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Abstract Aboveground herbivory is well known to
change plant growth and defence. In contrast, eVects of soil
organisms, acting alone or in concert, on allocation patterns
are less well understood. We investigated separate and
combined eVects of the endogeic earthworm species Apor-
rectodea caliginosa and the root feeding nematode species
Pratylenchus penetrans and Meloidogyne incognita on
plant responses including growth and defence metabolite
concentrations in leaves of white mustard, Sinapis alba.
Soil biota had a strong impact on plant traits, with the
intensity varying due to species combinations. Nematode
infestation reduced shoot biomass and nitrogen concentra-
tion but only in the absence of earthworms. Earthworms
likely counteracted the negative eVects of nematodes. Infes-
tation with the migratory lesion-nematode P. penetrans
combined with earthworms led to increased root length.
Earthworm biomass increased in the presence of this species,
indicating that these nematodes increased the food resources
of earthworms—presumably dead and decaying roots.

Nitrogen-based defence compounds, i.e. glucosinolates, did
not correlate with nitrogen levels. In the presence of earth-
worms, concentrations of aromatic glucosinolates in leaves
were signiWcantly increased. In contrast, infection with
P. penetrans strongly decreased concentrations of glucosin-
olates (up to 81%). Infestation with the sedentary nematode
M. incognita induced aromatic glucosinolates by more than
50% but only when earthworms were also present. Myrosi-
nase activities, glucosinolate-hydrolysing enzymes, were
unaVected by nematodes but reduced in the presence of
earthworms. Our results document that root-feeding nema-
todes elicit systemic plant responses in defence metabolites,
with the responses varying drastically with nematode spe-
cies of diVerent functional groups. Furthermore, systemic
plant responses are also altered by decomposer animals,
such as earthworms, challenging the assumption that induc-
tion of plant responses including defence traits is restricted
to herbivores. Soil animals even interact and modulate the
individual eVects on plant growth and plant defence,
thereby likely also inXuencing shoot herbivore attack.

Keywords Multitrophic interactions · Brassicaceae · 
Glucosinolate · Myrosinase · Induction

Introduction

The phenotype of a plant is inXuenced by a number of
factors that can act either on their own or in concert. EYcient
resource capture, utilisation and allocation into growth,
maintenance, storage or defence are essential functional
traits, which determine the growth and Wtness of plants and
are prone to trade-oVs (Matyssek et al. 2005). Plant second-
ary metabolites often increase in concentration due to her-
bivory or pathogen attack, and this can be measured in both
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local and systemic tissue (Karban and Baldwin 1997;
Bezemer and van Dam 2005). Such induced defence is
thought to be cost eYcient and therefore evolutionary
beneWcial for the plant, since resources are allocated into
the production of defence compounds only in the case of
damage (Cipollini et al. 2003; Zangerl 2003). Induced
responses of plants, including changes in expression of
defensive traits, have been studied intensively in the con-
text of insect herbivory on aerial parts of plants (Bartlet
et al. 1999; Pontoppidan et al. 2005; Martin and Müller
2007). In contrast, the role of belowground animal–plant
interactions for the induction of plant responses in above-
ground tissue has attracted only little attention (but see van
der Putten et al. 2001; Bezemer and van Dam 2005). This is
surprising since roots are attacked by a variety of species,
which can induce local or systemic plant responses includ-
ing defence traits (Bezemer et al. 2003; Wurst et al. 2004;
Bezemer and van Dam 2005). In addition to herbivores,
recent evidence suggests that the production of plant sec-
ondary metabolites may also be modiWed by decomposer
invertebrates (Wurst et al. 2004, 2006), adding to the com-
plexity of factors aVecting the allocation of plant resources
to herbivore defence.

Soil animals aVect plant physiology and chemistry by a
number of mechanisms. They fundamentally alter plant
performance by changing plant nutrition and thereby likely
aVect the nutritional value of plants for herbivores. Decom-
posers recycle plant material, stimulate microbial minerali-
sation processes and increase the accessibility of nutrients
for plants (Scheu et al. 2005). Indeed, in the presence of
decomposer invertebrates the growth of shoots and roots, as
well as the concentration of nitrogen in shoots, can be
increased (Wurst and Jones 2003; Wurst et al. 2006), with
the consequence that plants in turn may become more
attractive to herbivores (Scheu et al. 1999; Poveda et al.
2005). Phytophagous nematodes, on the other hand, are
exceptional pathogens of numerous plant species and cause
dramatic changes in morphology and physiology by reduc-
ing the water and nutrient uptake of their hosts (Lambert
and Bekal 2002). These changes in the nutritional status of
the plant may also impact plant defence levels due to
changes in resource distribution and allocation.

