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A B S T R A C T

Eyespot is a major fungal disease of winter wheat, mostly affecting the base of the stem. The development
of biological control approaches, using organisms such as earthworms, represents a potential alternative
strategy for eyespot control. In a greenhouse experiment, we analyzed the response of two wheat
cultivars (Soissons and Aubusson) to the presence of the pathogenic fungus Oculimacula yallundae and
the anecic earthworm Lumbricus terrestris, alone and in combination. We assessed necrosis frequency,
necrosis severity, wheat biomass, resource allocation and soil mineral concentrations. Disease incidence
was lower in the presence of earthworms: the frequency of necrosis was 44% lower for Soissons and 70%
lower for Aubusson. Necrosis severity was also lower for both cultivars (50% lower for Soissons and 80%
lower for Aubusson) in the presence of earthworms. Earthworms had no detectable effect on the shoot
and root biomasses of plants exposed to the fungus, but they modified resource allocation between plant
organs and nutrient translocation within the plant. Our results suggest that earthworms are a potentially
effective biocontrol agent for eyespot, and we discuss the possible underlying mechanisms.
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1. Introduction

Over the last 20 years, studies of belowground–aboveground
interactions (Hooper et al., 2000) have greatly modified our vision
of soil function and plant growth. The underlying mechanisms are
increasingly understood, but the potential of this complex
feedback system has not yet been fully exploited in agriculture.
The sustainability of agriculture could be improved by effective
management of belowground–aboveground feedback in the field
(Hooper et al., 2000; Wardle et al., 2004; Bardgett et al., 2005). This
might allow the replacement of chemical inputs with ecological
processes, in the framework of agro-ecology (Altieri, 1989) or
ecological engineering (Barot et al., 2012). In this respect, the
biocontrol of crop diseases is a key opportunity.

Eyespot, a fungal disease caused by Oculimacula yallundae (s yn.
Tapesia yallundae), previously known as Pseudocercosporella
herpotrichoïdes), remains problematic even in conventional agri-
culture and may decrease yield by up to 40% (Meyer et al., 2011). O.
* Corresponding author at: INRA UMR 211 Agronomie, F-78850 Thiverval-
Grignon, France. Tel.: +33 6 88 13 18 16.
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yallundae is an ascomycete that causes necrosis at the stem base,
thereby impairing the uptake of nutrients and increasing the risk of
lodging at the end of the crop cycle. The mycelium survives on crop
residues, and plants are contaminated by spores transported in the
water film present on the soil surface after rain (Matusinsky et al.,
2009) or via conidia disseminated by wind and rain splash. The
main control methods, in addition to chemical fungicides and the
use of resistant cultivars, are the limitation of disease incidence
through the use of a diversified crop rotation, the burial of crop
residues and cropping practices favoring the rapid infiltration of
water into the soil (Colbach et al., 1999).

Biological processes in the soil may also help to control
pathogenic fungi, as shown in several studies. For example, litter
ingestion by Lumbricus terrestris decreases attacks by Venturia
inaequalis, an ascomycete responsible for apple scab (Hirst and
Stedman, 1962). Wolfarth et al. (2011) showed that the presence of
L. terrestris decreased the incidence of fungal disease due to
Fusarium culmorum on winter wheat crops. This effect was
attributed to the burial of infected residues by the worm. The
presence of earthworms (genus Apporectodea) has been shown to
decrease attack rates for two soil-borne fungal diseases: Rhizocto-
nia bare patch, caused by Rhizoctonia solani (Stephens et al., 1993;
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Stephens and Davoren, 1997) and take-all, caused by Gaeumanno-
myces graminis var. tritici (Stephens et al., 1994). This control of
fungal pathogens by earthworms may reflect the important
contribution of microorganisms to the diet of earthworms, which
prefer fungi to bacteria (Shan et al., 2013). Moreover several studies
(e.g., Bonkowski et al., 2000) have suggested that earthworms may
feed selectively on fungi, with pathogenic fungi preferred over
non-pathogenic fungi.

