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CHAPTER 1

1.1 Chemical ecology of freshwater ecosystems
The plethora of interactions between organisms and their abiotic and biotic environment
limits the range of conditions under which distinct species will grow. Physical as well as
biotic parameters reduce the species’ realized niches, where they are actually found,
from the potential fundamental niches they could inhabit under optimal conditions
(Gurevitch et al. 2002). Maximizing resource and energy acquisition, growth,
maintenance and reproduction as well as limiting losses thus determines the success of a
given species. In freshwater ecosystems, the role of nutrient exploitation by phyto- and
zooplankton has received much interest, and many models predict the outcome of
competition for different types of limiting resources (e.g., Tilman et al. 1982; Rothhaupt
1988). The struggle for live has led to the evolution of diverse adaptations, which allow
long-term survival under various environmental conditions. Morphological (e.g., size or
shape of whole organisms and organs, defensive structures) and physiological
adaptations (e.g., light or carbon dioxide compensation points, C4 metabolism or
metabolism at low O2 concentrations) of plants and animals resulting in phenotypic
plasticity or different ecotypes within a species are well studied in both terrestrial and
aquatic ecosystems. Mobile organisms might also develop behavioural adaptations that
allow them to search actively for better conditions. Movements such as diel vertical
migration in aquatic systems are traits to avoid predation (as in Daphnia, Loose et al.
1993) or to shift the realized niche within the fundamental one (as in Volvox, Sommer
and Gliwicz 1986). However, immobile organisms like rooted plants can not escape
from unfavourable conditions.
A successful strategy for immobile plants to avoid nutrient limitation or biomass
loss due to herbivory is the production and excretion of chemical factors altering the
outcome of competition or palatability. Affecting competing primary producers directly
by the exudation of allelochemicals might result in the secure access to limiting
resources. Toxic or deterrent secondary compounds might also defend plants from
herbivores or pathogens. Many terrestrial plants are protected against herbivores by
chemical defences, and many studies have focussed on the interactions between
economically important crops and their pests (e.g., Traugott and Stamp 1997;
Simmonds and Stevenson 2001; Schmelz et al. 2003). Chemical ecology of freshwater
ecosystems is still an expanding field, and studies mainly investigated chemical
communications among animals and between animals and phytoplankton. Diel vertical
migration of zooplankton, microhabitat choice of benthic invertebrates or phenotypic
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alterations in phytoplankton species can be induced by chemical cues (i.e. kairomones)
released by their predators (Dawidowicz et al. 1990; Neill 1990; Lampert et al. 1994;
von Elert and Pohnert 2000; Baumgärtner et al. 2002).
Chemical defences in freshwater macrophytes, especially of submersed species,
have long been neglected. Because of their allegedly low nutritive value and the little
biomass loss observed, herbivory on live submersed macrophyte species was generally
considered to be rare (Hutchinson 1975; Wetzel 1983). This view was supported by the
low content of phenolic compounds (Smolders et al. 2000), which are regarded as major
defensive chemicals in terrestrial plants. Recent research, however, demonstrates that
some submersed macrophytes face severe biomass reductions by grazers whilst others
are avoided. Thus, herbivory might impact aquatic vegetation and even alter community
structure (Lodge 1991; Newman 1991; Gross et al. 2001). Aquatic vegetation is in
contrast to the view of Hutchinson (1975), not of less nutritional value than terrestrial
plants (Lodge 1991; Newman 1991; Elser et al. 2000), and some aquatic species such as
Myriophyllum spicatum contain high concentrations of polyphenolic substances (Gross
et al. 1996; Choi et al. 2002; Gross 2003b) as well as other bioactive compounds.
Elodea spp., which are the subject of the present work, contain several flavonoid
compounds. This class of secondary plant metabolites has been well studied in
terrestrial plants and is known to exhibit diverse ecological functions. Flavonoids might
not only prevent consumption, but also affect competing primary producers, and ensure
the physiological survival (e.g., when involved in UV protection or low light adaptation) of plants (Harborne 1986; Berhow and Vaughn 1999; Harborne and Williams
2000). However, little information exist on their ecological impact in aquatic systems.

1.2 Flavonoids in chemical ecology
In contrast to alkaloids and other secondary metabolites, flavonoids are nearly
ubiquitous in higher plants. The basic molecule of these phenolic substances consists of
a C6-C3-C6 structure, which can be further substituted, conjugated or polymerised.
Depending on their oxidation and substitution pattern at the C-ring, flavonoids can be
divided in nine major subclasses (Figure 1.1). Anthocyanins (from the greek words
anthos – flower and cyanos – blue) are the major blue, purple and red pigments in
flowers and fruits and have thus gained much attention over the years (Winkel-Shirley
2001).
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Most other classes are colourless or pale yellow (latin flavus – yellow), have absorption
maxima in the UV range, and are thus less conspicuous for the human eye. Flavonoids
in the leaves are completely hidden by chlorophylls.
Basic flavonoids already occurred about 500 million years ago, presumably in
early algae (Swain 1986, but see Cooper-Driver and Bhattacharya 1998), and are still
synthesized by some bryophytes (Cooper-Driver and Bhattacharya 1998; Markham et
al. 1998; Basile et al. 1999). Originally evolved as chemical messengers or UV
protectors (Swain 1986; Cooper-Driver and Bhattacharya 1998), higher plants have
developed more complex biosynthetic pathways increasing the diversity of flavonoid
structures and thereby function. Due to the detection of beneficial effects on human
health and their potential for pharmaceutical application, interest and research on these
natural compounds has increased, leading to the description of over 10,000 different
flavonoids (Berhow and Vaughn 1999; Harborne and Williams 2000).
Flavonoids are synthesized via three consecutive metabolic pathways. The
shikimate pathway provides the aromatic amino acid phenylalanine, which is the
substrate for the key enzyme of the phenylpropanoid pathway, phenylalanine ammonialyase (PAL). PAL deaminates the amino acid to cinnamic acid which is further
converted to p-coumaroyl-CoA. This activated p-coumarate enters the flavonoid
pathway where it is conjugated with malonyl-CoA by its key enzyme chalcone synthase
(CHS) to form chalcone. Its isomeration yields the flavanone naringenin, the precursor
of all other types of flavonoids (Figure 1.1). Their function comprises besides UV
protection and nodulation signal between plant roots and rhizobia, also pollinator
attraction and defensive activity against pathogens, microbes or herbivores (Schultze
and Kondorosi 1998; Berhow and Vaughn 1999; Harborne and Williams 2000).
Many of the widely distributed flavone and flavonol glycosides are
constitutively synthesized without any apparent stimuli, leading to a basal pattern of
these substances. However, light intensity and nutrient deficiency usually increase
flavonoid production whereas temperature might affect the type of flavonoid produced.
Anthocyanins, for example, are induced by these external signals (McClure 1986).

