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Abstract One theory concerning the invasiveness of
exotic plants suggests that they exude phytotoxic
compounds that are novel in areas being invaded. For
most invasive plants, however, little is known about
the effects of their bioactive chemicals and how novel
they are in invaded areas. From a methodological
point of view, it also remains largely untested whether
phytotoxicity found in vitro translates into allelopathic
effects in more complex ecological settings. In this
study, we tested for allelopathic effects of root
exudates of the invasive plant Heracleum mante-
gazzianum (giant hogweed), its native congener Her-
acleum sphondylium (common hogweed) and two
less-related native species. We also performed chem-
ical analyses of the invader’s root exudates to identify
bioactive compounds. We found that root exudates of
H. mantegazzianum contain allelopathic compounds
which are not likely to be furanocoumarins, but other

K. Jandova (D<) - T. Cajthaml

Faculty of Science, Institute for Environmental Studies,
Charles University in Prague, Albertov 6,

128 43 Prague 2, Czech Republic

e-mail: katerina.jandova@gmail.com

K. Jandova - P. Dostal
Institute of Botany, Academy of Sciences of the Czech
Republic, 252 43 Prahonice, Czech Republic

T. Cajthaml

Institute of Microbiology, Academy of Sciences of the
Czech Republic, Videniska 1083, 142 20 Prague 4,
Czech Republic

as yet unidentified molecules. Allelopathy of the
invader detected in vitro conditions and in our garden
experiment did not, however, differ from the allelop-
athy of the native species tested. A meta-analysis of
two independent garden experiments indicated signif-
icantly negative, though similar, phytotoxic effects of
H. mantegazzianum, its native congener and Dactylis
glomerata in the absence of activated carbon. Our
study thus indicates that allelopathy by producing
unique compounds, as predicted by the novel weapons
hypothesis, is not a principal driver of the invasion
success of H. mantegazzianum.
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Introduction

Plant invasions are among the main concerns of
contemporary ecology. Numerous hypotheses have
been proposed to explain the success of plant invaders
(Catford et al. 2009). Most of these hypotheses assume
that invasive species carry certain advantages over
native species that make them successful in new areas.
The mechanisms invoked by these hypotheses include
lower enemy pressure (enemy release hypothesis—
Keane and Crawley 2002; Colautti et al. 2004; Joshi
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and Vrieling 2005), evolutionary changes (evolution
of increased competitive ability—Blossey and Notz-
gold 1995; Joshi and Vrieling 2005), alteration of the
soil microbial community to the detriment of native
species (accumulation of local pathogens hypothe-
sis—Eppinga et al. 2006) or chemical inhibition
through secondary metabolites (novel weapons
hypothesis). According to the last theory, allelopathy
may facilitate invasions of exotic plants especially if
the newcomers’ bioactive compounds affect una-
dapted native species (Callaway and Aschehoug
2000; Hierro and Callaway 2003; Callaway and
Ridenour 2004). Increasing attention has been paid
to this theory in the last decade (reviewed in Hierro
and Callaway 2003; Inderjit et al. 2008; Duke 2010).
Although several studies have shown allelopathy as a
possible mechanism facilitating plant invasions
(Hierro and Callaway 2003; Prati and Bossdorf 2004;
Cappuccino and Arnason 2006; Abhilasha et al. 2008),
the extent to which novel weapons are responsible for
the invasiveness of exotic species is still unknown.
The novel weapons hypothesis has usually been
tested by comparing an invader’s phytotoxic effects on
other plants in its native range with the effects it has on
other plant species in its invaded range (Callaway and
Aschehoug 2000). Along with biogeographical com-
parisons, it is relevant to compare the composition and
effects of secondary compounds of invaders with those
of species in the invaded range (Cappuccino and
Arnason 2006; Dostal 2011; Del Fabbro et al. 2014).
This approach (community comparison sensu Colautti
et al. 2004) is often used to estimate differences in
herbivore load between invasive and native species in
invaded communities. Similarly, it has been used to
estimate the advantage of invaders over native rela-
tives due to stronger allelopathic effects (discussed by
Inderjit et al. 2008). Some of these studies indicate that
some invaders may produce the same secondary
compounds (Cappuccino and Arnason 2006) as their
close relatives present in the invaded range and that
these compounds have the same effects (Dostal 2011;
Del Fabbro et al. 2014). This may apply to the invader
Heracleum mantegazzianum (giant hogweed), whose
congeneric species H. sphondylium (common hog-
weed) is native to Central Europe. Heracleum man-
tegazzianum is an invasive plant that is well-known for
its negative impact on the structure of native commu-
nities (Thiele and Otte 2007; Hejda et al. 2009; Dostal
etal. 2013) and because it alters the properties of entire
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ecosystems (Thiele et al. 2010; Jandova et al. 2014). It
remains unclear, however, how allelopathy contrib-
utes to the invasiveness of this species (but see Junttila
1975, 1976; Myras and Junttila 1981; Wille et al.
2013). It can be argued that if an invader does not
release compounds that have stronger phytotoxic
effects than those released by its congeners or other
less-related native species, then allelopathy through
the production of unique, novel compounds, as
predicted by the novel weapons hypothesis, is not
very likely to be a principal driver of the invader’s
invasion success.

