062 0.852 0.825 0.669 0.754
AXE 0.171 0.365 0.456 0.246 0.019 Number 0.122 -0.076 -0.178 0.072
BXxE 0.771 0.056 0.036 0.385 0.014 0.453 0.642 0.273 0.657
AXBXE 0.007 0.786 0.859 0.261 0.008

Note: Three-way GLM ANOVA, factors and p-values. Significant p-values at p
<.05 are in bold.

Note: Shoot dry mass per individual plant (5 DM plant™"), Root dry mass per
individual plant (R DM pIant_1), Disease severity index (Dsi), Number of
remaining plants per pot out of maximum 6 plants (Number).
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Table 4. Result of gPCR analysis of Aphanomyces euteiches DNA
in soil under the experimental treatments at the end of the
experiment and in soil inoculated with A. euteiches but without

pea plants.

Treatment Positive gPCR out of 5 samples®
Soil + A 0/3/2
C 0/0/5
A 3/2/0
B 0/1/4
E 0/1/4
AB 1/3/1
AE 0/3/2
EB 0/0/5
ABE 0/3/2

Notes: Soil + A = Soil fertilised with cow manure without plants, with addition
of A. euteiches. For other treatments, see Matherial and methods.

“Results presented as samples above/detectable (but unreliable)/below a
reliable detection limit (<32/32 to 0/>40 cycles). The lowest standard
was detected after 32 cycles but no amplification was recorded after >40
cycles.

We know from earlier repeated experiments that
B. velezensis may affect seed germination plant varieties,
while a growth stimulatory effect is often registered for
the plants germinating. Such observations were reported
in e.g. Asari, Tarkowska, et al. (2017) and Danielsson et al.
(2007). B. velezensis often stimulates above- and below-
ground tissue growth, which also was observed in this
study as increases in some plant root and shoot par-
ameters. This effect may be due to changed phytohor-
mone status of the host plant by plant or Bacillus
generated biosynthesis of growth hormones (e.g. Asari,
Tarkowska, et al. 2017). For Bacillus interactions, the
negative effect on plant emergence was attenuated in
combined treatments. This may be due to chemical or
structural effects caused by the other test organisms,
for example on root exudation, which is known to be
an important factor interacting with soil microbiota
(Tkacz and Poole 2015; Lareen et al. 2016). Plant

Table 5. Influence of the factors Aphanomyces euteches (A) and
Bacillus velezensis (B) on the relative fresh mass increase (%) of
the earthworm Lumbricus terrestris (E) during an experimental
period of 49 days.

Factor Aphanomyces Aphanomyces
No Yes
Bacillus Bacillus
No Yes No Yes
Treatment E BE AE ABE

Earthworm fresh mass 30.7+82 50025 374+41 502+57
increase (%)

Note: No significant differences between treatments (GLM ANOVA; p > .05,
Tukey’s pairwise comparisons).

Two-way GLM ANOVA.

Earthworm relative fresh mass increase (%) vs. the factors A. euteches (A) and
B. velezensis (B). Significant p-values at p <.05 are in bold.

Factor p-value

A 0.372
B 0.039
AxB 0.346

growth above and below ground and plant height was
not significantly negatively correlated to the number of
plants per pot (Table 3). This means that increased
shoot and root dry mass in treatments with Bacillus as
compared to without Bacillus was not due to fewer
plants, and subsequently more space per plant and less
interplant competition, but could be due to positive
stimulation effects by Bacillus. The slight stimulatory
effect on plant height by Bacillus had a tendency to be
enforced by Aphanomyces, which could be due to
stress growth effects on plants. Combinations of PGPR
and different stressors have been observed to stimulate
plant growth in other systems (e.g. Barriuso et al. 2008;
Pandey et al. 2017). The observed stimulation of shoot
biomass by Bacillus seemed to be potentiated in combi-
nation with Aphanomyces, indicating a stress effect that
may be due to less control of phytohormone balance
as a stress reaction or as a strategy by Aphanomyces to
weaken plant defence and obtain more biomass in line
with the cost of resistance model (Bergelson and Purring-
ton 1996). The combination of Bacillus and Aphanomyces
also stimulated root growth compared to single treat-
ments, suggesting similar systemic growth effects by
these microorganisms.