Figure 1.1. Examples for the nine major subclasses of flavonoids. 1 flavanone (naringenin),
2 chalcone (phloretin), 3 flavanol (catechin), 4 aurone, 5 flavone (R = H: apigenin, R = OH:
luteolin, R = OCH3: chrysoeriol), 6 flavonol (quercetin), 7 anthocyanin (cyanidin), 8
isoflavonoid (genistein), 9 condensed tannin or proanthocyanidin.
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Defensive flavonoids (e.g., isoflavonoid phytoalexins such as genistein, Figure 1.1) can
be elicited as response to cellular damage by fungi, bacteria or herbivores. Research
often focussed on the UV protective role of flavonoids, since UV light strongly induces
flavonoid synthesis in many plants (e.g., Lois 1994; Markham et al. 1998; Ryan et al.
2002). Due to their UV absorbing properties, flavonoids may limit the damaging energy
of these wavelengths, especially in leaves, but they might also act as radical scavengers
in plant cells (Markham et al. 1998).
Independent of the physiological pattern, by which flavonoids are accumulated
(basal, induced, elicited or enhanced), the chemistry of these substances produced by
plants is often species- or at least genus-specific, making them suitable as
chemotaxonomic markers (McClure 1970; Harborne and Turner 1984; Wollenweber et
al. 2003). This can be helpful for the determination of morphologically plastic species,
which often cause confusion in taxonomy. Aquatic plants can show high phenotypic
plasticity and the application of phytochemical data to the systematic problems in this
area could be quite rewarding (McClure 1970). Extensive studies have been conducted
with members in the family Lemnaceae, which exhibit a very high degree of reliable
species-specific flavonoid chemistry (summarized in McClure 1970). Although the
diversity of flavonoids in submersed aquatic macrophytes is generally lower than that of
terrestrial or floating-leaved plants, chemotaxonomy based on these substances can be a
useful tool in identifying such species. This had already been shown by the successful
distinction of Elodea spp. (Mues 1983).

1.3 Plant-plant interactions
Rooted submersed macrophytes might compete with each other for space, nutrients,
carbon dioxide and light as major resources. With respect to phytoplankton and
epiphytic algae, they mainly compete for light and CO2, since most plants take up their
nutrients from the sediment (Bristow and Whitcombe 1971; Toetz 1974; Carignan and
Kalff 1980), whilst algae or cyanobacteria obtain them from the open water.
Particularly light competition may have severe, negative consequences for
submersed living primary producers, because plants can not substitute light by any
alternative resource. Phytoplankton, epiphytes and free-floating macrophytes further
reduce the inherently low light conditions under water. The decrease of the macrophyte
Potamogeton filiformis in Loch Leven during summer had been traced back to the high
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phytoplankton abundance in this lake (Jupp and Spence 1977). In fact, phytoplankton at
its maximum density may contribute up to 70 % to the vertical light attenuation (Tilzer
1983). Lemnids that freely float on the water surface cause immense shading of the
vegetation below and according to den Hartog and van der Velde (1988), only few
plants (Potamogeton pectinatus, Elodea nuttallii, Ceratophyllum and Utricularia) are
able to tolerate this situation for a considerable time. Epiphytes can account for up to
86 % of the total light attenuation (Sand-Jensen and Søndergaard 1981) und thus cause
light limitation for underwater vegetation. To prevent this limitation and its detrimental
consequences, adaptations beyond low light adaptation are necessary. Fast growth, as
observed for the eelgrass Zostera marina, is a counteracting strategy to avoid light
limitation. The leaves of Z. marina grow up to 6 cm per day and remain uncovered for
nearly one week which enables maximum photosynthetic activity (Wium-Andersen and
Borum 1980). Several plants form canopies at the water surface that lead to severe
shading of phytoplankton, co-occurring plants or benthic algae and cyanobacteria
(Barko and Smart 1981).
Another powerful strategy against competing primary producers is the secretion
of allelochemicals that inhibit growth of algae, cyanobacteria or higher plants. Whereas
fast growth should only be possible at excellent conditions, allelopathy could act
alternatively or at least supplementary (Wium-Andersen 1987). Allelopathy sensu
Molisch (1937) covers any biochemical interaction between plants, including microorganisms. During the last 20 years, allelopathy became more and more recognized in
aquatic ecology, and many freshwater angiosperms exhibit allelopathic activity (Gopal
and Goel 1993; Gross 2003a). However, only for few submersed species a release of
allelochemicals into the surrounding medium has been examined, e.g., Myriophyllum
spicatum (Gross et al. 1996; Nakai et al. 2000), Ceratophyllum demersum (Körner and
Nicklisch 2002; Gross et al. 2003a), or Najas marina ssp. intermedia (Gross et al.
2003a). M. spicatum exudes phenolic compounds, among them the hydrolysable tannin
tellimagrandin II, which inhibits algal exoenzymes and photosynthesis (Gross et al.
1996; Nakai et al. 2000; Leu et al. 2002). The exuded active compounds of the other
plants remain to be elucidated.
Allelochemicals extracted from plant tissue of different aquatic macrophytes
comprise also fatty acid derivatives, terpenoids or sulphur compounds (summarized in
Gross 2003a). So far, flavonoids have not been determined as inhibitory components in
aquatic environments. The terrestrial composite, Centaurea maculosa, exudes the
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germination and growth inhibiting flavonoid (-)-catechin into the soil; (+)-catechin had
antimicrobial properties (Bais et al. 2003). Flavonoids from different mosses inhibited
especially Gram-negative bacteria (Basile et al. 1999), suggesting similar effects in
aquatic allelopathy against Gram-negative cyanobacteria.