Recently, there has been a lot of debate concerning
methodological issues in the field of allelopathy, and
examples of incongruent results have been brought up
(e.g. Bais et al. 2003, but Blair et al. 2006; Bertin et al.
2007, but Kaur et al. 2009). It is therefore necessary to
test the repeatability of allelopathic effects by
performing several independent experimental runs.
Besides, many substances and plant extracts have been
proved to be allelopathic only in vitro, and their effects
under natural conditions often remain untested. Con-
centrations of bioactive compounds released as root
exudates or aboveground biomass leachates are much
lower under natural conditions than in vitro because
they are subject to sorption on soil particles as well as
chemical and microbial decomposition (Kaur et al.
2009; Lankau 2010). To obtain sufficient proof of
allelopathy, in vitro bioassays should therefore be
accompanied by more ecologically relevant approaches
such as garden experiments.

Bioassays of plant exudates, leachates or extracts
can provide information on the bioactivity of second-
ary metabolites in mixtures. Estimation of total
phenolic content as a parameter of allelopathic
potential can then follow (Inderjit and Nilsen 2003).
Today, fractionation and chromatographic methods
coupled with mass spectrometry or nuclear magnetic
resonance are the methods of choice when attempting
to describe the composition of particular compounds
(Blair et al. 2009; Duke 2010). Separation and
identification of bioactive molecules, however,
remains a very difficult task. We can nevertheless
distinguish among ecological treatments using tech-
niques of metabolomics and by directly comparing
fingerprint chromatograms.

In this study, we tested root exudates of the invasive
plant H. mantegazzianum and of its native congener
H. sphondylium for allelopathic effects, both in vitro
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and in a garden experiment. In addition, we tested for
allelopathy in two other, less-related native species.
We also performed chemical analyses of the exudates
of H. mantegazzianum to identify bioactive com-
pounds. By doing so, we addressed the following
questions: (1) Do root exudates of H. mantegazzianum
suppress the germination or root development of
native plants in vitro? (2) Does H. mantegazzianum
have stronger allelopathic effects than its native
congener and two other less-related native species?
(3) Are the allelopathic effects also detectable
under ecologically more relevant conditions, such as
in a garden experiment? (4) What is the chemical
composition of putative allelochemicals released by
H. mantegazzianum?

Methods
Study species

In our study, we included four species that served as a
source of root exudates (Heracleum mantegazzianum,
H. sphondylium, Dactylis glomerata and Plantago
lanceolata), hereafter called root exudate species.
Heracleum mantegazzianum Sommier et Levier
(Apiaceae; giant hogweed) is a monocarpic perennial
with leaves up to 2.5 m long and flowering stems up to
5 m tall (Tiley et al. 1996). It is native to the Western
Greater Caucasus (Russia, Georgia) and has been
introduced to Europe as a garden ornamental in the
nineteenth century (Jahodova et al. 2007). Since then it
has spread to a number of European countries (Tiley
et al. 1996), Canada (Page et al. 2006) and the USA
(Kartesz and Meacham 1999). The species readily
colonizes disturbed habitats, which offer favourable
conditions for the dispersal and establishment of its
seeds, but it also invades semi-natural vegetation. It is
able to form extensive stands with negative effects on
biodiversity (Pysek and Pysek 1995; Dostal et al.
2013). The chemistry of the Apiaceae as a whole is
very complex, and H. mantegazzianum contains a
plethora of secondary metabolites (Tiley et al. 1996).
For instance, linear furanocoumarins (e.g. bergapten,
psoralen, xanthotoxin), which are present in most parts
of the plant, have been studied extensively as a
defence mechanism against herbivory (Berenbaum
1981; Hattendorf et al. 2007) and the cause of
photodermatitis in people and animals (Nielsen

1971; Molho et al. 1971; Kavli et al. 1983). Angular
furanocoumarins possess remarkable fungistatic and
antimicrobial properties and are responsible for
below-ground protection (Fischer et al. 1978; Ivie
1978). Also present are flavonoids (Harborne 1971)
and essential oils (Jain 1969).

Heracleum sphondylium L. (Apiaceae; common
hogweed) is a mainly polycarpic perennial with stems
up to 2-3 m tall. The species is widespread throughout
Europe, except in the extreme north, in much of the
Mediterranean region and on certain Atlantic and
Mediterranean islands (Sheppard 1991). It produces
flavonoids, essential oils and furanocoumarins, which
are typical of the genus Heracleum (Harborne 1971).
There are much lower amounts of linear furanocouma-
rins than angular furanocoumarins (Molho et al. 1971).

Dactylis glomerata (Poaceae; cock’s-foot) and
Plantago lanceolata (Plantaginaceae; ribwort plan-
tain) served as two less-related species releasing root
exudates. These native plants have been observed to
occur in communities invaded by H. mantegazzianum
(Dostal et al. 2013).

We examined the effects of root exudates released
by the invader H. mantegazzianum, its native congener
H. sphondylium, and two less-related native species
D. glomerata and P. lanceolata. We also used the
latter two species as assay species together with
Centaurea jacea, a grassland species, and Arabidopsis
thaliana, a widely used standard assay species.

Seeds of C. jacea, D. glomerata and P. lanceolata
came from a commercial supplier (Planta Naturalis,
Markvartice, Czech Republic), so they had no prior
experience with the invader. Seeds of A. thaliana
belonged to the Columbia-0 ecotype. Seeds and plant
material of both Heracleum species were obtained as
described below.