We hypothesized that similar mechanisms might underlie the
biological control of eyespot, caused by O. yallundae, by the
earthworm L. terrestris. Indeed, the burial of crop residues and
the rapid infiltration of water into soil are two processes stimulated
by anecic earthworms (Bouché and Al-Addan, 1997). Moreover,
many studies have shown that earthworms have a positive effect on
plant growth (Brown et al.,1999; Scheu, 2003; Van Groenigen et al.,
2014), which might improve plant resistance to disease. We
hypothesized that these effects might also result in a lower
incidence of eyespot in the presence of earthworms. The mecha-
nisms underlying this control of parasite incidence in the presence
of earthworms may involve indirect effects due to improvements in
the nutritional status of the plant in the presence of earthworms
(Whalen and Parmelee, 2000) or direct effects on plant defense
mechanisms and the induction of induced systemic resistance
(Puga-Freitas et al., 2012b; Puga-Freitas and Blouin, 2015).

We set up a greenhouse experiment, carried out in microcosms,
in which two wheat cultivars were inoculated with eyespot in the
presence or absence of L. terrestris earthworms. The frequency and
severity of stem necrosis were recorded. We also monitored plant
growth and development by analyzing (i) the morphology of plant
above- and below-ground organs, (ii) resource allocation between
the various organs and (iii) tissue N content. We also assessed soil
C, N and P availability for the different treatments.

We addressed the following specific questions: (1) Do earth-
worms decrease the frequency and severity of the disease? (2) Do
they decrease the negative impact of the disease on wheat
biomass? (3) Are the effects of earthworms robust enough to be
observed on both cultivars?

2. Materials and methods

2.1. Experimental treatments

We used four experimental treatments for each cultivar: C:
control, without earthworms or fungus; E: earthworms (no
fungus); F: fungus (no earthworms); EF: earthworms and fungus.

The experiment was set up as a randomized block design with
three factors (earthworms, fungus and cultivar type) and eight
replicates for each of the eight treatments, for a total of
64 microcosms.

2.2. Soil, earthworms, plant material and fungal inoculum

Plastic pots (25 cm high, 9 cm in diameter) were filled with
0.8 kg of soil from the 0–30 cm surface layer of a field that had been
under maize (Zea mais) monoculture for 10 years. This plot was
chosen as the soil source because maize does not serve as a host for
eyespot; the soil from this plot was, therefore, probably free of this
pathogen. The soil was air-dried and sieved through a 2-mm mesh-
size sieve, to eliminate earthworm cocoons. The mean character-
istics of the 0-30 cm surface layer of the soil were as follows:
1.3 g cm�3 bulk density, pH KCl: 7.1, clay: 288 g kg�1, silt: 547 g kg�1,
sand: 165 g kg�1, organic C: 27.4 g kg�1, total N: 1.26 g kg�1, total
CaCO3: 85.6 g kg�1.

Anecic earthworms (L. terrestris) were purchased from Le
Thepault Fils (Montlhery, France). They were kept in soil containers
at 4 �C for two weeks. The earthworms were then purged, cleaned
and weighed. Four days after sowing, two earthworms, with a
mean fresh weight of 3.43 (�0.30) g, were added to each
microcosm. This density is commonly used in microcosm experi-
ments (e.g., Laossi et al., 2010; Sizmur et al., 2011). Earthworms
were overfed four times during the experiment, with 0.80 g of
dehydrated alfalfa, to ensure optimal growing conditions. The
same amount of alfalfa was also added, on the same dates, to the
pots of treatments without earthworms. Wheat seeds, Triticum
aestivum, from two cultivars of similar earliness, were purchased
from the seed companies Florimond Deprez (cv Soissons) and
Nickerson (cv Aubusson). Seeds were stored at 4 �C for 44 days. Five
germinated wheat seeds were introduced into each pot. Thirty
days after sowing, the number of seedlings per pot was reduced to
three. Pots were placed in a greenhouse with a 16-hour
photoperiod. The temperature thresholds applied were 10 �C
and 9 �C for activating the cooling system during the day and
night, respectively, and 16 �C and 15 �C for activating the heating
system during the day and night, respectively. During the
experiment, the temperature remained between 10 �C and 25 �C.
Microcosms were watered regularly, to keep soil water content at
about 80% of field capacity. Fertilizer (33.5% NH4NO3) was supplied
to all the microcosms at the tillering stage (0.07 g N pot�1) and at
ear formation (0.21 N pot�1), to provide plants with an amount of
nitrogen calculated from a dose commonly provided in wheat
fields (240 kg N ha�1). The experiment was terminated at flower-
ing, 119 days after sowing, on April 4th.