Rhizosphere animals interact not only with plants but are
imbedded in a complex food web, and food web interac-
tions likely modify the eVects of individual taxa on plant
performance. For example, root herbivores may be con-
trolled by predators, as documented for root-feeding moth
larvae being killed by entomopathogenic nematodes (Preis-
ser and Strong 2004). Root herbivores, however, may be
killed not only by predators but also by “decomposers”. In
fact, one of the most prominent root herbivores, root-feed-
ing (and other) nematodes, have been shown to be eVectively
digested by earthworms (Yeates 1981; Ilieva-Makulec and

Makulek 2002; Waghorn et al. 2002). Further, the eVects of
root herbivores on plant performance may also be modu-
lated indirectly, e.g. by a decomposer-mediated increase in
nutrient availability (Blouin et al. 2005).

Brassicaceae have been used as model plant family to
study the eVects on induction of plant responses including
defence traits, as they are characterised by the presence of a
rather speciWc inducible defence system (Wurst et al. 2006;
Martin and Müller 2007). Species of this family contain
glucosinolates, which consist of a thioglucoside moiety
linked to a variety of amino acid-derived side chains (Hal-
kier and Gershenzon 2006). Separated from the substrate,
the enzyme myrosinase, a �-thioglucosidase, is stored in
idioblasts. Upon tissue disruption, myrosinases catalyse the
formation of glucosinolates into various hydrolysis prod-
ucts, including isothiocyanates, nitriles- and epithionitriles.
These compounds are involved in eYcient defence by
decreasing the performance of herbivores and pathogens to
the beneWt of the plant (Wittstock et al. 2003). In contrast,
glucosinolates and their hydrolysis products attract special-
ists able to circumvent the glucosinolate-myrosinase sys-
tem (Li et al. 2000; Müller and Wittstock 2005). For
example, glucosinolates and myrosinase activities were
shown to increase in Sinapis alba L. due to herbivory of
specialist sawXies and mechanical damage, whereas gener-
alist feeding induced glucosinolate concentrations only
without aVecting enzyme activities (Travers-Martin and
Müller 2007). However, no long-term eVects on plant
growth were visible between herbivore-treated and control
plants (Travers-Martin and Müller 2008). The eVects of soil
organisms on Brassicaceae have been studied only with
regard to induction of glucosinolates, nothing is known of
changes in myrosinase activities. Generally, information on
the eVects of decomposer–pathogen interactions on plant
defence is lacking.

We investigated the inXuence of decomposers and plant
pathogens acting either alone or in concert on the defence
and development of white mustard, Sinapis alba. Decom-
posers were represented by the endogeic earthworm species
Aporrectodea caliginosa (Savigny), and plant pathogens by
two parasitic plant nematodes, Meloidogyne incognita
(Kofoid & White) and Pratylenchus penetrans (Cobb).
Although there is some evidence that earthworms may also
feed on roots (Baylis et al. 1986), recent evidence suggests
that endogeic species in fact live on old carbon in soil and
function as decomposers (Albers et al. 2006; Hyodo et al.
2008). By using two functionally diVerent nematode spe-
cies, we investigated if M. incognita, a sedentary root-knot
nematode, inXuences plant development diVerently to
P. penetrans, a migratory lesion-nematode. In contrast to
the former, the latter species causes extensive root damage
and thereby may provide additional food for decomposers.
Earthworms were included to investigate whether they
123



Oecologia (2009) 160:289–298 291
counteract the detrimental eVects on plant growth by
digesting nematodes and/or by improving plant nutrition.
We expected that earthworms would, in particular, reduce
the negative eVects of the migratory nematode P. penetrans
as additional nutrients provided by the nematodes to the
earthworms, and thus to the plants, may allow the latter to
compensate for root damage. Furthermore, we intended to
prove if next-to-belowground herbivores, including decom-
posers such as earthworms, induce the production of
putative plant defence compounds in aboveground plant
compartments due to changes in plant nutritional levels,
thereby changing the disposition of plants for being
attacked by aboveground herbivores.