Root exudate collection

Root exudates of species examined for allelopathy
were collected in three independent runs during the
vegetative seasons of 2011 and 2012 (for the overall
experimental design, see Table 1). Each time, the root
exudates were obtained from an aeroponic growing
system (Amazon 32, Nutriculture, Lancashire, UK)
placed in a greenhouse with a 20°/10 °C temperature
regime at the Institute of Botany, Prihonice, Czech
Republic (322 masl; 49°99'N, 14°57'E). The collected
exudates were always stored in the dark at 4 °C.
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Table 1 Overall experimental design of the study

May 2011 Aug 2011 May 2012
Root exudate species HM + C HM, HS + C HM, HS, DG, PL + C
In vitro assay species AT?, CJ, DG, PL AT?, CJ, DG, PL AT?, CJ, DG, PL
Garden assay species - CJ, DG, PL CJ, DG, PL
Cultivation of root exudate species started from seeds seedlings seeds
In vitro bioassay + + +
Garden experiment - + +
Chemical analyses + + —

Root exudate species are H. mantegazzianum (HM), H. sphondylium (HS), D. glomerata (DG) and P. lanceolata (PL); Hoagland’s
solution was always used as a control (C). Assay species are A. thaliana (AT), C. jacea (CJ), D. glomerata (DG) and P. lanceolata

(PL)

? The assay species A. thaliana was used only in in vitro bioassays

In the first run carried out in May 2011, only H.
mantegazzianum was examined. Seeds were collected
in autumn 2010 from four different populations of the
western part of the Czech Republic (near Lazné
Kynzvart, 50°01'N, 12°38'E), mixed randomly and
stored in paper bags at room temperature. Later, they
were cold-stratified in wet sterilized sand at4 °C in the
dark for 2.5 months and then let to germinate on wet
sterilized sand in the greenhouse. After 2 weeks of
growth, the seedlings were transplanted into 50-mm
mesh pots filled with 1-cm® rockwool cubes (Grodan,
Roermond, the Netherlands) and placed in a green-
house on trays with a 0.125-strength Hoagland solu-
tion (Hoagland and Arnon 1950). After another
3 weeks, 32 randomly chosen seedlings were trans-
ferred to an aeroponic growing system and grown in a
0.5-strength Hoagland solution for 1 month. Finally,
the Hoagland solution enriched with root exudates
(10 L per system) was collected.

In the second run carried out in August 2011, both
H. mantegazzianum and H. sphondylium were used as
root exudate species. Despite the three-month-long
cold stratification, the seeds of H. sphondylium did not
start to germinate, so seedlings of both species dug out
in three different populations (again from near Lazné
Kynzvart) were used instead. The seedlings were
thoroughly washed in water, dipped in 10 % bleach for
30 min to assure sterilization and then placed in
50-mm mesh pots filled with 1-cm® rockwool cubes.
Thirty-two randomly chosen seedlings of each species
were transferred to separate aeroponic systems—two
per species, four in total. The plants were grown and
treated as in the first run.
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In the third run carried out in May 2012, both H.
mantegazzianum and H. sphondylium were examined
together with two native species, D. glomerata and P.
lanceolata. Seeds of H. mantegazzianum were col-
lected in autumn 2011 from three different populations
near Lazné Kynzvart, Czech Republic, and handled as
in the first run. Seeds of H. sphondylium were
collected in autumn 2009 near Dobii§ (49°47'N,
14°11'E), Czech Republic, and in autumn 2011 near
Koniz bei Bern (49°55'N, 7°24'E), Switzerland, and
then mixed and stored in paper bags at room temper-
ature. Randomly selected seeds were sown into pots
with a mixture of sterilized garden soil and sterilized
sand in the ratio 2:1. These were left in the garden over
winter to ensure cold stratification. After this 4-month-
long-cold stratification, the pots were moved to the
greenhouse and the seeds germinated. Seeds of D.
glomerata and P. lanceolata were allowed to germi-
nate on wet sterilized sand without any additional
treatment in the greenhouse. After 2 weeks of growth,
the seedlings were washed with water, transplanted
into 50-mm mesh pots filled with 1-cm® rockwool
cubes and placed in the greenhouse on trays with a
0.125-strength Hoagland solution. After another
3 weeks, 32 randomly chosen seedlings of each
species were transferred to separate aeroponic sys-
tems—two per species, eight in total. The plants were
grown and treated as described above.

In vitro bioassays

Allelopathic effects of root exudate species were
examined in three independent in vitro bioassays on
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seeds of assay species C. jacea, D. glomerata, P.
lanceolata and A. thaliana (for the overall experi-
mental design, see Table 1). A 0.5-strength Hoagland
solution was used as a control. Petri dishes (6 cm
diameter) were fitted with sheets of qualitative filter
paper (Papirna Perstejn, Czech Republic). For each
assay species, ten seeds per dish were placed onto the
paper, wetted with the examined or control solution
and placed in a chamber with a 25°/10 °C temperature
and 12-h/12-h light and dark regime. The number of
germinants was thereafter recorded twice a week; each
time the respective solution was added to keep the
filter paper wet. The bioassay was terminated when no
increase in the number of germinating plants was
observed for at least 1 week. This took 2 weeks for A.
thaliana and a month for the other native species.
Finally, fresh root lengths of three largest seedlings per
dish were determined (for A. thaliana under an
OLYMPUS SZX12 microscope). Bioassays always
started immediately after exudates were collected, and
each treatment had six replications in the first run, and
five replications in the second and third run.