Earlier reports have demonstrated priming of ISR in
many host plants by different rhizobacteria (Bhattachar-
yya and Jha 2012; Pieterse et al. 2014). The B. velezensis
UCMB5113 strain has proven to be effective against
several but not all Brassica pathogens (Danielsson et al.
2007; Sarosh et al. 2009; Asari, Ongena, et al. 2017). The
present study was done in a more complex environment
and with a novel host plant and pathogen, and appar-
ently, this Bacillus strain does not influence the disease
development in this particular setup. Earthworm treat-
ments increased the height of plants and reduced
disease-severity index values. In an earlier study of
effects of the endogeic earthworm species A. caliginosa
and B. velezensis on the fungal plant pathogen Alternaria
brassicae on Brassica napus plants, Ayuke et al. (2017)
found, as in the present study, significantly taller plants
in treatments with earthworms than those without. Poss-
ibly the altered soil properties due to earthworm move-
ment and secretion could enhance plant height growth
(see below). We have earlier noted, in experiments with
other crops and pathogens, that earthworms can stimu-
late plant growth (Séderlund 2015). This is the first study
where the effect of earthworms on A. euteiches is studied,
and the ability of L. terrestris to reduce disease symptoms
is encouraging for the use of this earthworm species in
the control of pea root-rot. Most studies of this earth-
worm’s ability to reduce plant diseases have involved
fungal plant parasites that are facultative saprophytic
(Elmer 2009; Schrader et al. 2013; Wolfarth et al. 2011).
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In these studies, earthworms were able to reduce the
abundance of pathogens by their consumption of
fungal biomass growing on plant residues or by
burying plant residues where the pathogens in many
cases are outcompeted by saprophytic fungi. In this
way pathogen inoculum density is decreased.
A. euteiches is an obligate plant parasite that does not
grow and reproduce unless a suitable living host plant
is present. The mechanism by which earthworms could
reduce the abundance of the pathogen, and subsequent
infection of plant roots, may, therefore, involve con-
sumption of resting spores in the soil and consumption
of zoospores searching for roots of suitable host plants.
Large anecic earthworms such as L. terrestris have
longer gut passage time than endogeic and epigeic
species (Brown 1995) and, therefore, their ability to
influence ingested biological material is greater. Friberg
et al. (2008) did not find that the endogeic earthworm
A. caliginosa influenced concentration or infection
ability of P. brassicae, an obligate plant parasite on the
Brassicaceae species. However, Nakamura et al. (1995)
found that the anecic earthworm Pheretima hilgendorfi
did. The infection risk could also be reduced if the earth-
worms could strengthen plants by improving the nutri-
ent availability and soil structure. This reduction may
also include the production of plant hormone-like sub-
stances by the earthworms themselves or in combination
with soil and rhizosphere microorganisms (Bonkowski
et al. 2009). Coeolomic fluid that is expelled by earth-
worms into the exterior environment has antimicrobial
properties. Plavsin et al. (2017) found in an in vitro exper-
iment that coelomic fluid from two epigeic earthworm
species (Eisenia foetida and Dendrobena veneta) had an
inhibitory effect on the plant pathogenic fungus Fusar-
ium oxysporum. The fluid contains coelomocytes as well
as a variety of molecules with antimicrobial properties
(Plavsin et al. 2017). The increased earthworm growth
in treatments with Bacillus is in line with our earlier
studies on the effects of B. velezensis on earthworm
growth and survival (Lagerlof et al. 2015; Soderlund
2015). This also indicates that this bacterium is not
harmful to earthworms (Lagerlof et al. 2015) and sup-
ports the usefulness of certain microbes in developing
improved biocontrol strategies for various crops. Devel-
oping further combinations of organisms from different
trophic levels in order to improve crop stress manage-
ment and plant growth seems to be a promising
approach ultimately improving yield and contributing
to more sustainable crop production. For the production
of peas and other leguminous crops, coating of seeds
with BCA bacteria and enhancement of earthworms by
adding organic matter to the soil and reducing soil culti-
vation (Lagerlof et al. 2012) would be useful components

of sustainable production systems that take advantage of
common ecosystem services.
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