1.4 Plant-animal interactions
The interaction between plants and animals can be very complex. Reproduction and
dispersal of many terrestrial plants depend on animals. Invertebrates such as bees,
beetles or butterflies are important pollinators and are attracted by special floral
pigments (mostly anthocyanins) or odours. Frugivorous vertebrates disperse plant seeds
over long distances. However, herbivorous members of the same animal families might
severely damage plant tissue. Mass developments of herbivores like bark beetles,
locusts and lepidopteran defoliators can cause tremendous economic costs in terrestrial
systems, whilst other plants are strictly avoided by consumers.
Avoidance of plants by herbivores can have different reasons. Nutrient
deficiency, structural or chemical defences can result in complete unpalatability of plant
tissue. Herbivores are generally considered to live in a nutrient poor environment
(White 1993). Nitrogen content has been assumed to be the major limiting nutrient in
terrestrial plants and is thus regarded as a means for food quality (White 1993). In
freshwater systems, grazers with high phosphorus demands such as Daphnia may face
phosphorus limitation (Sterner and Hessen 1994; Elser et al. 2000). Recent research on
the ecological stoichiometry in terrestrial and aquatic ecosystems, however, revealed
comparable nitrogen:phosphorus ratios in terrestrial plants and freshwater seston, and
carbon:nitrogen as well as carbon:phosphorus ratios seem even higher in terrestrial
plants (Elser et al. 2000). This indicates that nutrient limitation and its consequences
should be similar in both systems. So far, phosphorus limitation for terrestrial insects
has been largely ignored (Elser and Urabe 1999; Elser et al. 2000), although plant
phosphorus concentrations might be far below the optimum for their growth (Perkins et
al. 2004; Woods et al. 2004). Freshwater angiosperms seem to have carbon:phosphorus
ratios intermediate between terrestrial plants and seston, (500:1 vs. 968:1 and 307:1,
respectively, Duarte 1992; Elser et al. 2000), and phosphorus limitation for aquatic
insect herbivores might thus be less pronounced than for terrestrial ones.
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Structural defences comprise thorns, spines or increased leaf toughness. In
freshwater algae, spines or colony formation reduce the risk of ingestion by size-limited
plankton feeders (Lampert et al. 1994). Submersed macrophytes containing spikes are
e.g., Najas spp. or Ceratophyllum demersum, but the latter is nevertheless consumed by
the generalist herbivore Acentria ephemerella. Calcification might increase leaf
toughness and alter gut conditions of herbivores (Hay et al. 1994). In fact, submersed
angiosperms are often covered with marl deposits as a result of photosynthetic activity,
but many of them are consumed by herbivores.
Chemical defences against herbivores are widespread. Alkaloids, terpenes and
phenolics are the major classes of defensive compounds in all ecosystems, and also
amino acids or cyanogenic compounds can be toxic (Gurevitch et al. 2002). Research on
chemical defence in aquatic systems mainly concentrated on marine seaweeds (Hay and
Steinberg 1992; Pavia and Toth 2000; Cruz-Rivera and Hay 2003; Taylor et al. 2003)
and emergent or floating-leaved freshwater species (Bolser and Hay 1998; Dorn et al.
2001; Kubanek et al. 2001). Investigations on submersed macrophytes are scarce
(Bolser et al., 1998), and chemical defences are often only concluded from the
correlation between effects on herbivores and the content of secondary metabolites
present in the plants.
Flavonoids are well known for their anti-herbivore activity in terrestrial plants.
They efficiently reduce growth and survival of various insect larvae (Elliger et al. 1980;
Rao et al. 1990; Beninger and Abou-Zaid 1997; Simmonds and Stevenson 2001),
probably by the interference with enzymes, and their function might vary with the
degree as well as the site of hydroxylation. 3’-hydroxylated flavonoids such as luteolin
are potent inhibitors of mitochondrial ATPase (Lang and Racker 1974), multihydroxylated flavonoids reduce activity of phosphodiesterases (Beretz et al. 1978), and
apigenin inhibits ecdysone 20-monooxygenase (Mitchell et al. 1993). Since most
aquatic macrophytes are secondary aquatic, i.e. they have terrestrial ancestors (McClure
1970; Newman 1991), it is likely that they share similar defensive strategies than
terrestrial ones. Chemical defences should thus be more widespread in freshwater
macrophytes than currently known.
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1.5 Ecology of invasive species
The concept of adaptations to ecological niches provoked the hypothesis that
competition should not happen anymore since all interactions and adaptations had
already taken place and each organism now occupies the niche it fits the best
(summarized in and commented by Connell 1980). This hypothesis requires the
assumption of a static environment that will never change. Natural ecosystems,
however, are not isolated and might regularly be subjected to changes that might alter
competitive relationships. Natural disturbances comprise e.g., tectonic activity, floods
or landslides devastating more or less large areas and finally resulting in the succession
of new species. Disturbances at intermediate frequencies can even increase biodiversity
of ecosystems (Connell 1978; Gaedeke and Sommer 1986).
During the last decades, the impact of human activity to natural ecosystems has
dramatically increased and led to a change in species composition due to introductions
or facilitated access of non-indigenous organisms to many habitats. Often, species are
transferred beyond geographic barriers such as oceans or mountain ranges, and the
number of documented introductions reported for most countries is in a range of 100 to
10,000 species (Lodge 1993). However, only about 1 % of all species that arrive from
foreign habitats will establish in the new area, and only 10 % of those become so called
“troublesome” species spreading aggressively in the new territory (Williamson 1996).
These ratios might be higher, especially on islands, and the number of alien species in
some countries already equals or exceeds that of their native species (Table 1.1). Exotic
amphibians and terrestrial reptiles living on the Hawaiian Islands today even reach
100 % (Kowarik 2003).
However, not all invaders derive from foreign continents. Native species will
also invade a habitat when growth conditions therein have changed. Dam construction,
for example, shifts an ecosystem from a lotic to a lentic habitat and will most likely
result in the displacement of stream adapted species (Kolar and Lodge 2000).
Comparable replacement scenarios are expected from eutrophication processes or
altered meteorological events due to the global change (Mooney and Hobbs 2000).
The prediction of invasions and their consequences is not always possible, since
there are no generalized patterns about invasive species and susceptible ecosystems
Especially r-selected traits, high dispersal rates, vegetative reproduction, hybridization
and introgression, genetic variability, phenotypic plasticity and a large native range
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Table 1.1. Percentage of non-indigenous plant species in the plant communities of different
countries and regions of the world. a percentage varies depending on region.

Country/region
Africa
Egypt
Tanzania
Australasia
Australia
New Zealand
Europe
The Alps
France
Germany
Great Britain
Switzerland
North America
Bermuda Islands
USA, California
USA, New England States
USA, Hawaii

Exotic species
[% of total]

Reference

3.0
1.0

Vitousek et al. (1996)
Vitousek et al. (1996)

10.0
46.7

Groves (1986)
Vitousek et al. (1996)

11.3
9.4
14.1
21.4
11.0

Aeschimann et al. (2004)
Vitousek et al. (1996)
Kowarik (2003)
Vitousek et al. (1996)
Weber (2000)

64.7
5.2-41.3a
24-45a
47.4

Vitousek et al. (1996)
Mooney et al. (1986)
Mehrhoff (2000)
Vitousek et al. (1996)

have been widely cited to favour invasiveness (Lodge 1993; Ellstrand and Schierenbeck
2000; Mooney and Cleland 2001; Sakai et al. 2001). However, many non-invasive
species share these attributes, because they are general regulators of populations, and
some of them have thus been rejected as invasive properties (Lodge 1993). Successful
colonization will moreover depend on the appropriate fitting of life history features of
the invader as well as the ecological attributes of the invaded habitat (Bazzaz 1986).
Single traits have to be regarded in the context of whole systems. E.g., plants producing
fleshy fruits are unlikely to be invasive in habitats without vertebrate dispersal, but very
likely invasive in habitats with vertebrates (Rejmanek and Richardson 1996).
Keystone species, differing markedly from the native species, providing novel
habitats or being top predators, are thought to strongly influence an invaded habitat. The
spread of the zebra mussel, Dreissena polymorpha, was certainly facilitated by its
pelagic veliger larvae unique to freshwater bivalves, combined with a high growth rate
(r-strategy, Orlova 2002). Attaching itself to substrates by byssal threads, Dreissena
then overgrew and diminished native unionid clams after its invasion to the American
Great Lakes. Zebra mussel further changed sediments and benthic communities
(Karatayev et al. 2005) and shifted the nutrient flow from the pelagic to the benthic
zone, leading to an increase of macroinvertebrate abundance (Lodge 1993; Beeton
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2002). Top predators such as Dikerogammarus villosus may reduce species abundance
by killing other amphipods present in the invaded habitats (Dick and Platvoet 2000).
Not all invasions result in a decline of species richness. Lodge (1993) even
assumed that most colonists have little impact on the invaded communities. Mooney
and Cleland (2001) summarized that after the construction of the Suez Canal over 250
species had moved into the Mediterranean Sea, but only one species got extinct. Niche
displacement or occupation of empty niches rather than replacement might have
accounted for the maintenance of native species. Some experiments indicated that
systems with high biological diversity can resist ecological invasions better than
disturbed or species-poor systems (Tilman 1999; Kennedy et al. 2002). However, the
hypothesis that diversity acts as barrier against invasions seems imperfect, since diverse
communities are often the most invaded (Wiser et al. 1998; Lonsdale 1999; Stohlgren et
al. 1999; Levine 2000). Covariates like nutrient dynamics and availability might
account for the discrepancy, indicating a resource-competition diversity-invasiveness
relationship (Tilman 1999).
Although the negative consequences of invasions on native biota and community
structures are most often regarded as one of the major threats to biodiversity, invasions
offer the possibility to study basic ecological principles and processes in population
biology (Sakai et al. 2001, Lodge 1993). Invasive plant species might thus be a good
model to investigate plant-plant and plant-animal interactions.
Allelopathy might exclusively occur between plants that have not co-evolved
and thus be most likely in artificial assemblages ("Rabotnov's Hypothesis", Rabotnov
1974; cited in Willis 1985) e.g., when a plant invades an established or disturbed plant
community (Reigosa et al. 1999). The existence of allelopathy is often doubted,
probably due to methodological problems, but recently raised attention by the studies on
invasive Centaurea (see chapter 1.3), suggesting that biochemical interactions are of
more importance in invasion processes than previously thought (Bais et al. 2003; Fitter
2003).
Defensive chemistry of native plants can also be crucial for the survival of e.g.,
invading herbivores, and it is assumed that plants chemically distant from native species
should more easily invade than plants that are chemically more similar to the flora into
which they are introduced (Orians 1986). Nevertheless, the enemy release hypothesis
predicting that invaders perform better after release from their grazers (Keane and
Crawley 2002), led to the conclusion that invasive species lost their cost intensive
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defence mechanisms (evolution of increased competitive ability (EICA) hypothesis,
Blossey and Nötzold 1995). Thus, chemical defences are considered unimportant in
invasive plants, and the relationship between invasive plants and herbivores is
investigated with bias, focusing on the biological control of troublesome weeds by
natural enemies.