The eyespot inoculum was provided by GEVES (Groupe d’Etude
et de contrôle des Variétés et des Semences, Rennes, France), the
national seed evaluation agency (Angers, France), on autoclaved
infested barley grains. In the treatments with fungus (F and EF),
three crushed inoculated barley grains were placed on the soil
surface, 8, 37 and 65 days after sowing. Water was supplied during
the first five days after inoculation to favor fungus development.
For the C and E treatments, we added three non infested crushed
barley grains without fungus to each pot.

2.3. Measurements

At the end of the experiment, the frequency of necrosis was
determined as the proportion of plants with at least one necrotic
lesion. For each plant, we scored necrosis severity with a four-class
visual index, based on the proportion of the stem section destroyed
by the fungus: 0 = no attack; 1 = less than 1/3 of the stem section
destroyed, 2 = between 1/3 and 2/3 of the stem section destroyed,
3 = more than 2/3 of the stem section destroyed. If several attacks
were observed on the same plant, only the score for the most
severe necrotic lesion was noted. Plant height, total number of
tillers and leaf area index (LAI), determined with the LI
3100 planimeter (Li-Cor, USA), were measured for each of the
three plants in each microcosm.

The main stem, secondary tillers and ears were separated, oven-
dried at 80 �C for 2 days and the dry biomass was recorded. Roots
were carefully washed, cut into small pieces and passed through a
sieve column (Blouin et al., 2007a). Diameter classes displaying
similar types of variation were grouped together, resulting in two
final classes: < and >400 mm in diameter.

Oven-dried roots, leaves and shoots were pooled and nitrogen
concentrations were determined, according to the Dumas com-
bustion procedure (Houba et al., 1990).

Earthworms were recovered and weighed, and cocoons were
counted. In each pot, the total N content of 80 g oven-dried (80 �C for
72 h) soil samples was determined by a dry combustion procedure
(NFISO 13878). Organic C content wasdetermined by Anne’s method
(Anne, 1945), by colorimetry with potassium bichromate after
oxidization of the soil organic matter with sulphuric acid at 135 �C.
Soil nitrate and ammonium contents were determined by
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spectrocolorimetry, after extraction in a solution of 0.5 N KCl. The
available P content of the soil was determined by the Olsen method
(NF ISO 11,263) on 80 g soil samples air-dried for 96 h.

2.3.1. Statistical analysis
We carried out analyses of variances, assessing the effects of the

presence/absence of earthworms, presence/absence of fungal
inoculation and cultivar. We initially included all two- and
three-way interactions between these factors in the model, but
the model was then simplified: non-significant three-way
interactions were removed, and if no three-way interactions were
significant, non-significant two-way interactions were also re-
moved. Non-destructive measurements repeated on the different
individuals within each pot were not independent. A mixed model
was thus used, including a random effect of the pot. In this case, we
calculated the marginal R2 (Nakagawa et al., 2013) rather than the
standard R2. The directions of effects were determined by
parameter estimation.

We analyzed the frequency of necrosis, by applying the same
mixed model, with a binomial error. As the residuals of the model
of the visual index of necrosis severity were not normally
distributed and their variance was not uniform across treatments,
we checked the results obtained with this model by carrying out
Kruskal–Wallis tests. All statistical analyses were carried out with
R software (R Development Core Team, 2010).

3. Results

3.1. Earthworm growth and survival

We were able to recover 74% of the earthworms at the end of the
experiment and both earthworms died in only one pot. The total
biomass of earthworms increased by 41% in the microcosms from
which two individuals were recovered. Furthermore, on average,
each individual produced 2.7 cocoons during the experiment.