Materials and methods

Experimental set-up

Experimental containers (microcosms) consisted of PVC
tubes (25 cm height, 10 cm diameter) closed at the bottom
by lids. The microcosms were equipped with ceramic cup
lysimeters to allow drainage. A pump maintained a vacuum
of ¡200 to ¡500 hPa to drain the soil via a hose system. A
total of 60 microcosms were set up in a greenhouse (16 h
light, 20°C, 70% relative humidity). The microcosms were
Wlled with 1,500 g soil (fresh weight). The soil (0.074%
nitrogen; 0.7% carbon; C/N ratio 9.5) was taken from an
arable Weld close to Darmstadt (Germany); it was sieved
through a 1 cm mesh for homogenisation and to exclude
animals and larger plant residues. The soil was defaunated
by freezing at ¡60°C for 24 h, thawing for 24 h at room
temperature, followed again by 24 h freezing at ¡60°C.
Deep freezing eVectively kills most soil invertebrates with
minimum damage to microorganisms (Bruckner et al.
1995).

Seeds of S. alba var. Silenda (Kiepenkerl, Norken,
Germany) were sown in seedling trays containing unferti-
lised soil (potting medium) and placed in the greenhouse
(16 h light, 20°C, 70% relative humidity). Eight days later
seedlings with 1–2 true leaves (next to the cotyledons) were
transferred to individual microcosms. Microcosms were
redistributed randomly within the greenhouse twice a week
and watered with 25 ml distilled water daily.

The experiment was set up in a two factorial design. Fac-
tors were nematodes [without (¡N), with migratory species
(+Nm), with sedentary species (+Ns)] and earthworms
[without (¡E) and with (+E)]. Ten replicates were set up
per treatment. On day 9 of the experiment (plants with
about 1–2 true leaves), two individuals of the endogeic
earthworm species Aporrectodea caliginosa (1.1 § 0.03 g
fresh weight, full guts) were placed in half of the micro-
cosms. The earthworms had been sampled on an arable

Weld near Jena (Thüringen, Germany) and kept in a climate
chamber at 5°C in defaunated soil for at least 1 week before
the start of the experiment. The nematodes, Pratylenchus
penetrans (provided by HZPC Holland BV, The Nether-
lands) and Meloidogyne incognita (provided by the BBA,
Institute for Nematology and Vertebrate Research, Mün-
ster, Germany) were cultured on root tissue of Solanum
lycopersicum. On day 15 of the experiment, when plants
had developed about four leaves and a substantial root
mass, 6 ml of a suspension with approximately 7,800 juve-
niles of P. penetrans (Nm) was added to the respective
treatments; the next day 9,000 juveniles of M. incognita
(Ns) were added. Time constraints did not allow adding of
both nematode species on the same day.

Sampling and analyses

 In order to be able to measure eVects of nematodes with
and without earthworms on plant performance, interactions
were allowed to become established for over 2 weeks. On
day 31 of the experiment, if possible, the oldest and the
fourth youngest leaf (otherwise the next older or younger
leaf) of each plant was harvested. The leaves were cut lon-
gitudinally, weighed, frozen in liquid nitrogen and stored at
¡60°C for later analyses. This allowed both glucosinolate
and myrosinase levels from the same leaf to be analysed
(see below). Plant height was then measured and the plants
cut at ground level, weighed and dried for 48 h at 50°C.
Roots were separated from soil by washing and, while
washing, earthworms were collected, counted and weighed.
Roots were weighed, one half preserved in 4 % formalin
and the other dried for 48 h at 50°C.

Small preserved root samples were stained with acid
fuchsine and examined for nematode infection using a dis-
secting microscope (three replicates only). Root length was
measured using WinRHIZO (version 2004c, Regent Instru-
ments, Québec, Canada). Dried roots and shoots were
ground to a powder and approximately 2 mg was weighed
into tin capsules. Nitrogen and carbon content was mea-
sured by an elemental analyser (Carlo Erba EA 1108,
Milan, Italy). Acetanilide (C8H9NO, Merck, Darmstadt,
Germany) served as an internal standard.