1.6 Invasive aquatic macrophytes
Invasive species are found in all categories of aquatic plants (i.e. free-floating,
submersed, floating-leaved, emergent and algae). Especially free-floating species, such
as Eichhornia crassipes, Pistia stratiotes or Salvinia molesta, colonize huge areas,
mainly in the tropics, and block water canals. They thereby completely impede the use
of these waterbodies for any purpose (Cook 1990; Kolar and Lodge 2000). Submersed
species are seldom troublesome on a continental scale, but might locally be very
serious, as e.g., Myriophyllum spicatum or Hydrilla in North America (Cook 1990).
Prominent examples of invasive aquatic macrophytes in Europe are the
submersed species Elodea canadensis Michx. and E. nuttallii (Planch.) St. John, which
were introduced from North America in 1836 and 1939, respectively. A third species, E.
callitrichoides (L. C. Richard) Caspary, syn. to E. ernst(i)ae St. John (Cook and UrmiKönig 1985) from South America, is rather seldom and appears only locally in Southern
Germany and in Alsace (Casper and Krausch 1980; Cook and Urmi-König 1985;
Vanderpoorten et al. 2000), whereas E. canadensis and E. nuttallii are among the 30
most important and troublesome invasive plant species in Germany (Kowarik, 2003;
http://www.floraweb.de/neoflora/handbuch.html).
Since its introduction, E. canadensis has successfully spread over Central and
Northern Europe and is now a common member of submersed vegetation. In the year
2000, the species occurred in 75 % of the German ordnance survey maps (Kowarik
2003), and some authors already regard it as integrated in the plant community
(Thiebaut et al. 1997; Barrat-Segretain 2001). In contrast, E. nuttallii is still spreading
aggressively east- and northwards over the continent. It forms dense patches with
biomasses up to 1693 g dry mass m-2 (Cook and Urmi-König 1985) and often interferes
with recreational activities, e.g. in Harkortsee and Steinhudermeer (E.A. Nusch, pers.
communication; J. Poltz, pers. communication). It is thus harvested in many lakes (see
also Figure 1.2). The invasion of E. nuttallii is not necessarily coupled to a decrease in
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abundance of native submersed vegetation (Tremp 2001). However, E. nuttallii is often
accompanied by a less diverse flora or even forms monospecific stands. It evidently
displaced protected macrophytes such as Myriophyllum alterniflorum in the Alsace
plain (Thiebaut et al. 1997) or even the formerly introduced congener (Simpson 1990;
Thiebaut et al. 1997; Barrat-Segretain 2001; Barrat-Segretain et al. 2002).
Many characteristics that may account for the invasiveness of E. canadensis and
E. nuttallii have been investigated, focusing on spread, growth, nutrient exploitation and
photosynthetic properties. The reason for the success of both species in Europe might be
a combination of several physiological adaptations to abiotic environmental parameters.

Figure 1.2. Left: Aerial picture of the distribution of E. nuttallii (green patches) in
Harkortsee, a reservoir in the river Ruhr. Right: Harvesting of E. nuttallii in Harkortsee.
Photos were kindly provided by E. A. Nusch, Ruhrverband Essen, Germany.

Elodea species are dioecious, and both genders seemingly do not coexist in the
same water body. In Germany, mostly female plants have been observed (WeberOldecop 1977; Casper and Krausch 1980; Cook and Urmi-König 1985). One single
record of only male E. nuttallii was made in a pond in eastern Germany (Casper and
Krausch, 1980). Although plants produce flowers, sexual reproduction should be ruled
out in the new colonization areas. Nevertheless, the presence of hybrids in Europe is
suggested, since the phenotypic plasticity – in particular that of E. nuttallii – often
causes confusion in the correct determination of the species by morphological means.
Hybridization has been observed in the laboratory (Ernst-Schwarzenbach 1953), but so
far, no genetic evidence for hybrids in the field exists (Kadono et al. 1997;
Vanderpoorten et al. 2000). However, male plants in Europe could have become more
widespread in the meantime, increasing the probability of hybridization.
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In general, Elodea spp. spread vegetatively by plant fragmentation, which is
regarded as one of the traits favouring invasiveness. Shoot fragments are easily
distributed by water currents or birds, and their settlement seems to be regulated by light
(Cook and Urmi-König 1985). Submersed fragments of E. nuttallii that receive
sufficient light for starch production will produce roots and attach to the sediment while
light limitation will cause floating of fragments until they reach a site with favourable
light conditions (Kunii 1984, cited in Spencer and Bowes 1990). Longevity of detached
fragments might also be a result of their effective nitrogen uptake from the water
(Ozimek et al. 1993).
Once young plants have settled, they are able to colonize fast large areas. Both
Elodea species exhibit high growth rates with up to 10 cm increase in shoot length per
day, and stems can reach lengths of 3-4 m (Casper and Krausch 1980). However,
whereas stem elongation in E. nuttallii apparently is most rapid immediately after
settlement, growth of E. canadensis proceeds gradually with time (Simpson 1990).
Especially E. nuttallii might thus shade out competing plants, including E. canadensis,
enhanced by the production of many lateral branches, axillary nodes and the formation
of canopies (Simpson 1990).
Usually, waterweeds inhabit more eutrophic water bodies, but high growth and
photosynthetic rates are realized under variable nutrient conditions. E. canadensis and
E. nuttallii grow under a broad range of nitrogen and phosphorus concentrations, the
former more tolerant towards low phosphorus concentrations and the latter towards high
ammonium concentrations (Dendène et al. 1993; Ozimek et al. 1993; Tremp 2001).
Their relatively low light compensation points (12-33 µmol m-2 s-1, Jahnke et al.
1991; Madsen et al. 1991) and the tolerance of light intensities up to approximately
1100 µmol m-2 s-1 without photoinhibition (Jahnke et al. 1991) enable efficient
photosynthesis in shallow as well as in deeper waters. In fact, Elodea spp. have been
found in maximum depths of up to 13 m (Cook and Urmi-König 1985; Vöge 1994;
Schmieder 1998). Carbon dioxide is often limited in dense Elodea stands due to high
photosynthetic activity, and both species compensate for this by the utilization of
bicarbonate (Eighmy et al. 1991; Jones et al. 1993; Rascio et al. 1994; van Ginkel et al.
2000).
These traits are certainly advantageous in the invasion process. However, many
submersed macrophytes share at least a part of these properties (Cook 1990).
Interestingly, numerous studies indicated a negative relationship between Elodea spp.
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and phytoplankton (Hasler and Jones 1949), epiphytes (Wium-Andersen 1987; Gross et
al. 2003b) or invertebrates (e.g., Pennak 1973; Burks et al. 2000; Gross et al. 2001;
Gross et al. 2002), and in many of them, chemical defences were assumed to be the
reason for the observations. So far, only two studies suggested an allelopathic potential
of E. nuttallii, one against terrestrial plants and a second against culture cyanobacteria
(El-Ghazal and Riemer 1986; Erhard 2001). E. canadensis should have a negative effect
on the photosynthesis of Nitzschia (Wium-Andersen 1987).
Apart from these studies, the impact of chemical defences for biotic interactions
such as plant-plant or plant-insect interactions has not been examined in detail, although
several potentially active compounds have been found in Elodea tissue. Among them
are phenolic acids, flavonoids, isoprenoids, acetogenins (see Figure 1.3), unidentified
alkaloids, and the phytosterols phytol and sitosterol (Reznik and Neuhäusel 1959; Mues
1983; Mangoni et al. 1984; Previtera et al. 1985; Ostrofsky and Zettler 1986).
Flavonoids should be species-specifically distributed in the genus Elodea. Mues (1983)
proposed that E. canadensis produces three flavone-diglucuronides, apigenin-7-Odiglucuronide, luteolin-7-O-diglucuronide and chrysoeriol-7-O-diglucuronide (Figure
1.3), whereas E. nuttallii should lack the latter substance. The pattern of these
compounds might not only allow correct species identification, but may also result in
species-specific interactions with the environment.