3.2. Eyespot incidence

The frequency and severity of eyespot necrosis were affected by
the presence of the fungus (Table 1 and Fig. 1). Our inoculation
treatment therefore had an effect on wheat. In the absence of
inoculation, the incidence of the disease was low, with almost no
contamination from naturally occurring spores of the fungus
Table 1
Analysis of the frequency of fungal disease and its severity. For disease severity, we
used a standard mixed model including the pot effect as a random effect and the F
values are displayed. For disease frequency, the same mixed model was used, but
with a binomial error. In this case z values are displayed. The directions of effects are
indicated: E, presence of earthworms; nE, absence of earthworms; F, inoculation
with fungus; nF, absence of fungus; A, cv Aubusson; S; cv Soissons. The last row
gives the marginal R2 for severity. The total number of degrees of freedom is 192. �
denotes interactions removed from the model because they were not significant.

Factor Frequency (z values) Severity (F values)

Cultivar �2.51* 14.62***

Earthworm 1.93* 8.49**

Fungus �4.59*** 55.75***

Earthworm X fungus – 14.62***

Fungus X cultivar – 10.74**

Direction of effects S > A S > A if F
nE > E nE > E if F
F > nF

R2 0.35

* P <0.05.
** P <0.01.
*** P <0.001.
(necrosis frequency below 5%, on average, for the non-inoculated
treatments).

The fungal disease was affected by the presence of earthworms
(Fig. 1 and Table 1). The frequency of necrosis after inoculation was
much lower in the presence of earthworms, decreasing from 75%
for treatment F to 42% for treatment EF treatment for Soissons, and
from 46% (F) to 14% (EF) for Aubusson (Fig. 1A). Soissons was more
frequently affected by eyespot disease than Aubusson. However,
the interaction between the presence of earthworms and cultivar
was not significant (Table 1), indicating that the decrease in disease
frequency due to the presence of earthworms (F vs. EF) was similar
for both cultivars. Furthermore the difference in necrosis
frequency between Aubusson and Soissons (F treatment for A vs
F treatment for S) was similar to the difference in necrosis
frequency induced by the presence of earthworms (F vs EF
treatments for each cultivar).

Disease severity was higher in the absence of earthworms (F)
than in their presence (EF), for both cultivars (Fig. 1B). The
interaction between earthworm and cultivar significantly affected
disease severity (Table 1). In the EF treatment, almost no disease
was observed on Aubusson plants whereas Soisson was severely
affected.

3.3. Wheat growth and resource allocation

Almost all the variables describing wheat growth differed
significantly between the two cultivars (Table 2,Fig. 2). Aubusson
plants were taller (Fig. 2 A), had a greater LAI (Fig. 2 B) and a greater
aerial biomass (Fig. 2C) than Soissons plants. By contrast, Soissons
plants produced more tillers (Fig. 2E) and reproductive tillers
(Fig. 2F) than Aubusson plants. Only root and ear biomasses did not
differ significantly between the two cultivars (Table 2).

Despite effective biological control of the fungal disease
(Table 1), neither total, overall aerial (Fig. 2C) nor root biomasses
(Fig. 2D) were affected by eyespot inoculation (Table 2). Surpris-
ingly, inoculation with the fungus affected only the aerial biomass
of the main stem, resulting in a higher biomass than was observed
in the absence of the fungus. However, significant effects were
detected for specific plant organs. Comparing all the treatments
with earthworms to all those without earthworms, we observed
taller plants, heavier main stems (23% increase) and greater ear
production in the presence of earthworms (Table 2 and Fig. 2A).
Conversely, root and tiller biomasses were greater in the absence
than in the presence of earthworms. Concomitant positive effects
on aboveground organs and negative effects on belowground
organs accounted for the lack of an effect of earthworms on total
biomass.

The allocation of biomass between the different parts of the
plant was significantly affected by the presence of earthworms
(Fig. 2 and Table 3): the shoot/root ratio, the main stem biomass/
tiller biomass and the ear biomass/total biomass ratios were higher
in the presence than in the absence of earthworms. Ear biomass
(Table 2) and main stem biomass/tiller biomass ratio (Table 3)
were higher in the presence of the fungus than in its absence.

The morphology of the root system also differed between the
two cultivars (Table 2) and was affected by the presence of
earthworms. The presence of earthworms was associated with a
lower biomass of thin roots in both cultivars, a lower biomass of
thick roots in cv Soissons plants only and a lower thin/thick root
ratio for both cultivars (statistics not shown in the table). Fungal
inoculation had no significant effect on root architecture.