Garden experiments

Allelopathic effects of root exudate species were
assayed in two independent garden experiments using
the seeds of assay species C. jacea, D. glomerata and
P. lanceolata (for the overall experimental design, see
Table 1). Both experiments were carried out in the
experimental garden of the Institute of Botany,
Prihonice, Czech Republic. The experiments involved
treatments with root exudates, a 0.5-strength Hoagland
solution being used as a control, soil microbiota
treatments (added vs. sterilized) and activated carbon
treatments (with vs. without). The treatments were
fully crossed. First, 1-L pots were filled with a mixture
of sterilized soil and sterilized sand in the ratio 2:3.
The activated carbon treatment consisted of an
addition of 20 mL of finely ground activated carbon
powder (particle size <0.075 mm; Resorbent Ostrava,
Czech Republic) per litre of the soil-sand mixture
prior to filling the pots. The activated carbon was used
because it is documented to have a high affinity for
organic compounds, such as potentially toxic or
allelopathic chemicals (Callaway and Aschehoug
2000, Inderjit and Nilsen 2003). Allelopathic effects
are also documented to be modified by the presence of
a living soil microbiota (e.g. Lankau 2010). Therefore,

1 month prior the start of the experiment, half of the
pots were inoculated with a soil suspension (100 mL
per pot). Soil from a semi-natural grassland habitat
adjacent to the experimental garden in Prdhonice,
Czech Republic, was used to prepare the suspension
(100 g soil per litre of water). Secondly, 10 seeds of
the respective assay species were sown per pot. The
pots were then randomly placed in beds covered with
geotextile in the garden and shaded with 30 % shade
cloth. The plants were watered regularly with tap
water, and 50 mL of root exudates or control solution
per a pot were added weekly for 6 weeks in total. The
number of germinants was recorded twice a week. The
plants were harvested after 2 months. Finally, the total
biomass in each pot was dried (70 °C for 48 h) and
weighed. There were four replicates for each treatment
combination.

The first run was carried out between 31 August and
17 October 2011 and consisted of 144 pots in total (two
different root exudates plus the control x three assay
species x two soil microbiota treatments x two acti-
vated carbon treatments x four replications). The
second run was carried out between 23 May and 16
July 2012 and consisted of 240 pots in total (addition of
four different exudates plus control x three assay
species X two soil microbiota treatments X two acti-
vated carbon treatments x four replications).

Chemical analyses of root exudates

We analysed root exudates of H. mantegazzianum
plants used for the May 2011 and August 2011
bioassay. First, we checked for the presence of
furanocoumarins, as they are typical of the Apiaceae
family. We selected the standards bergapten and
xanthotoxin because several studies have proved their
presence in tissues of H. mantegazzianum (Tiley et al.
1996; Berenbaum 1981; Herde 2005; Hattendorf et al.
2007). Root exudates were filtered through a 390
Munktell quantitative filter paper, then extracted using
SupelSelect HLB SPE 200 mg 6 mL tubes (Sigma
Aldrich, USA), which were selected according to the
method used in Abhilasha et al. (2008), and later on
tested for extraction efficiency of compounds of
interest (bergapten and xanthotoxin) using a spectro-
photometer (UNICAM UV/VIS UV4). The column
was conditioned twice with 6 mL of methanol,
equilibrated with 6 mL of water, then the sample
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was loaded, washed with 6 mL of water, and the
absorbed substances were eluted with 6 mL of meth-
anol. The eluent was evaporated under nitrogen flow to
2 mL, after which 1 mL was taken for further LC
analyses into a new vial. The other half was evapo-
rated to dryness before being fully redissolved in 1 mL
of ethyl acetate in an ultrasonic bath for 1 h for further
GC analyses. Prior to the analyses, all samples were
filtered through 0.2-um nylon filters (Costar, USA) in
a centrifuge (10 min, 5,000 rpm). Initially, 500 mL of
root exudates from the first collection (May 2011)
were extracted; however, in order to improve analyt-
ical responses, the volume was increased to 1,600 mL
in the second run (August 2011). The Hoagland
solution was processed in the same manner and used as
a control. Commercial standards of bergapten
(Aldrich) and xanthotoxin (Fluka) were directly
dissolved in methanol or ethyl acetate.

One pL of the sample was injected into a GC-MS
device (Varian 3400, ITS-40, Finnigan) equipped with
a split/splitless injector. An HP-5 column was used for
separation (30 m, 0.25 mm L.D., 0.25-um film thick-
ness). The temperature programme started at 60 °C
and was held for 1 min in splitless mode. After 1 min,
the splitter was opened, and the oven was heated to
100 °C at the rate of 25 °C/min, then increased to
135 °Cat 1 °C/min and finally to 240 °C at 10 °C/min.
The injector temperature was 240 °C, and helium
flowing 1 mL/min was used as the carrier gas. The
solvent delay time was set to 5 min. The transfer line
temperature was set to 280 °C. Mass spectra were
recorded at 1 scan/s under electron impact at 70 eV,
mass range 50-450 amu. The data were processed
using Varian MS Work Station version 691. Peaks of
bergapten and xanthotoxin were monitored using their
specific even ion m/z 216.

The sample was then analysed using an Acquity
UPLC system with a LCT premier XE time-of-flight
mass spectrometer (Waters) with the LC Column
Acquity UPLC BEH Shield RP18 (50 mm x 2.1 mm
LD., particle size 1.7 um, Waters) using a two-compo-
nent mobile phase. The mobile phases A and B consisted
of 0.1 % HCOOH in water and 0.1 % HCOOH in
acetonitrile, respectively. The analyses were performed
under a linear gradient programme (min/ %B) 0/5,
1.5/5, 15/70 followed by a 1.0-min column clean-up
(100 % B) and a 1 min equilibration time (5 % B). The
total analysis time was 18 min. The column temperature
was set to 40 °C, flow rate to 0.4 mL/min, and the
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injection volume was 5 pL. The mass spectrometer
operated in the “W” mode with capillary voltage set at
42800 or —2500 V, cone voltage 440 or —40 V,
desolvation gas temperature, 350 °C; ion source block
temperature, 120 °C; cone gas flow, 50 L/h; desolvation
gas flow, 800 L/h; ion guide 1 and 2 RFs, 200 and 400 V,
respectively; hexapole RF, 150 V. The signal was
acquired with a scan time of 0.1 s; interscan delay was
0.01 s (0.1 s for lock spray and voltage switch). Mass
accuracy was kept below 5 ppm using lock spray
technology with leucine enkephalin as the reference
compound (2 ng/uL, 5 pL/min). The UV/visible detec-
tion was carried out from 194 to 700 nm. The data were
processed using MassLynx V4.1 software (Waters).