1.7 Aim of this study
This work was performed to contribute to the knowledge on the impact of secondary
plant metabolites in aquatic ecosystems. Using Elodea canadensis and E. nuttallii as
model systems, I focussed on the flavonoids produced by these species with respect to
their chemotaxonomic value (Chapter 2), their role in adaptation to abiotic stressors
(Chapter 3), as well as their function in allelopathic (Chapter 4) and plant-herbivore
interactions (Chapters 5 and 6).
The two Elodea species are not always easy to distinguish, but correct
determination is necessary for sociobotanical studies or applied biology. Cook (1990)
reported the eradication of protected water plants due to the misidentification as an
invasive species. Correct determination was also necessary to explain probable speciesspecific effects in my studies on allelopathy of Elodea.
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Figure 1.3. Chemical constituents isolated from Elodea spp. 1 tetraterpen alcohol, 2 (7S)hydroxyhexadeca-8E,10Z,13Z-trienoic acid, 3 (10R)-hydroxyhexadeca-7Z,11E,13Z-trienoic
acid, 4 13-(2-furyl)-tridec-1-yne (avocadynofuran), 5 13-(2-furyl)-tridec-12E-en-1-yne, 6
caffeic acid, 7 chlorogenic acid, 8 7-O-diglucuronides of apigenin (R = H), luteolin (R =
OH), and chrysoeriol (R = OCH3).
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Based on the results of Mues (1983), I re-examined the distribution of flavonoids in E.
nuttallii and E. canadensis by high performance liquid chromatography (HPLC) and
assigned the flavonoid pattern to the two species by cluster analysis. For evaluation, I
compared my results with determinations based on molecular markers (internal
transcribed spacers; ITS). This is described in Chapter 2.
Chapter 3 considers the impact of external physical parameters on the production
of flavonoids and another phenolic compound in Elodea. Due to the strong effect of
light and temperature on such compounds, I investigated in laboratory and mesocosm
experiments whether these parameters influence flavonoid production during plant
cultivation. Since carbon supply can be dramatically limited during heavy
photosynthetic activity and thus limit the synthesis of phenolic compounds, I included
also a treatment with CO2 fertilization. The influence of light for the production of
potential defensive compounds was investigated in another context in Chapter 5 (see
below).
Chapter 4 describes the allelopathic effect of E. canadensis and E. nuttallii on
different algae and cyanobacteria, most of them isolated from the biofilms of submersed
macrophytes. In laboratory assays, I examined the inhibitory activity of methanolic
extracts and enriched culture medium from Elodea on growth of the target organisms,
and further experiments provided a preliminary characterisation of the allelochemicals.
The activity of pure flavonoids from Elodea was also determined.
The focus of Chapter 5 is on the impact of Elodea on larvae of Acentria
ephemerella, an important aquatic herbivore. It can reach high abundances of nearly
10,000 individuals per m2 on its host plants and cause substantial feeding damage (Choi
et al. 2002). Acentria avoids feeding on Elodea spp., a behaviour, which might even
alter the community structure of aquatic vegetation (Gross et al. 2001). Since the reason
for the avoidance is not known, I investigated in no-choice bioassays the effect of E.
nuttallii and its light conditions during growth on the performance of Acentria larvae. I
further examined, which plant trait – structure, nutrient content or chemical defence –
could best explain the observations made in the assays.
The impact of Elodea-derived secondary metabolites on growth, survival and
feeding behaviour of Acentria was studied in more detail. I fed animals with extracts
and flavonoid fractions from E. nuttallii. Since Acentria larvae do not feed on artificial
diets, I developed a new bioassay to rear larvae on Elodea compounds. The results of
these experiments are reported in Chapter 6.
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Chemical and molecular taxonomy disclose the correct identity of
ambiguous neophytic hydrophytes (Elodea spp., Hydrocharitaceae)
Daniela Erhard, Volker Haid and Elisabeth M. Gross
Unpublished manuscript