3.4. Plant nitrogen content

The presence of earthworms was associated with a lower root
system N (Fig. 3A and Table 4) and a higher ear N (Fig. 3D) content.



Fig.1. Boxplot and histogram describing the effect of earthworms, fungus and wheat cultivar on the frequency and severity of necrosis. For the boxplot, medians are displayed
together with 25th and 75th quartiles. a vs. b denotes a significant difference between earthworms treatments in the presence of fungus (see Table 1); C, control without
earthworm or fungus; E, earthworms; F, fungus; EF, earthworms and fungus.

Table 2
Analysis of variance for variables describing the overall growth of wheat. F values are given, with asterisks indicating the significance of effects. The directions of effects are
indicated. E, presence of earthworms; nE, absence of earthworms; F, inoculation with fungus; nF, absence of fungus; A, cv Aubusson; S; cv Soissons. The last row gives the R2

values. When only one measurement was obtained per pot (root-based measurements), the model was based solely on fixed effects and the standard R2 is given. In these
cases, the total number of degrees of freedom is 64. When the variable was measured for each individual of each pot, the model includes a random pot effect, and the marginal
R2 is given. In these cases, the total number of degrees of freedom is 192. – denotes interactions removed from the model because they were not significant.

Variable
Factor

Height LAI Aerial
biomass

Root
biomass

Thin
roots
<

400 mm

Thick
roots
>
400 mm

Total
biomass

Tiller
number

Aerial
biomass
of the
main
stem

Aerial
biomass
of tillers

Ear biomass

Cultivar 45.20*** 42.40*** 18.51*** 2.69 15.72*** 7.64** 16.36*** 6. 20* 18.48*** 4.51* 0.29
Earthworm 13.96*** 0.15 0.08 9.14** 48.99*** 2.00 0.58 2.60 11.23** 7.54** 19.42***

Fungus 0.50 0.04 2.26 0.18 1.16 1.13 0.13 1.50 11.31** 1.02 13.34***

Earthworm � cultivar – – – – – 4.01* – – – – –

Fungus � cultivar – – – – – – – – – – 4.35*

Direction of effects A > S A > S A > S nE > E A > S A > S A > S S > A A > S A > S E > nE
E > nE nE > E nE > E in

S
E > nE nE > E F > nF (positive effect of F

increased in S)
F > nF

R2 0.49 0.18 0.09 0.21 0.38 0.12 0.28 0.05 0.49 0.06 0.43

* P < 0.05.
** P < 0.01.
*** P < 0.001.
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Fungal inoculation was associated with lower leaf (Fig. 3B) and
stem (Fig. 3C) N contents. The two cultivars differed in their
allocation of total nitrogen to the various parts of the wheat plant:
the main stem (Fig. 3C) and ear (Fig. 3D) N contents were higher for
Soissons than for Aubusson.

3.5. Soil properties

We found no difference in soil C content between treatments
(Fig. 4A and Table 5). The N and P contents of the soil were affected
by the treatments. The presence of earthworms increased total soil
N content by 8.9% (Fig. 4B) and soil nitrate content (Fig. 4C) for both
cultivars. It also increased soil P content for Aubusson only
(Fig. 4E). In the presence of earthworms, soil ammonium content
was higher for Soissons (Fig. 4D). Fungal inoculation decreased soil
total N content.

4. Discussion

4.1. Eyespot symptoms and their biological control by earthworms

Earthworm survival rate, biomass increase and cocoon produc-
tion at the end of the experiment indicated that the experimental
conditions were suitable for earthworms. In treatments without
fungal inoculation (C and E), plants had almost no symptoms, so
there was little risk of confusion between endemic and inoculated
fungus. In treatments with fungal inoculation, disease frequency
was higher for Soissons plants than for Aubusson plants. Disease
severity followed a similar pattern. Therefore, under our experi-
mental conditions, Aubusson appeared to be more resistant to
eyespot than Soissons.