To evaluate the data, we monitored the peaks of
bergapten and xanthotoxin using their specific even
ion m/z 216 in the GC-MS chromatograms. We also
searched for psoralen, bergapten, imperatorin, petros-
elinic acid, their glucosyl- and also glucosyloxy
derivatives in both ionization modes using the masses
calculated by MassLynx software based on respective
molecular formulae in the UHPLC-TOF-MS chro-
matograms. In addition, we compared UHPLC-TOF-
MS chromatograms of root exudates and the Hoagland
solution that served as the control in both ionization
modes and searched for compounds present only in the
exudate samples. The molecular formulae of these
compounds within the error range were calculated by
MassLynx software based on accurate mass and
isotopic pattern recognition. Each suggested molecu-
lar formula was matched with putative structures using
the Reaxys (Reaxys database 2014) and KNapSAcK
(KNapSAcK 2014) databases.

Statistical analyses

First, the analyses were performed separately for each
run. In vitro bioassay responses of C. jacea, D.
glomerata and P. lanceolata were analysed together
and that of A. thaliana was analysed separately. In the
analysis of the number of germinated seeds, binomial
models were fitted and subsequently substituted by
quasibinomial models to avoid problems with over-
dispersion (Crawley 2007). Components of the model
were exudates in the case of A. thaliana and exudates,
assay species and their interaction in the case of the
other native assay species. When necessary, signifi-
cant effects were further examined by treatment
contrasts. Root length (entered as a mean of the three



Searching for Heracleum mantegazzianum allelopathy

993

largest seedlings per Petri dish) was analysed by a one-
way ANOVA inthe case of A. thaliana. In the case of the
other native assay species, it was analysed by a two-way
ANOVA with the model components exudates, assay
species and their interaction. Post hoc comparisons
(Tukey contrasts) were applied to examine signif-
icant effects. In addition, the responses of C. jacea,
D. glomerata and P. lanceolata were analysed together
with the only component of the model being exudates to
evaluate the general impact of root exudates.

Germination in the garden experiment was analysed
using quasibinomial models, biomass using linear
models. Initially, a full model including all components
(exudates, assay species, soil microbiota, activated
carbon) and their interactions was constructed. Non-
significant components were then removed to obtain the
minimum adequate model. When necessary, significant
effects were further examined by treatment contrasts.

Secondly, we carried out a within-study meta-
analysis to obtain a summary effect of root exudate
species across different experimental runs. We
expressed effect size as the standardized mean differ-
ence (Hedge’s g):

— (71— 3 Xexudates - _control
& 4df — 1 Swithin

where df is the degrees of freedom used to estimate
Swithin (i.e. the within-groups standard deviation,
pooled across groups), which for two independent
groups is n; 4+ n, — 2 (Borenstein et al. 2009).
Xexudates and Xeongol are means of response variables
of plants in Petri dishes or garden pots with added
exudates and Hoagland solution, respectively. For
in vitro bioassays, the response variable was a product
of the number of germinated seeds and of the mean of
root lengths of three largest seedlings per a Petri dish.
A summary effect was calculated separately for each
root exudate species (e.g. a summary effect for H.
mantegazzianum included runs performed in May
2011, August 2011 and May 2012) and was obtained
separately for the assay species A. thaliana and for the
other native assay species. For garden experiments,
harvested biomass was used as the response variable.
Effect sizes were calculated separately for pots with
and without addition of activated carbon, and for pots
with sterile and non-sterile soil.

Prior to the analyses, all dependent variables
were inspected and, if necessary, data were log- or

square-root-transformed to meet the assumptions of
homoscedasticity and normality of residuals. We used
R 2.14.0 (R Development Core Team 2011) to carry
out the ANOVA, linear models, generalized linear
models and within-study meta-analysis (metafor
package; Viechtbauer 2010).

Results
In vitro bioassays

We found a strong allelopathic effect of H. mante-
gazzianum root exudates in the May 2011 in vitro
bioassay (Table 2). The effect of H. mantegazzianum
exudates on the germination of C. jacea, D. glomerata
and P. lanceolata was strongly negative (F = 16.03;
P < 0.001) and species-specific (F = 8.25; P < 0.01;
Table 2). The effect of the invader’s exudates on the
root length of C. jacea, D. glomerata and P. lanceolata
was also significantly negative (F = 211.977;
P < 0.001); however, this effect was not species-
specific (F = 2.345; NS; Table 2). Only two out of
sixty seeds of A. thaliana germinated upon the
addition of H. mantegazzianum root exudates
(F = 143.73; P < 0.001), and no roots developed at
all (Fig. 2).

During the second run, in the August 2011 in vitro
bioassay, we observed no effect of H. mantegazzianum
(Table 2; Figs. 1, 2). On the other hand, H. sphondy-
lium exudates significantly stimulated the root length
of A. thaliana (F = 6.543; P < 0.05). In this bioassay,
the responses of native plants were not species-specific
(Table 2).