Abstract - The highly invasive waterweed Elodea nuttallii is still spreading vigorously
in many European waterbodies and progressively displacing the formerly introduced E.
canadensis. The full extent of this displacement seems underestimated because E.
nuttallii exhibits a high phenotypic plasticity and may resemble E. canadensis in the
vegetative state, thus impeding a clear taxonomic identification. We developed
chemotaxonomic and molecular techniques that used species-specific flavonoid patterns
and distinct length and base pair polymorphism in the internal transcribed spacer (ITS)
region. This allowed us to clearly identify even ambiguous specimens, which had
primarily been determined as E. canadensis but turned out to be E. nuttallii. Our
findings and the great support by many persons sending us samples confirmed the need
for alternative taxonomic methods in addition to conventional morphological keys to
prevent misidentifications occurring even in culture collections and scientific databases.
Hybridization between E. canadensis and E. nuttallii in Europe seems unlikely because
mostly female plants have been observed so far and male and female plants seemingly
do not occur together in one water body. Further, our molecular and chemotaxonomic
analysis did not support the existence of hybrids.
Key words - Chemotaxonomy, hybridization, invasive species, molecular marker,
neophyte, submersed macrophyte
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2.1 Introduction
Invasive plants often displace native vegetation, leading to the extinction of endemic
species. Vegetatively spreading neophytes are able to colonise fast new areas and form
monospecific stands, resulting in severe ecological consequences for other biota and
causing substantial economic costs. The number of alien species increases worldwide;
in some exposed countries such as New Zealand their number equals already that of
native species (Mooney and Cleland 2001).
Not surprisingly, watercourses are frequently the entryway for invasive species.
Eurasian watermilfoil (Myriophyllum spicatum L.) was introduced to North America
probably in the 1940s along the St. Lawrence River and has since then spread
vigorously in most states of the USA. Recently, Moody and Les (2002) suggested that
the most invasive populations are not the original species but hybrids with native milfoil
species. Prominent examples of introduced macrophytes in Europe are Elodea
canadensis Michx. and E. nuttallii (Planch.) St. John, introduced from North America in
1836 and 1939, respectively (Casper and Krausch 1980). Both caused severe problems
in many European rivers and lakes due to mass developments and interference with
native vegetation. E. callitrichoides (L. C. Richard) Caspary, syn. to E. ernst(i)ae St.
John, (Cook and Urmi-König 1985), from South America, is rather seldom and has
spread only locally. In contrast to E. canadensis, E. nuttallii is still spreading
aggressively and even displacing the former (Barrat-Segretain 2001; Barrat-Segretain et
al. 2002; Simpson 1990; Thiebaut et al. 1997). Even when not forming mass
developments, Elodea spp. are frequently present among submersed macrophytes, thus
involved in many biotic interactions. Elodea spp. are often preferred food for
herbivorous waterfowl (van Donk and Otte 1996; van Donk 1998) and after
biomanipulation, Elodea spp., as well as M. spicatum, often became dominating in
shallow eutrophic lakes (Lauridsen et al. 1994; Strand and Weisner 2001). Some
authors even characterize Elodea spp. as integrated in aquatic plant communities
(Thiebaut et al. 1997).
Phenotypic plasticity is common in aquatic macrophytes (Hutchinson 1975) and
well known for E. nuttallii (Simpson 1988). We often observed specimens of vegetative
plants with characteristics of both Elodea species which were not easy to identify based
only on morphological traits. In Belgium, specimens morphologically intermediate
between E. nuttallii and E. callitrichoides belonged to E. nuttallii (Vanderpoorten et al.
2000). Hybridization seems unlikely because dioecious Elodea reproduce primarily
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vegetatively. In Europe so far, mostly plants with female flowers have been present
(Casper and Krausch 1980; Cook and Urmi-König 1985), ruling out sexual
reproduction. However, the progeny of laboratory cultures of E. canadensis × E.
nuttallii and reciprocal crosses were fertile (Ernst-Schwarzenbach 1953). Cook and
Urmi-König (1985) stated that ‚From our herbarium studies of North American Elodea,
we believe there are naturally occurring hybrids between E. canadensis and E. nuttallii’.
Yet, to our knowledge, no such hybrids have been documented so far, neither in Europe,
North America or elsewhere.
Ambiguous specimens of highly plastic species may cause misidentifications,
and this even happens in culture collections (Hebert et al. 2003a; Walters et al. 1986),
thus having a great impact on scientific research. Both molecular taxonomy and
chemotaxonomy are important supplementary identification methods. Chemotaxonomy,
often based on flavonoids, has been applied for the identification of plant species (e.g.,
Schaneberg et al. 2003; Wollenweber et al. 2003; Rahiminejad and Gornall 2004), also
for Elodea (Mues 1983). Molecular methods offer improved tools to assess the
frequency of invasions by certain species and their subsequent dispersal. Hebert and
coworkers successfully applied such techniques in aquatic systems with Cladocera
(Hebert and Cristescu 2002), and advanced the so called ‘bar-coding life’ on other
animal phyla (Hebert et al. 2003a; Hebert et al. 2003b). Similar approaches proved also
valuable for aquatic plants: A cryptic invasion of European haplotypes of Phragmites
into wetlands in the USA could be detected by genotyping historical and recent samples
(Saltonstall 2002). Molecular phylogeny and hybrid identification in Myriophyllum spp.
was based on nuclear and chloroplast DNA sequences (Moody and Les 2002). AFLP
(amplified fragment length polymorphism) revealed incorrectly identified E.
callitrichoides as E. nuttallii (Vanderpoorten et al. 2000). The ITS region has frequently
been used for phylogenetic studies of algae, terrestrial and aquatic angiosperms (e.g.,
Baldwin et al. 1995; Fama et al. 2000; van Hannen et al. 2000).
During some of our research projects we came across ambiguous specimens of
Elodea spp. while investigating their allelochemical activity against competing primary
producers and herbivores (Erhard 2001; Gross et al. 2003b; Erhard and Gross 2005;
Erhard, unpubl. results). This prompted us to develop alternate methods that would
allow a definite identification of questionable vegetative shoots of Elodea. For this, we
chose molecular phylogeny based on ITS sequences and chemotaxonomy based on
flavonoid glycosides present in both E. canadensis and E. nuttallii. In order to compare
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local samples of Elodea spp. with others from Germany, Europe and even overseas, we
requested samples from colleagues and botanical gardens.

2.2 Materials and methods
We investigated 78 samples originating directly from the field (41), botanical gardens
(35) or other sources (2); most came from Germany (64), others from Finland (4),
Hungary (1), Ireland (1), Poland (2), UK (1) and the USA (5). Samples were numbered
consecutively upon receipt and initially labelled according to the taxonomic
identification made by the collector. Samples were directly used for analysis and not
subcultured in the laboratory. Fresh material was morphologically reexamined using the
keys of Casper and Krausch (1980) and Simpson (1986). Flowers were rarely present to
aid classical identification by morphology. If the material arrived in fresh and in good
status, samples were analysed morphometrically by measuring leaf length and width of
fully developed upper leaflets using a dissecting microscope with digital imaging
equipment. We further determined the shape of the leaf (acute to acuminate versus
obtuse to subacute, sensu Stace 1991) and the apex (open or pencil-shaped), the
curvature of the leaves and the angle at the apex between leaf margin and midrip.

2.2.1 DNA extraction and ITS sequencing
For molecular analyses, fresh, young leaves (100 mg) or dried, pulverised plant powder
(20 mg) were extracted following the protocol of the DNeasy® Plant Mini Kit (Qiagen
GmbH, Hilden, Germany). The entire ITS region (ITS1, 5.8S gene and ITS2) was
amplified via polymerase chain reaction (PCR) using primers ITS1 and ITS4 (White et
al. 1990). PCRs were carried out in 50 µl reaction mixtures with 40 ng of template DNA
and performed with a pre-heated (94°C) T-Gradient thermocycler (94°C, 3 min;
followed by 30 cycles of 1 min at 94°C, 1 min at 55°C, and 1.5 min at 72°C; and a final
extension at 72°C for 2.5 min). ITS fragments were purified with the QIAquick PCR
Purification Kit (Qiagen) and sequenced on an ABI-377HT sequencer (GATC,
Konstanz, Germany). When one sample was sequenced more than once, letters indicate
replicates (e.g. 51a, b).
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2.2.2 Analyses of secondary metabolites
In order to extract phenolic secondary metabolites, samples were extracted twice with
50% (v/v) aqueous methanol (10 mg dry mass (dm) ml-1) for 2 h at 15°C. Aliquots of
concentrated extracts (10x) equivalent to 2 mg plant dm were analysed by reversed
phase high performance liquid chromatography (RP-HPLC; Jasco Systems, GroßUmstadt, Germany) on a C18 LiChrospher-100 column (250 x 4 mm, 5 µm; Knauer,
Berlin, Germany) with a linear gradient of solvent A (1% [v/v] acetic acid) and B
(methanol), composed of 0-20 min 5% to 60% B, 20-25 min 60% to 100% B, 25-40 min
100% B, and a flow rate of 1 ml/min. Chromatograms were recorded using a preset
detection wavelength of 345 nm and additionally by photodiode array detection in the
range of 195 - 650 nm.