The biological control of eyespot by earthworms was effective for
both cultivars. The difference in necrosis frequency between
treatments with and without earthworms was of a similar size to
the differences between the two cultivars, for both types of
treatments (with and without earthworms). Furthermore, the
difference in necrosis frequency between treatments with and
without earthworms was similar to the difference between cultivars
for the inoculated and earthworm-free treatments. As there was no
significant interaction between cultivar, fungus and earthworm, we
can assume that earthworms were equally effective as biological
control agents on both the susceptible cultivar (Soissons) and the
tolerant cultivar (Aubusson), suggesting that our results on the effect
of earthworms are not cultivar-specific and can be generalized.

Our results therefore indicate that earthworms are a potentially
effective biological control agent for eyespot. This finding differs
from those of previous studies showing a positive effect of
earthworms on the dispersal of fungal spores (Reddell and Spain,



Fig. 2. Boxplots describing the effects of earthworms, fungus and wheat cultivar on the overall growth of wheat. Medians are displayed, together with 25th and 75th quartiles.
a vs. b denotes a significant difference between earthworm treatments; + vs. � denotes a significant difference between fungus treatments; A vs. B denotes a significant
difference between cultivars. C, control without earthworm or fungus; E, earthworms; F, fungus; EF, earthworms and fungus.
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1991a,b), leading to an increase in disease incidence. Our study
deals with the tripartite interaction between the plant, the
pathogen and the living earthworms, without considering the
abundance of spores in casts, potentially accounting for this
discrepancy. The lower severity of eyespot in the presence of
earthworms may result from diverse mechanisms. Firstly, anecic
earthworms feed on crop residues (in our case crushed barley
seeds) present on the soil surface (Bouché, 1972), which they bury
into the soil. Visual observations confirmed that almost all the
seeds disappeared from the soil surface in the treatments with
earthworms, within three days of the seeds being added to the
microcosms. This burying may prevent fungal spread and plant
infection. Secondly, earthworms also modify soil porosity, thereby
limiting water stagnation (Blouin et al., 2007b; Jouquet et al.,
2008), which would otherwise favor fungal dissemination. These
two mechanisms probably account for the effect of anecic
earthworms, through limitation of the amount and mobility of
fungal inoculum at the soil surface.



Table 3
Analysis of variance for variables describing resource allocation. F values are given, with asterisks indicating the significance of the effects. The directions of the effects are
indicated. E, presence of earthworms; nE, absence of earthworms; F, inoculation with fungus; nF, absence of fungus; A, cv Aubusson; S; cv Soissons. The last row provides the
R2 values. When only one measurement was obtained per pot (root-based measurements) the model was based solely on fixed effects and the standard R2 is given. In these
cases, the total number of degrees of freedom is 64. When the variable was measured for each individual of each pot, the model includes a random pot effect, and the marginal
R2 is given. In these cases, the total number of degrees of freedom is 192. – denotes interactions removed from the model because they were not significant.

Factor Shoot/root Biomass main stem/biomass tillers Ear biomass/total biomass (main stem)

Cultivar 1.26 0.87 99.00***

Earthworm 12.58*** 7.61** 3.78*

Fungus 2.90 14.27*** 0.07
Fungus � cultivar – – –

Direction of effects E > nE E > nE S > A
F > nF E > nE

R2 0.27 0.17 0.50

* P < 0.05.
** P < 0.01.
*** P < 0.001.

Fig. 3. Boxplots describing the effects of earthworms, fungus and wheat cultivar on the nitrogen content of the different organs of wheat. Medians are displayed, together
with 25th and 75th quartiles. a vs. b denotes a significant difference between earthworm treatments; + vs. � denotes a significant difference between fungus treatments; A vs.
B denotes a significant difference between cultivars. C, control without earthworm or fungus; E, earthworms; F, fungus; EF, earthworms and fungus.
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Thirdly, fungi are an important source of food for earthworms
(Bonkowski et al., 2000; Shan et al., 2013). There is also
some evidence in favor of selective feeding, with earthworms
preferring pathogenic fungi over non-pathogenic fungi (Bonkow-
ski et al., 2000). Earthworm activities are known to modify both
the structure of microbial communities and the total abundance
of microorganisms within their casts and in the bulk soil. This
favors some micro-organisms and disadvantages others (Brown,
1995).