Analysis of glucosinolates

The frozen samples of young and old leaves were freeze-
dried, weighed and ground to a powder in a mill (Type
MM301; Retsch, Haan, Germany). Glucosinolates were
extracted in 80% methanol as described in detail in Martin
and Müller (2007), adding allyl glucosinolate (Merck,
Darmstadt, Germany) as internal standard. BrieXy, gluco-
sinolates were converted to desulfoglucosinolates and ana-
lysed by HPLC analysis on a 1100 Series chromatograph
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(Hewlett-Packard, Waldbronn, Germany). Elution was
accomplished on a Supelco C-18 column (Supelcosil LC-
18, 250 £ 4.6 mm, 5 �m, Supelco, Bellefonte, PA) with a
gradient (solvent A, water; solvent B, methanol) of 0–5% B
(10 min), 5–38% B (24 min), followed by a cleaning cycle.
Peaks were quantiWed by the peak area at 229 nm (band-
width 4 nm) relative to the area of the internal standard
peak, applying the response factors used by Martin and
Müller (2007). Desulfoglucosinolates were identiWed by
comparison of retention times and UV spectra with those of
puriWed standards.

Analysis of myrosinase activity

Myrosinase extraction followed a protocol described previ-
ously (Müller and Sieling 2006; Travers-Martin et al.
2008). Frozen samples of young leaves were ground to a
powder in a mill, extracted three times in 500 �l extraction
buVer (200 mM Tris, 10 mM EDTA, pH 5.5) on ice, and
centrifuged at 10,000 g for 10 min at 4°C. Internal gluco-
sinolates were eliminated from supernatants by use of
400 �l Sephadex A-25-columns (0.1 g DEAE Sephadex
A25 welled in 2 ml 0.5 M acetic acid buVer, pH 5; Sigma
Aldrich, St. Louis, MO). Dry pellets were dissolved in the
corresponding Wltered extract solution. For determination
of the combined activity of soluble and insoluble myrosin-
ases, 150 �l of each suspension was added to four individ-
ual cells on a 96-cell microplate. In two cells, 25 �l 1.9 mM
p-OH-benzyl-glucosinolate/phosphate buVer was added as
substrate, in the other two cells, 25 �l phosphate buVer was
added as background control. Released glucose was mea-
sured by addition of 50 �l freshly mixed colour reagent,
including glucose oxidase, peroxidase, 4-aminoantipyrine,
and phenol. Glucose release was determined by measuring
the absorbance at 490 nm on a Multiskan EX (Thermo Lab-
systems, Vantaa, Finland) for 90 min (one measurement
every 2nd minute, shaking mode between measurements) at
room temperature (22–24°C). Means of the two replicate
measurements were calculated after subtraction of the mean
of the background control. A glucose standard curve was
included in each assay. The resulting enzyme kinetics were
analysed for a linear range of enzyme activity and a time-
frame of at least ten time points was used to determine
enzyme activity.

Statistical analysis

Data were analysed by two factor analysis of variance
(ANOVA) or, if necessary due to missing values, by gen-
eral linear models (GLM). Factors were nematodes (three
levels) and earthworms (two levels; see above). Some
earthworms died or escaped during the experiment; micro-
cosms of earthworm treatments in which none or only one

of the two specimens survived until the end of the experi-
ment were excluded from the analysis. DiVerences between
means were analysed using Tukey’s honestly signiWcance
diVerence tests (HSD) at P < 0.05. Before analysing indi-
vidual glucosinolates, the full complement of glucosino-
lates was analysed by repeated measures ANOVA
(rmANOVA). If necessary, data were log (x + 1) trans-
formed to improve homogeneity of variances.

Results

Earthworms

Overall, 67% of the earthworms survived until the end of
the experiment. The biomass of the surviving earthworms
(with full guts) was generally increased, but the increase
was more pronounced in the presence of nematodes
(F[2,19] = 4.72, P = 0.02), and the eVect varied between
nematode species. In the presence of P. penetrans, earth-
worm biomass increased on average by 39%, whereas in
the presence of M. incognita and in the absence of nema-
todes it increased by only 29 and 30%, respectively.

Nematodes

Nematodes successfully established in the microcosms and
infested the plants. Infestation with P. penetrans
(817 § 302 ind./g root fresh weight, mean § SD) was
stronger than that with M. incognita (214 § 80 ind./g root
fresh weight); infestation in the treatments with earthworms
were similar to those without (883 § 540 and 342 §
58 ind./g root fresh weight, for P. penetrans and M. incog-
nita, respectively).