2.2.3 Phylogenetic and chemotaxonomic analyses
ITS sequences were aligned with the BioEdit Sequence Alignment Editor (Hall 1999)
and corrections were made to ensure that only ITS1, 5.8S and ITS2 were analysed
(Vaasen et al. 2002). Sequences were automatically aligned with ClustalW (Thompson
et al. 1994) and visually optimised. Representative sequences of all species were
deposited in GenBank under the accession nos. AY330703-AY330708. Sequences of
Potamogeton perfoliatus L. (Lake Constance, Germany; AY330703) and Alisma
plantago-aquatica L. (AJ012291) were set as outgroup. Phylogenetic analyses were
made using MEGA 2.1 (Kumar et al. 2001). The data set was clustered by neighbourjoining (NJ) with the Kimura 2-parameter, and a bootstrap analysis of 1,000 replicates
was performed. In addition to NJ, a maximum likelihood (ML) analysis was conducted
using the more variable ITS2 sequences. ML analysis was performed under Paup
4.0b10 (Swofford 1998) with settings corresponding to the GTR+G model. Parameter
settings for ML analysis were revealed by running Modeltest, version 3.06 (Posada and
Crandall 1998).
Chemotaxonomy was based on the relative amount and ratio of three distinct
HPLC signals, which were present in both Elodea species. Signal 3 consisted of two
major compounds (peak 3a and 3b). Chemotaxonomic analysis was based on peak area
of signals 1 to 3 and the ratio between the height of peaks 3a and 3b. A matrix of 57
samples (obtained from 48 different plants) and four variables was constructed and a
cluster analysis was performed using the program R, version 1.6.2 (Ihaka and
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Gentleman 1996). The (1-R²)-matrix of the transposed data matrix was used as distance.
Dendrograms were created by hierarchical clustering using the Ward method.
Most, but not all samples were processed with both molecular and chemical
taxonomy.

2.3 Results
2.3.1 Morphology
We reanalysed fresh samples based on morphological traits (Table 2.1). In several cases
our identification differed from that made originally (Table 2.2). E.g., samples no. 18
and 39, sent as Elodea canadensis, were unambiguously E. nuttallii. No. 77 (E.
canadensis) was actually Egeria densa. More difficult was the identification of four
specimens to species level based only on morphological traits (nos. 20, 40, 59 and 74).
Based on the angle at the leaf apices nos. 40 and 74, sent as Elodea sp. were clearly E.
canadensis. Derived from the shape of the apex and leaves no. 59, sent as E.
canadensis, was E. nuttallii. Leaf curvature (sensu Simpson 1986) was a poor character
for E. nuttallii, since half of the samples exhibited only straight and no recurved leaves
(data not shown). Leaf length and width and especially the angle at leaf apex were
better species predictors, although these characters exhibited some overlap between E.
canadensis and E. nuttallii (Table 2.1).
Table 2.1. Morphological characterization of Elodea specimens. Data represent mean ± 1SD.
The range is given in brackets. A total of 12 E. canadensis and 9 E. nuttallii samples were used
for this analysis. Data were analysed with t-tests. * Data reciprocally transformed.

E. canadensis

E. nuttallii

Statistics

Leaf width

2.4 ± 0.8 mm
(1.3 – 4.1 mm)

1.5 ± 0.7 mm
(0.9 – 3.0 mm)

t = 2.718, P = 0.014

Leaf length

6.9 ± 1.2 mm
(5.0 – 8.7 mm)

10.0 ± 3.0 mm
(6.5 – 15.6 mm)

* t = 3.443, P = 0.003

0.36 ± 0.12
(0.15 – 0.53)

0.17 ± 0.09
(0.06 – 0.36)

t = 3.992, P < 0.001

60.2 ± 6.7
(50 – 70)

34.2 ± 6.7
(23 – 42)

t = 8.827, P < 0.001

Width/length ratio
Apex leaf angle
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Table 2.2. Correct identification of Elodea spp. and other Hydrocharitaceae by chemical and
molecular taxonomy compared to the original and revised identifications. a Revised identification was only possible with undamaged, fresh material. ITS – Identification based on ITS2
sequences; * based on ITS1 sequence. HPLC – Identification based on flavonoid pattern. EC –
Elodea canadensis, EN – E. nuttallii, ED – Egeria densa, HV – Hydrilla verticillata, Elodea sp.
– ambiguous specimen, determined to genus only. n.a. – not applicable (material dried, ground
or otherwise damaged), n.d. – not determined.

No.
6
7
10
11
12
18
19
20
22
33
39
40
51
57
59
61
62
74
77

Identification
original
reviseda
Elodea sp.
n.a.
Elodea sp.
n.a.
n.a.
EC
n.a.
EC
n.a.
EC
EC
EN
Elodea sp.
n.a.
Elodea sp.
Elodea sp.
Elodea sp.
n.a.
Elodea sp.
n.a.
EC
EN
Elodea sp.
EC
n.a.
EN
HV
EC
EC
EN
Elodea sp.
n.a.
Elodea sp.
n.a.
Elodea sp.
EC
EC
ED

Correct species
by ITS

by HPLC

EN
n.d.
n.d.
n.d.
EN*
EN
EN
EN
n.d.
EN
EN
EC
EC
EC
EN
EN
EN
EC
ED

EN
EN
EN
EN
EN
EN
n.d.
n.d.
EC
EN
EN
n.d.
EC
EC
EN
EN
EN
EC
n.d.

2.3.2 Molecular taxonomy
The ITS region of all species exhibited distinct length and nucleotide polymorphism.
The entire ITS region ranged from 701 to 707 bp in E. canadensis (701 to 717 when no.
53b, a single outlier, was included), 708 to 718 bp in E. nuttallii, and 717 to 722 bp in
Egeria densa. All three species differed significantly in their ITS2 length (Table 2.3).
Table 2.3. Length (in base pairs) of the different ITS regions in three different species, Elodea
canadensis, E. nuttallii and Egeria densa. Given are means ± SD, numbers in brackets =
numbers of sequences. a Only complete sequences considered, b also sequences with an early
brake-off, c also sequences with late begin. * Mark significant differences in length of ITS2
between all species (One-Way ANOVA, Tukey test, P < 0.001).

E. canadensis
E. nuttallii
Egeria densa

entire ITS a

ITS1 b

5.8S rDNA

ITS2 c

705 ± 3.6 (17)
712 ± 2.4 (16)
719 ± 1.9 (9)

278 ± 3.3 (23)
279 ± 3.0 (21)
282 ± 1.8 (11)

153 ± 0 (29)
153 ± 0.2 (28)
153 ± 0 (13)

274 ± 1.2 (23)*
281 ± 0.8 (22)*
285 ± 1.2 (11)*
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64

48a EC AY330705
1 EN

89

45 EN
6 Elo
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32 EN
61 Elo AY330706
72 EN
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91

20 Elo
31 EN
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54 EN
39 EC
73 EN
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59 EC
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55
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99

55 EgN
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AJ243917AJ 243917
EC GenBank
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AJ012291AJ 012291
AP GenBank

outgroup
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We calculated different NJ trees based on the sequences of ITS2 (Fig. 2.1), ITS1 or the
entire ITS region (data not shown). Complete sequences were not obtained for every
sample. All trees revealed the same four main clades, corresponding to E. canadensis,
E. nuttallii, Egeria spp. and the outgroup. In the ITS2 tree, the E. canadensis cluster
was subdivided (clades EC1 and EC2; Fig. 2.1). EC2 contained seven sequences from
five samples (nos. 5; 44; 48a, b; 51a; 53a, b) that exhibited 12 out of 36 characteristics
typical for E. nuttallii, as well as two additional differences exclusively found in these
samples (Table 2.4). Sequence no. 51a, obtained from the same sample as no. 51b,
showed only three of these characteristics and forms a separate branch between these
subclusters.
The ML analysis of these data confirmed the two distinct clusters for E.
canadensis and E. nuttallii (Fig. 2.2), but did not support the subclustering within the
former. E. canadensis from GenBank (AJ243917) did not correspond to any sequence
of Hydrocharitaceae in our study. Besides the differences outlined in Table 2.4, a total
of 123 nucleotide changes compared to our Elodea sequences were observed in the
ITS1 region, 81 changes in the ITS2 region, and still eight changes were present in the
conserved 5.8S region.
Nine indels (= insertions/deletions) and 27 point mutations within the entire ITS
region distinguished E. canadensis and E. nuttallii (Table 2.4). Sequences of E. nuttallii
were remarkably homologous while those of E. canadensis exhibited several
polymorphic sites. However, some point mutations did not occur in all sequences of one
species. The discrepancy in length of no. 53b compared to other E. canadensis
sequences is due to 13 insertions in ITS1. Based on our sequence data, the classification
of some specimens had to be changed. Only once we found a sample previously
identified as E. nuttallii actually to be E. canadensis (no. 51), more often samples sent
as E. canadensis turned out to be E. nuttallii. Plants that had not been identified to
species level by the collector could be clearly assigned using this method and turned out
mostly as E. nuttallii.