Finally, the lower incidence of eyespot in the presence of
earthworms may also reflect the well known positive effect of
earthworms on plant growth and health (Brown et al., 1999; Scheu,



Table 4
Analysis of variance for the nitrogen content of the various organs of wheat. F values are given, with asterisks indicating the significance of effects. The directions of the effects
are indicated. E, presence of earthworms; nE, absence of earthworms; F, inoculation with fungus; nF, absence of fungus; A, cv Aubusson; S; cv Soissons. The last row shows the
R2 values. When only one measurement was obtained per pot (root-based measurements), the model was based purely on fixed effects and the standard R2 is given. In these
cases, the total number of degrees of freedom is 64. When the variable was measured for each individual of each pot, the model includes a random pot effect, and the marginal
R2 is given. In these cases, the total number of degrees of freedom is 192.

Factor Root N content Leaf N content Stem N content Ear N content

Cultivar 1.14 2.60 6.67* 33.42***

Earthworm 13.00*** 0.11 0.00 8.22**

Fungus 0.00 6.29* 20.56*** 0.00

Direction of effects nE > E nF > F S > A S > A
nF > F E > nE

R2 0.24 0.44 0.57 0.60

* P < 0.05.
** P < 0.01.
*** P < 0.001.
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2003; Van Groenigen et al., 2014), which could prevent infection.
These mechanisms are likely toact in synergy.

4.2. Consequences for plant growth, soil nutrient availability, and N
allocation

Despite marked eyespot symptoms (see above), plant growth,
as assessed by measuring total, aerial and root biomasses,
Fig. 4. Boxplots describing the effects of earthworms, fungus and wheat cultivar on so
denotes a significant difference between earthworm treatments; + vs. � denotes a signifi
between cultivars. C, control without earthworm or fungus; E, earthworms; F, fungus;
was not significantly affected by fungal inoculation. The
experimental conditions did not seem to have favored strong
development of the fungus on wheat. A larger inoculum would
probably have resulted in a significant negative impact on plant
biomasses. Different environmental conditions (e.g., higher soil
moisture content) or experimental procedures (e.g., a different
date of fungal inoculation) might also have yielded different
results.
il properties. Medians are displayed, together with 25th and 75th quartiles. a vs. b
cant difference between fungus treatments; A vs. B denotes a significant difference

 EF, earthworms and fungus.



Table 5
Analysis of variance for soil property variables. F values are given, with asterisks
indicating the significance of effects. The directions of the effects are indicated. E,
presence of earthworms; nE, absence of earthworms; F, inoculation with fungus; nF,
absence of fungus; A, cv Aubusson; S; cv Soissons. The last row provides the
standard R2 values. The total number of degrees of freedom is 64. – denotes
interactions removed from the model because they were not significant.

Factor SOC Total N Nitrate Ammonium Phosphorus

Cultivar 0.65 3.12 2.90 0.41 5.69*

Earthworm 2.50 36.57*** 17.70*** 3.21 3.86*

Fungus 0.02 10.24** 1.80 0.01 0.22
Earthworm � cultivar – – – 4.45* 5.25*

Direction of effects E > nE E > nE E > nE in S S > A
nF > F E > nE in A

R2 0.07 0.54 0.34 0.16 0.26

* P < 0.05.
** P < 0.01.
*** P < 0.001.
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In the presence of the fungus, we observed a preferential
allocation of resources to the main stem, at the expense of
secondary tillers. This may be interpreted as a disease resistance
strategy. Indeed, it increases the likelihood of the main stem
outcompeting the fungal disease through faster growth, increasing
the chances of reproduction.

The presence of earthworms also affected the main stem
biomass, but negatively affected root biomass, with consequences
for the shoot/root ratio. The greater availability of nutrients in the
presence of earthworms, due to greater organic matter minerali-
zation, may account for the lower level of investment in root
biomass (Laossi et al., 2010; Jana et al., 2010). This lower level of
investment in root biomass would be expected to lead to a greater
investment in aerial biomass, but no such increase was observed
here. Other mechanisms, such as the modification of plant
development through the release of phytohormones by bacteria
activated by earthworms, may also be involved (Puga-Freitas et al.,
2012a).