Plant biomass

Shoot length was aVected neither by earthworms
(F[1,54] = 0.19, P = 0.66) nor by nematode infestation
(F[2,54] = 2.00, P = 0.14). Furthermore, total plant biomass
(F[1,54] = 0.19, P = 0.66), root biomass (F[1,54] < 0.01,
P = 0.98) and shoot biomass (F[1,54] = 0.60, P = 0.44,
Fig. 1a) were not aVected by earthworms. However, nema-
tode infestation signiWcantly reduced shoot biomass but
only in the absence of earthworms (on average ¡38%;
F[2,54] = 3.53, P = 0.036 for the nematode £ earthworm
interaction; Fig. 1a). In the presence of nematodes and
earthworms, root biomass was slightly, but not signiW-
cantly, increased (F[2,54] = 1.59; P = 0.21). Thus, total plant
biomass remained unaVected (F[2,54] = 0.42, P = 0.66). In
contrast, in the presence of earthworms, nematode infesta-
tion did not aVect plant biomass, suggesting that earth-
worms counteracted the negative eVect of nematodes.
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Root morphology

Root length was signiWcantly aVected by nematode infesta-
tion but the eVect depended on the presence of earthworms.
If earthworms were present, nematodes led to a root length
increased on average by 24% (F[2,49] = 5.22, P = 0.008 for
the nematode £ earthworm interaction; Fig. 1b). In con-
trast, the presence of earthworms alone reduced root length
compared to control plants. Similar results were obtained
for root surface area (data not shown).

Nitrogen concentration and C/N-ratios

Nitrogen concentration in shoots varied between 1.2 and
1.5%. It was signiWcantly aVected by nematode infestation
but the eVect depended on earthworms (F[2,54] = 4.31,
P = 0.018 for the nematode £ earthworm interaction). If
earthworms were absent, P. penetrans, and in particular
M. incognita, decreased shoot N concentration by 8 and
18%, respectively; in the presence of earthworms this
reduction disappeared (Fig. 2a).

Nitrogen concentration in roots varied between 1.4 and
1.9%. It increased signiWcantly in the presence of earth-
worms, on average by 18% (F[1,54] = 7.67, P = 0.008), but
remained unaVected by nematode infestation (Fig. 2b).

Earthworms (F[1,54] = 4.91, P = 0.03) but, in particular,
nematodes (F[2,54] = 42.68, P < 0.0001) signiWcantly aVected
the C/N ratio in shoots. The C/N ratio was strongly
decreased in the presence of nematodes, on average by 27%
(Fig. 2c). In contrast, earthworms generally increased shoot
C/N ratio by 7% thereby counteracting the eVect of nema-
tode infestation.

In contrast to shoots, root C/N ratio was not aVected by
nematode infestation and decreased signiWcantly in the
presence of earthworms, on average by 22% (F[1,54] =
10.46, P = 0.002; Fig. 2d).

Glucosinolate concentration

The major four glucosinolates in S. alba were identiWed as
p-hydroxy-benzylglucosinolate (about 90% of total), ben-
zylglucosinolate, 4-methoxy-indol-3-ylmethylglucosinolate
and indol-3-ylmethylglucosinolate. Further, four minor aro-
matic and one minor aliphatic glucosinolates were detected
but these were not identiWed further.

Earthworms signiWcantly aVected glucosinolate concen-
trations, with their impact diVering signiWcantly between
the diVerent glucosinolates but being unaVected by leaf age
(Tables 1, 2). In young and old leaves they led to a signiW-
cant increase of total (sum of all compounds, Fig. 3) and
aromatic glucosinolate concentrations, on average by 43
and 44%. In contrast, the concentration of the aliphatic
glucosinolate was signiWcantly reduced, on average by 68%
(Table 2). Concentrations of indolic glucosinolates and
benzylglucosinolate remained unaVected.

Nematode infestation signiWcantly aVected glucosinolate
concentrations, with the impact diVering between the
diVerent glucosinolates and depending on leaf age (Table 1).
In young leaves, P. penetrans infestation signiWcantly
decreased total and aromatic glucosinolates by 63%. This
eVect was even more distinct in old leaves, where P. pene-
trans infestation decreased concentrations of total and aro-
matic glucosinolates by 79 and 81%, respectively (Fig. 4a).
In the presence of earthworms, P. penetrans led to a
decrease of total glucosinolate concentrations to nearly the
same degree (Fig. 3). Further, due to P. penetrans infesta-
tion, benzylglucosinolate tended to decrease on average by
63% (F[2,54] = 2.98; P = 0.06) but only young leaves were
aVected (Fig. 4c). In old leaves, the presence of P. pene-
trans signiWcantly increased concentrations of the aliphatic
glucosinolate, on average by 49% (Fig. 4b). Concentrations
of indolic glucosinolates remained unaVected. Meloidogyne
incognita infestation led to an increase of total and aromatic
glucosinolate concentrations on average by 51 and 54%,