During the third run, in the May 2012 in vitro
bioassay, none of the root exudates affected the
number of germinants or the root length of A. thaliana
(Table 2; Fig. 2). The number of germinants and the
root length of native species was also unaffected by the
root exudates of H. mantegazzianum (Fig. 1). The
number of germinants of native species was, however,
stimulated by H. sphondylium, D. glomerata and P.
lanceolata (F = 6.01; P < 0.001; Fig. 1). All these
effects were species-specific (Table 2).

The summary effect sizes did not indicate signif-
icant allelopathic effects of any exudate species
included in the experiment. This result was found
regardless whether A. thaliana or all three native
species were considered as assay species (Fig. 3).
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Table 2 Effects of root exudates, assay species and their
interaction on the response parameters of native assay species
(C. jacea, D. glomerata and P. lanceolata) and effects of root

exudates on the response parameters of A. thaliana throughout
the three independent in vitro bioassays (May 2011, August
2011, May 2012)

May 2011 August 2011 May 2012
Germinated seeds Root length Germinated seeds Root length Germinated seeds Root length
Native assay species
Exudates 16.03™" 2119777 0.99™ 2.253N8 6.01"" 7.648""
Assay species 15.02°" 0.690™  30.41"" 131797 74.82"" 19.439™"
Exudates x assay species 8.25"" 2.345N8 0.80"S 0.687NS 265 3.412"
Assay species A. thaliana
Exudates 143.73™ - 3.25N8 6.543" 2.26™8 2.858N

The number of germinated seeds was analysed using analysis of deviance, root length using analysis of variance. F values and levels
of significance (NS non-significant, * P < 0.05, ** P < 0.01, *** P < 0.001) are given

# No roots developed at all
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Fig. 1 Native assay species (C. jacea, D. glomerata and P.
lanceolata) responses to root exudates of invasive (HM) and
native (HS, DG, PL) plant species in three independent in vitro
bioassays (May 2011, August 2011, May 2012). Mean + SE of
the number of germinated seeds and of root length are displayed.
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Root exudate species

Root exudate species

Columns marked by the same letter are not significantly
different (P < 0.05). C stands for control (Hoagland solution),
HM for H. mantegazzianum, HS for H. sphondylium, DG for D.
glomerata and PL for P. lanceolata (root exudate species)
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Fig. 2 Responses of A. thaliana to root exudates of invasive
(HM) and native (HS, DG, PL) plant species in the three
independent in vitro bioassays (May 2011, August 2011, May
2012). Mean + SE of the number of germinated seeds and of
root length are displayed. Columns marked by the same letter

Garden experiments

The number of germinated seeds and the biomass of
assay species were not affected by root exudate
species in the garden experiment carried out in 2011
(Table 3). Only Dactylis glomerata biomass was
significantly suppressed by the root exudates of both
the invasive H. mantegazzianum and the native H.
sphondylium in sterile soil (F = 2.95; P = 0.023);
however, this effect diminished in non-sterile soil
(Fig. 4a). Otherwise, we observed only differences in
growth among our assay species, and P. lanceolata
biomass was stimulated by the addition of activated
carbon regardless of the root exudate treatment.

In the garden experiment of 2012, the number of
germinated seeds was not affected by any of the root
exudate species (Table 3). The addition of activated
carbon, however, suppressed the germination of native

Root exudate species

Root exudate species

are not significantly different (P < 0.05). C stands for control
(Hoagland solution), HM for H. mantegazzianum, HS for H.
sphondylium, DG for D. glomerata and PL for P. lanceolata
(root exudate species)

species regardless of the root exudate treatment
(F = 4.43; P = 0.036). Neither the exudates of inva-
sive H. mantegazzianum nor those of native H.
sphondylium had any effect on the biomass of the
assay species. Exudates of D. glomerata nevertheless
did suppress the biomass of C. jacea in soil without
activated carbon (F' = 2.70; P = 0.004); however, the
addition of activated carbon inverted the effect
(Fig. 4b). Moreover, P. lanceolata exudates signifi-
cantly negatively affected the biomass of the species
itself (F = 5.72; P < 0.001). Furthermore, activated
carbon addition stimulated the biomass of D. glomer-
ata and P. lanceolata regardless of the exudate
treatment (F = 11.71; P < 0.001).

Overall, there was a significantly negative effect of
root exudates of H. mantegazzianum and of two out of
three native species in the absence of activated carbon.
An additional test, however, did not prove the invader
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6 A thali . : Table 3 Overview of minimum adequate models showing
. thaliana Native species .. .. .
- significant effects explaining the number of germinated seeds
31 and biomass of assay species in garden experiments of 2011
Qo 1 and 2012
g 0 t+——q-——%F——--- ——————{—— ———e——t-—-
= } A{ F-value P value R?
[}
o -3
§ 1 Garden experiment 2011
% ] Number of germinated seeds
g 9 1 Assay species 54.55 <0.001 0.4050
12 Biomass
i L Exudates 142 025  0.0058
15 . L ! : . L . . . Assay species 166.59 <0.001 0.6788
HM HS DG PL HM HS DG PL Soil microbiota 140 024 0.0029
Root exudate species Activated carbon 707 0009 00144
Fig. 3 Means and 95 % confidence intervals of parameter ExudaFes x assay ) 295 0.023  0.0241
estimates (standardized mean difference) of in vitro bioassays. species x soil microbiota
Negative values indicate lower values of the response variables Garden experiment 2012
(a product of the number of germinated s.eec.ls and mean root Number of germinated seeds
lengths of three largest seedlings per Petri dish) when treated .
with respective root exudates (HM, HS, DG, PL) than when Assay species 110.97  <0.001 04579
treated with Hoagland’s solution used as a control. Effect sizes Activated carbon 4.43 0.036  0.0091
are calculated separately for A. thaliana and for the native Biomass
species. None of the mean effect sizes significantly (P < 0.05)
differed from zero (indicated by the dotted line). HM stands for Exudates ) 3.62 0.007 00238
H. mantegazzianum, HS for H. sphondylium, DG for D. Assay species 14524  <0.001 0.4782
glomerata and PL for P. lanceolata (root exudate species) Activated carbon 11.71  <0.001 0.0193
Exudates x assay species 5.72 <0.001 0.0754
Exudates x assay 2.70 0.004 0.0388