The differences in plant morphology and resource allocation
observed in this experiment are rarely reported and often
overlooked in the literature, although an in-depth analysis of
these effects would make it easier to decipher the effects of
earthworms on plant growth. Such an analysis would also be useful
in the context of agriculture, in which the allocation of biomass to
grains in cereals is a key issue. Physiologically active molecules,
such as phytohormones, are good candidates for involvement in
the impact of soil organisms on plant development and immunity.
Earthworms are known to modify the expression of genes involved
in autolysis, enabling the plant to mobilize nutrients an energy
rapidly in response to stress, and that of genes involved in the
biosynthesis pathway of jasmonic acid, a plant hormone control-
ling defense mechanisms (Blouin et al., 2005). Indole acetic acid,
from the auxin family, also seems to be involved in the effect of
earthworms on plants: the dwarf phenotype of an auxin-transport
mutant of Arabidopsis thaliana can be converted to the wild-type
phenotype in the presence of earthworms (Puga-Freitas et al.,
2012b) with IAA-containing casts (Muscolo et al., 1998; Quaggiotti
et al., 2004). Far from being an exception, this modification of plant
immunity and development through signal molecules appears to
be a common feature of soil organisms, from microorganisms, to
the micro-, meso- and macro-fauna (Puga-Freitas and Blouin,
2015).

The lower concentration of N in plant tissues suggests that the
fungus decreased the ability of the plant to take up soil mineral
nutrients. However, the N content of the ear remained constant,
possibly due to the allocation of a large proportion of N to the
grains in response to fungal attack.
The higher soil nutrient content in the presence of earthworms
can be explained by the four inputs of alfalfa litter at the soil surface,
buried in the soil by L. terrestris. This would account for the higher N
content of ears in the presence of earthworms. This positive effect of
earthworms on plant N content has been reported in previous
studies (Eisenhauer and Scheu, 2008; Jana et al., 2010; Zhang et al.,
2010). We also found that root N content was lower in the presence
of earthworms, indicating that earthworms also influence the
translocation of N within the plant (Quaggiotti et al., 2004).

Our results suggest that earthworms favor the allocation of
carbon and nitrogen to the main tiller and the ear. This effect is
independent of the presence or absence of the fungus.

5. Conclusion

Our results show that earthworms are potentially effective
biocontrol agents for eyespot, and that their presence modifies the
functioning of the plant.

The positive effect of earthworms on plant growth and health
(Brown et al., 1999; Scheu, 2003; Van Groenigen et al., 2014) is now
well documented, and could be used in the development of
alternative pest management strategies (Blouin et al., 2005;
Senapati, 1992; Stephens and Davoren, 1995, 1997; Wurst et al.,
2008; Wurst, 2010; Yeates, 1981). However, further investigations
of the mechanisms underlying this positive effect are required, to
distinguish between the effects of earthworms on pathogens and
their direct effects on plants.

Our microcosm experiment suggests that crop growth con-
ditions and yield could be increased by promoting earthworm
populations. Even if microcosm experiments provide a precise
characterization of infection and plant development, the results
obtained can be extrapolated to the field only with extreme
caution, particularly given the high earthworm density in our
experiment. It would be very useful to test the control of disease by
earthworms through field inoculations, to confirm the value of
earthworms as biocontrol agents. Such inoculations could also
facilitate the assessment of other services or disservices delivered
by earthworms.

However, it is not an easy task to increase the size of earthworm
populations in the field. Various strategies can be adopted (Bertrand
et al., 2015), depending on the objectives of the farmer, from
strategies involving minimal human intervention (such as the
cessation of negative cultural practices, tillage or pesticide use or
increasing the amount of organic matter returned to the soil) to
strategies involving much higher levels of human intervention (use
of earthworm-engineered products, such as vermicompost or
vermicompost extracts), with intermediate techniques based on
the inoculation of fields with earthworms or the transplantation of
soil blocks (Blouin et al., 2013). Each of these techniques has been
testedinonlya fewstudies, inverydifferentagronomic contexts, so it
is not currently possible to identify the most promising techniques.
There is a need for more research bringing together researchers in
agronomy and soil ecology, to evaluate the most sustainable
practices for increasing earthworm populations in the field.
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