Fig. 1 EVects of earthworms (Aporrectodea caliginosa; E) and nem-
atode infestation [Pratylenchus penetrans (Nm) and Meloidogyne
incognita (Ns)] on (a) shoot biomass and (b) root length of Sinapis al-
ba. SigniWcant diVerences are marked with diVerent letters, P < 0.05;
Tukey’s honestly signiWcant diVerence (HSD), C control treatment.
Means + SE; N = 9
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respectively, but only if earthworms were also present
(Fig. 3).

Myrosinase activity

Myrosinase activities were measured only in young leaves.
Activity of soluble and insoluble myrosinases combined
was not aVected signiWcantly by earthworms and nematode
infestation. However, the presence of earthworms signiW-
cantly decreased myrosinase activity by 39% when both
fractions were added (total myrosinase activity; F[1,30] =
4.65; P = 0.04; Fig. 5).

Discussion

This study investigated the sole and interactive impacts of
A. caliginosa, an endogeic earthworm species, and plant
feeding nematodes, P. penetrans and M. incognita, on
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Fig. 2 EVects of earthworms (A. caliginosa; E) and nematode infesta-
tion [P. penetrans (Nm) and M. incognita (Ns)] on (a) nitrogen content
in shoots, (b) nitrogen content in roots, (c) C/N-ratio in shoots and (d)
C/N-ratio in roots of S. alba. SigniWcant diVerences are marked with
diVerent letters, P < 0.05; Tukey’s honestly signiWcant diVerence
(HSD); C control treatment. Means + SE; N = 9

Table 1 Repeated measures analysis of variance (rmANOVA)

InXuence of Aporrectodea caliginosa (E) and Nematodes (Nem) Praty-
lenchus penetrans and Meloidogyne incognita on glucosinolate con-
centration in leaves of Sinapis alba. Between-subjects-eVects
(Earthworms, Nematodes) and within-subjects-eVects (1 repeated fac-
tor: glucosinolate-groups (GS-group), 2 repeated factor: leaf age) are
listed, N = 9

* P < 0.05

Source DF F-value P-value

Between-subjects

E 1 4.05 0.0497*

Nem 2 11.62 <0.0001*

E £ Nem 2 1.62 0.2076

Within-subjects

GS-group 5 705.90 <0.0001*

GS-group £ E 5 13.35 <0.0001*

GS-group £ Nem 10 11.32 <0.0001*

GS-group £ E £ Nem 10 3.31 0.0125*

Leaf age 1 201.50 <0.0001*

Leaf age £ E 1 1.86 0.1787

Leaf age £ Nem 2 2.39 0.1022

Leaf age £ E £ Nem 2 1.53 0.2265

GS-group £ Leaf age 5 81.72 <0.0001*

GS-group £ Leaf age £ E 5 2.74 0.0499*

GS-group £ Leaf age £ Nem 10 3.05 0.0096*

GS-group £ Leaf age £ E £ Nem 10 1.42 0.2146

�
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growth and induction patterns in leaf tissue of the crucifer
S. alba. We examined if, in addition to rhizophagous spe-
cies, decomposer soil animals inXuence these traits above-
ground. The results conWrmed this assumption and revealed
highly species-speciWc eVects.

In contrast to our expectations, earthworms aVected nei-
ther root nor shoot growth of the plants. Previous studies
indicated that at least one of these parameters, often both,
increase in presence of earthworms (Scheu 2001). The less
pronounced eVect of earthworms on plant morphology as
compared to previous studies was likely due to the short
duration of the experiment. As we were focussing on the
chemical responses of plants, vigorously growing rather
than mature plants were harvested. In contrast to earth-
worms, nematodes signiWcantly decreased shoot biomass;
nevertheless, total plant biomass remained unaVected.
Wurst et al. (2006) documented a signiWcant increase in
shoot biomass of Brassica oleracea when nematodes were