to have stronger phytotoxic effects than the natives (z-
value = —0.046; P = 0.963). After addition of acti-
vated carbon, the negative effects of all exudate
species disappeared (Fig. 5a). Furthermore, the sum-
mary effect sizes did not indicate significant allelo-
pathic effects of any of the exudate species whether or
not the assay species were grown in non-sterile soil
(Fig. 5b).

Chemical analyses of root exudates

The peaks of bergapten and xanthotoxin that were
monitored using their specific even ion m/z 216 in the
GC-MS chromatograms were not detected in the root
exudates, although the detection limit of the whole
method based on analysis of standards was about
20 ng/L. Accordingly, the monoisotopic weights of
psoralen, bergapten, imperatorin, petroselinic acid,
their glucosyl and also glucosyloxy derivatives in both
ionization modes in the UHPLC-TOF-MS chromato-
grams were not present either. The compounds that
were present only in the exudate samples from the
collection used for the May 2011 bioassay and not in
the control (Fig. 6) are listed in Table 4. The root
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species x activated carbon

The effects were selected out of the components exudates,
assay species, soil microbiota, activated carbon and their
interactions

The number of germinated seeds was analysed using analysis
of deviance, root length using analysis of variance

exudates from the collection used for the August 2011
bioassay showed very little difference from the
control, and we failed to detect any ions in the
exudates which would not be present in the control.
The UHPLC-TOF-MS peak annotation process that
included molecular adduct identification, molecular
formula calculation and database matching has not
allowed a full identification of compounds of interest;
however, the molecular formulae within the error
range were calculated based on accurate mass and
isotopic pattern recognition in both ionization modes
(calculations based only on one ionization mode are
marked; Table 4). The database search has not
revealed any compound previously reported from
any Heracleum species. Nevertheless, compounds
C17H2604 and C27H3605 were reported in species
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Figd Effects of root exudates, the soil microbiota and activated
carbon on biomass of assay species in garden experiments.
Mean &+ SE are displayed. C stands for control (Hoagland
solution), HM for H. mantegazzianum, HS for H. sphondylium,
DG for D. glomerata and PL for P. lanceolata (root exudate

from the Apiaceae family as derivatives of sesquiter-
penes daucanes. Compound C17H2604 was reported
either as siol acetate in Sium latifolium (Casinovi et al.
1983) and S. latijugum (Pandita et al. 1984) or as
11-(acetyltorilolone in Daucus carota (Yi et al.
2009), whereas compound C27H3605 may represent
a trisubstituted daucane with angeloyloxy and ben-
zoyloxy moiety that has been reported from Ferula
communis (Miski and Mabry 1985). More research is
needed to assign bioactivity to these compounds and to
clarify their structure.

Discussion

In this study, we have demonstrated that root exudates
of H. mantegazzianum are able to exert phytotoxic
effects. These effects were detected not only in in vitro
but also under garden conditions as confirmed by a
meta-analytical approach. However, phytotoxicity
was not consistently found across all experimental
runs, and this large variation resulted in a non-
significant summary effect of in vitro experiments. In
some cases of garden experiment, the effects were
manifested in the absence of living soil microbiota

C. jacea biomass in 2012

25

B O AC-
B AC+

1.5

ac ac

Biomass ()

1.0

0.5

0.0

¢ HM HS DG PL
Root exudate species

species). a D. glomerata biomass was inhibited by root exudates
of Heracleum species in 2011 in sterile soil, but not in non-
sterile soil. b C. jacea biomass was inhibited by root exudates of
D. glomerata in 2012 and activated carbon obviated the effect

only. Therefore, it remains unclear to what extent are
competitive interactions of H. mantegazzianum with
native species determined by allelopathy.

The identity of the compounds involved in allelop-
athy of the invader remains unknown, but we can rule
out the furanocoumarins. Furanocoumarins had previ-
ously been indicated as possible agents responsible for
allelopathy (Baskin et al. 1967; Macias et al. 1993;
Garcia et al. 2002). Junttila (1976), who studied
inhibitory effects of a seed extract of H. laciniatum,
reported three bioactive fractions including fur-
anocoumarins to suppress germination of assay species
although other unknown compounds were also
involved. In the highly phytotoxic exudates used for
the May 2011 bioassay, we found compounds that were
not previously reported from a Heracleum species;
some of them, however, possibly represent sesquiter-
pene derivatives related to daucanes, which have been
reported from different species of the Apiaceae family
(Casinovi et al. 1983; Pandita et al. 1984; Miski and
Mabry 1985; Yi et al. 2009). As we do not know the
identity of the phytotoxic compounds released by the
invader, we cannot say whether they are novel and
unique in invaded communities, as the novel weapons
hypothesis predicts (Callaway and Aschehoug 2000;
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Fig. 5 Means and 95 % confidence intervals of parameter
estimates (standardized mean difference) of garden experi-
ments. Negative values indicate lower values of the response
variables (biomass of assay species) when treated with
respective root exudates (HM, HS, DG, PL) than when treated
with Hoagland solution used as a control. Effect sizes are
calculated separately for pots with and without addition of
activated carbon (a) and for pots with sterile and non-sterile soil
(b). Effect sizes significantly (P < 0.05) differed from zero
(indicated by the dotted line) for all root exudate species but
Plantago lanceolata in the absence of activated carbon (in a).
HM stands for H. mantegazzianum, HS for H. sphondylium, DG
for D. glomerata and PL for P. lanceolata (root exudate species)

Hierro and Callaway 2003; Callaway and Ridenour
2004). A further investigation is thus needed to prove
the phytotoxicity of the candidate compounds and
reveal their chemical identity.