present. However, high infestation with parasitic nema-
todes often reduces the water and nutrient supply of the
plant and interferes with plant development (Lambert and
Bekal 2002), as was the case in the present study. As pre-
dicted, earthworms counteracted the detrimental eVect of
nematodes. Interestingly, root length was even increased in
the combined treatment with earthworms and P. penetrans.
Potentially, root damage by P. penetrans stimulated root
regrowth and this was beneWcially aVected by increased
nutrient availability in the presence of earthworms. In fact,
the migratory feeding of P. penetrans and the high root
infestation by this species likely resulted in more pro-
nounced damage than by the sedentary and less abundant
M. incognita. Increased biomass of A. caliginosa in the
presence of P. penetrans also indicates that P. penetrans
increased the availability of resources for earthworms, most
likely in the form of dead and decaying roots.

Although earthworms did not aVect plant biomass, they
increased nitrogen concentration and the amount of
nitrogen in roots, proving that they enhanced nitrogen
availability to plants. EVects of nitrogen fertilisation on
glucosinolates have been shown to vary in Brassicaceae,
from no eVects on glucosinolate concentration (Hwang
et al. 2008) to substantial increases (Mert-Turk et al. 2008).
However, the glucosinolate concentration of individual
compounds is also Wnely tuned by the availability of other
compounds like sulphur (Kopsell et al. 2007). Thus, nitro-
gen levels and nitrogen-based defence compounds do not
necessarily correlate. Earthworms signiWcantly aVected
glucosinolate concentrations in S. alba, conWrming earlier
Wndings with another Brassicaceae, Brassica oleracea, that
earthworms can inXuence plant secondary metabolites
aboveground (Wurst et al. 2006). In both studies, earth-
worms reduced aliphatic glucosinolates and increased con-
centrations of aromatic glucosinolates signiWcantly. The
results demonstrate that earthworms diVerentially aVect
glucosinolates and that these eVects cannot simply be

Table 2 General linear models (GLM) table of F-values and P-values on the eVects of earthworms (E) and nematodes (Nem) on the glucosinolate
concentrations in leaves of S. alba young leaves and old leaves, N = 9

* P < 0.05

Treatment Total glucosinolates Aromatic glucosinolates Aliphatic glucosinolates Benzyl glucosinolates Indolic glucosinolates

F P F P F P F P F P

Young leaves

E 4.17 0.0500* 4.09 0.0487* 8.85 0.0045* 2.73 0.1047 1.12 0.2945

Nem 11.15 0.0001* 11.09 0.0001* 0.50 0.6121 2.98 0.0599 0.36 0.6995

E £ Nem 1.85 0.1677 2.03 0.1427 1.04 0.3599 0.28 0.7594 0.37 0.6905

Old leaves

E 6.86 0.0117* 7.98 0.0068* 16.51 0.0002* 1.38 0.2456 0.67 0.4172

Nem 11.81 <0.0001* 13.36 <0.0001* 5.42 0.0075* 6.65 0.0028* 1.52 0.2299

E £ Nem 3.18 0.0501* 2.79 0.0712 0.35 0.7081 0.49 0.6174 0.08 0.9187

Fig. 3 EVects of earthworms (A. caliginosa, E) and nematode infesta-
tion [P. penetrans (Nm) and M. incognita (Ns)] on concentrations of to-
tal glucosinolates in leaves of S. alba (averaged for young and old
leaves); C control treatment. Means + SE; N = 9
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explained just by increases in the amount of nitrogen
needed for glucosinolate biosynthesis.

Nematodes also inXuenced the aboveground concentra-
tions of glucosinolates in S. alba. Like earthworms, they
aVected the various glucosinolate classes diVerently. Fur-
ther, the eVect varied with nematode species. Concentra-
tions of glucosinolates decreased speciWcally, when plants
were infested with the migratory nematode P. penetrans,
whereas the eVect of the sedentary nematode M. incognita

on the glucosinolate content was less pronounced. Simi-
larly, a reduction of glucosinolate levels in shoots due to
infestation with P. penetrans was also found in B. nigra
(van Dam et al. 2005). In S. alba, induction by nematodes
was more pronounced in young leaves, which have also
constitutively much higher levels of glucosinolates. Inter-
estingly, and conforming to our hypothesis, the eVects of
nematodes on glucosinolate concentrations were altered by
earthworms. However, contrary to their eVect on nematode-
mediated changes in plant growth, which was restricted to
P. penetrans, earthworms modiWed the impact of M. incog-
nita on total and aromatic glucosinolates. The results sug-
gest that earthworms in general modulate plant defences,
presumably by altering plant nutrition.

Indolic glucosinolates in leaves were the only measured
trait that remained unaVected by both nematodes and earth-
worms. After aboveground herbivory by leaf chewers,
indole glucosinolate concentrations increased in S. alba
var. Salvo only locally (Martin and Müller 2007), but in the
cultivar Silenda, 4-methoxy-indol-3-ylmethyl glucosinolate
was also induced systemically in younger leaves (Travers-
Martin and Müller 2007). However, systemic signals might
depend on the distance between the damaged and measured
tissues, on the duration of challenge, as well as on the par-
ticular inducing species. It remains to be shown if earth-
worms and nematodes also impact on local concentrations
of the various glucosinolates in root tissue.

The results of the myrosinase analyses were unexpected.
Whereas the presence of earthworms led to an increase of
the main glucosinolate compounds in S. alba, total myrosi-
nase activity was reduced by almost 40% compared to the
control plants. Nematode infestation had no inXuence on
myrosinase activities in leaves. Martin and Müller (2007)
reported that feeding by a specialist leaf herbivore
increased both levels of glucosinolates and myrosinase

Fig. 4 EVects of nematode infestation [P. penetrans (+Nm) and M.
incognita (+Ns)] on concentrations of a aromatic glucosinolates, b ali-
phatic glucosinolates, and c benzylglucosinolate in young and old
leaves of S. alba. SigniWcant diVerences are marked with diVerent let-
ters, P < 0.05; Tukey’s honestly signiWcant diVerence (HSD).
Means + SE; N = 9
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Fig. 5 EVects of earthworms (A. caliginosa, E) and nematode infesta-
tion [P. penetrans (Nm) and M. incognita (Ns)] on total myrosinase
activity (soluble and insoluble fractions combined) in young leaves of
S. alba. Tukey’s honestly signiWcant diVerence (HSD); P < 0.05.
Means + SE; N = 5
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activity. In contrast, feeding by a generalist herbivore led
only to an increase in glucosinolates while myrosinase
activities remaining unchanged (Travers-Martin and Müller
2007). These results demonstrate that responses of the sub-
strate and the enzyme are largely uncoupled.

The ecological consequences of increased glucosinolate
and myrosinase levels in aboveground tissue on herbivores
can be rather diverse. Specialist and generalist herbivores
have been shown to respond diVerently in their acceptance
behaviour and performance, with generalists for example
feeding less on high glucosinolate lines, whereas specialists
were more aVected by high myrosinase levels (Li et al.
2000). EVects of earlier induction on subsequent herbivores
are highly species-speciWc on all levels, the inducing organ-
ism, the plant species and the responding subsequent herbi-
vore species. They range from negative eVects on the
performance of both specialist and generalists after previ-
ous herbivore induction (e.g. Poelman et al. 2008), to no
eVects on subsequent attackers (Travers-Martin and Müller
2007; Viswanathan et al. 2007) or even positive eVects on
specialists (Hopkins et al. 2009). More research is needed
to disentangle the consequences of belowground induced
responses in S. alba on the behaviour and performance of
aboveground herbivore species.

Induction of plant defence compounds so far has been
studied predominantly considering aboveground pathogens
and herbivores as inducing agents. The results of this study
support earlier Wndings (van Dam et al. 2005; Wurst et al.
2006) that by directly interacting with plants, root-feeding
nematodes alter plant defence chemistry in the shoot, but
the study also documents that the eVect of nematodes varies
with nematode species of diVerent functional groups. Fur-
ther, our results suggest that the eVect of soil animals on
plant defence is not restricted to root herbivores. Rather,
secondary metabolite production as well as enzyme activi-
ties are also aVected by decomposer animals in the rhizo-
sphere, such as earthworms, thereby changing plant quality
and nutrition. Interestingly, the two soil animal groups
studied interacted and modulated the individual eVects on
plant defence. Modulation of nematode-mediated changes
in plant defence likely was due to earthworms changing
plant nutrition. The underlying mechanisms remain largely
unknown but the results suggest a Wne-tuned cross-talk
between diVerent signaling pathways. Overall, the results
indicate that if we are to understand modiWcations of
aboveground processes by belowground biota, interactions
of rhizosphere biota and their feedbacks to plants, decom-
posers need much closer attention.
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