Regardless whether bioactive compounds of the
invader differ from allelopathic compounds of native
species, they all had a significantly negative effect on
the performance of assay species used in the garden
experiment. Importantly, the allelopathy of the
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invader did not differ from the allelopathy of its
native congener or from that of less-related native
species. Although Cappuccino and Arnason (2006)
found that some invasive plants are phytochemically
unique in their new habitats based on a survey of the
literature, Lind and Parker (2010) found no difference
in generalist insect herbivore preference between 19
invasive and 21 co-occurring native plant species.
However, there is no such study of a similar scale in
the field of plant—plant interactions. Allelopathy is
mostly studied in invasive plants, so we lack infor-
mation about allelopathy in native species in their
native ranges. Our results nevertheless corroborate
those of Del Fabbro et al. (2014) who investigated the
effect of three invasive species on germination of
native species in a field study and found that invasive
species do not suppress seed germination of native
species more than species from native plant commu-
nities. Overall, we assume that mechanisms other than
allelopathy through the production of unique com-
pounds, as predicted by the novel weapons hypothesis
(Callaway and Aschehoug 2000; Hierro and Callaway
2003; Callaway and Ridenour 2004), are more likely
to explain the invasion success of H. mantegazzianum.

The rapid spread (Pergl et al. 2011) and strong
impact of H. mantegazzianum on invaded communities
(Jandova et al. 2014) can stem not only from different
properties of the invader, but also from attributes of
invaded areas. The species has an enormous reproduc-
tive capacity. It can produce 20,000 seeds per individual
on average (Perglova et al. 2006). Seeds then play an
important role in long-distance dispersal, being an
important component of population dynamics of inva-
sive species (Pergl etal. 2011). Moreover, Jandova et al.
(2014) showed that H. mantegazzianum considerably
alters the amount of light available to native species by
reducing photosynthetically active radiation and red/
far-red ratio in stands it invades. The decreased light
levels correlated with observed decreases in native
species richness. Moreover, Miillerova et al. (2005)
identified the lack of appropriate landscape manage-
ment associated with disturbances and favourable
climatic conditions as the probable reasons for the
rapid spread of the species. All these factors, together
with allelopathy found in this study, can contribute to
the vast invasiveness of H. mantegazzianum.

Several experimental caveats should be borne in
mind when drawing conclusions based on results of
our study. Firstly, we only used the polar fraction of
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against retention time) obtained in (a) ESI + positive and
(b) ESI — negative ionization mode of a methanol extract from
H. mantegazzianum root exudates used for the May 2011

exudates. Since the solvent present in the root environ-
ment is the soil solution that is very close to water and
also of high polarity, we decided to study exclusively
the polar fraction of root exudates. It may be true that if
we had included the non-polar fraction by employing
some organic solvent, we would have found out more
metabolites; however, these would not necessarily be
ecologically relevant for our study. Secondly, we
bioassayed the root exudates at only one concentration
(that resulting from the collection of material from our
growing systems). We therefore do not know whether
and how different concentrations would affect our
findings. However, our objective was not to estimate
the amount of root exudates produced or to estimate the
proportion of bioactive compounds present. Finally, our
results could have been influenced by using a soil

bioassay. The numbers by the peaks indicate retention times.
The numbers in boxes indicate compounds that were present
only in exudates and not in the control; their molecular weights
and tentative molecular formulae are given in Table 4

microbiota from a single source in the garden exper-
iment. Nonetheless, it is unlikely that using a soil
microbiota from multiple sources would significantly
affect our conclusions. Dostal et al. (2013) searched for
allelopathic effects of hogweed seedlings cultivated in
soil from 20 different sites, including both invaded and
uninvaded ones. They failed to prove phytotoxity of
hogweed plants, irrespective of the soil origin.

On the other hand, our study provides a compre-
hensive and repeated test of the novel weapons
hypothesis on the example of one of the worst invasive
species in Europe. We performed a series of experi-
ments both in vitro and in the garden. In our garden
experiments, we considered several factors which had
previously been found to modify phytotoxic effects,
such as activated carbon and a living soil microbiota.
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Previous studies have mostly considered allelopathy
merely as a species trait, and when intraspecific
differences were tested, they focused only on biogeo-
graphical comparisons (but see Lankau et al. 2009). Our
results indicate that the allelopathic effect of H.
mantegazzianum exudates in the species’ introduced
range is not a constant trait, but a highly variable one.
This finding has prompted a more detailed evaluation of
different populations and genotypes, which has revea-
led substantial variation among genotypes (Jandova
et al., preliminary results). Future research is needed to
shed light on intraspecific variation in allelopathy of
invasive species in their introduced ranges.

To conclude, though root exudates of the invader H.
mantegazzianum are able to inhibit the performance of
native plant competitors, we found these effects to be
comparable with the same effects of native species. We
therefore suggest that allelopathy through the production
of unique and novel compounds, as predicted by the
novel weapons hypothesis, is not very likely to be a
principal driver of the invasion success of giant hogweed.
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