Figure 2.1. Neighbour-joining tree based on ITS2 sequences of different Elodea samples,
rooted with Potamogeton perfoliatus (PF) and Alisma plantago-aquatica (AP). Bootstrap
values (1,000 replicates) below 50% are not shown. Sample names correspond to the
identification made by the collectors: EC = E. canadensis, EN = E. nuttallii, Elo = Elodea
sp., EgD = Egeria densa, EgN = Egeria najas, HV = Hydrilla verticillata. Letters (a, b)
behind numbers indicate different subsamples of the same specimen.
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Table 2.4. Differing bases in the aligned sequences of Elodea canadensis and E. nuttallii.
Variations between clusters 1 and 2 (cl. 1, cl. 2) of E. canadensis are shown by italic letters. E.
canadensis from GenBank exhibited numerous further nucleotide polymorphisms not observed
with our Elodea samples. - = deletion, var. = base pair polymorphism with no base dominating.
Letters in brackets indicate that exceptions occurred. Full sequences and alignment can be
obtained upon request.

position in
alignment

E. nuttallii

148
149
196
279
295
296
301
489
490
497
507
521
537
541
575
583
593
634
649
659
683
697
771
779
781
787
798
801
803
805
806
807
808
809
812
814
819

G
T
T
G
C
C
G
G
G
G
G
C
A
T
A
T
T
T
A
T
T
T
T
G
T
G
T
A
T
C
G
T
A
(T)
C
C

E. canadensis
cl. 1

cl. 2

GenBank

C
C
C
A
T
T
A
(A)
A
var.
A
T
T
C
G
G
G
A
G
G
C
(G)
C
A
G
C
G
G
T

C
C
C
A
T
T
A
G
G
G
G
T
T
C
G
T
T
T
G
T
C
T
C
G
T
C
T
T
T

A
A
C
G
A
G
G
G
C
C
G
T
T
G
T
C
T
C
T
G
T
C
C
T

region

ITS1

5.8S

ITS2
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15 PF AY330703
AP AJ012291
EC AJ243917
1 EN
6 Elo
29 EN
30 EN
31 EN
32 EN
45 EN
61 Elo AY330706
72 EN
76 EN
2 EN
20 Elo
39 EC
19 Elo
33 Elo
54 EN
59 EC
62 Elo
73 EN
36 EN
18 EC
28 EN
51b EN
53a EC
53b EC
5 EC
44 EC
48a EC AY330705
48b EC
51a EN
46 EC
42 EC
27 EC
41 EC
57 HV
34 EC
50b EC
43 EC
65 EC
60 EC
58 EC AY330704
49b EC
40 Elo
63 EC
74 Elo
26 EgD AY330707
38 EgD
47b
56 EgD
71 EgD
75 EgD
77 EC
4 EgD
47a
35 EgD
37 EgD
55 EgN
78 EgN AY330708

29

outgroup

EN

EC

Egeria

Figure 2.2. Maximum likelihood (ML) tree based on ITS2 sequences of different Elodea
samples, rooted with Potamogeton perfoliatus (PF) and Alisma plantago-aquatica (AP).
Legend as in Figure 2.1.

In general, intraspecific genetic distances were low, ranging from zero in Egeria
najas to a maximum of 0.04 in E. canadensis, whereas interspecific distances ranged
between 0.075 (E. nuttallii/E. canadensis) and 0.272 (E. canadensis/Egeria najas). The
distance between EC1 and EC2 was 0.057, between EC2 and E. nuttallii 0.05, and
between E. nuttallii and EC1 0.089. The genetic distance between the E. canadensis
sequence AJ243917 and any Elodea clade was ≥ 0.6.
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2.3.3 Chemotaxonomy
The three major HPLC signals in E. canadensis and E. nuttallii (Fig. 2.3) had UV
spectra resembling caffeic or chlorogenic acid (signal 1) and flavonoids (signals 2 and
3). Signals 1 and 2 were single compounds based on peak purity analysis. Signal 2 had
absorption maxima at 256 and 348 nm, with a shoulder at 267 nm. Signal 3 consisted of
at least two different peaks with extinction maxima at 268, 332 nm (peak 3a) and 256,
268, 340 nm (peak 3b), respectively. These three compounds could be identified as 7-Odiglucuronides of luteolin (2), apigenin (3a) and chrysoeriol (3b) (Erhard et al., in
prep.). Based on the photodiode array data, traces of similar flavonoids, possibly with
other glycosylation patterns, might be present. Especially the second and third signal
exhibited species-specific differences. In E. nuttallii, the area of signal 2 exceeded that
of signal 3. Except in two samples of E. canadensis, the area of signal 2 was equal to or
smaller than that of signal 3. In these two samples, signal 3b was then more than twice
as high as 3a. This was never the case in E. nuttallii. A cluster analysis based on these
differences revealed a chemotaxonomic tree (Fig. 2.4) with two main clusters
corresponding to E. canadensis and E. nuttallii. Ambiguous samples were clearly either
E. canadensis or E. nuttallii, and these classifications corresponded to the ITS results
(Table 2.2). Due to the low number of Hydrilla and Egeria samples, a reliable clustering
for those Hydrocharitaceae is currently not reasonable.

1

A

B

0.8

0.8

2

0.6

signal [V]

0.6

signal [V]

Figure 2.3. Typical HPLC
chromatograms
of
(a)
Elodea nuttallii and (b) E.
canadensis. The prominent
signals represent a yet
unknown phenolic compound (1) and 7-O-diglucuronides of luteolin (2),
apigenin
(3a)
and
chrysoeriol (3b). Chromatograms were recorded at 345
nm.
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52EC
41EC
51bEN
50bEC
53EC
51aEN
50aEC
65EC
57bHV
57aHV
60EC
58EC
22Elo
67bEC
66EC
64aEC
49bEC
64bEC
69EC
42EC
74bElo
44bEC
63EC
44aEC
34EC
74aElo
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43bEC
43aEC
49aEC
5EC
13EN
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39EC
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54EN
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32EN
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E. canadensis

E. nuttallii

0

Height
Figure 2.4. Chemotaxonomic tree of Elodea species. A cluster analysis based on peak area of
signals 1-3 and the ratio of peak height of signals 3a and 3b revealed two main clusters
representing E. canadensis or E. nuttallii. Legend as in Fig. 2.1.
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2.4 Discussion
The frequent occurrence of ambiguous specimens with intermediate characters between
E. canadensis and E. nuttallii motivated us to develop additional taxonomic markers for
the genus Elodea. Both molecular and chemotaxonomic analyses proved reliable and
suitable to identify even specimens that could not be clearly assigned based only on
morphology.
Phylogenetic trees based either on neighbour joining or maximum likelihood
differentiated our Hydrocharitaceae samples into three main clusters. These clades
represent E. canadensis, E. nuttallii and the genus Egeria. Especially the distinct ITS2
length differences and multiple base pair modifications definitely distinguished between
both Elodea species. The sequence published as E. canadensis (AJ243917) in GenBank
clustered clearly outside of all Hydrocharitaceae analysed in our study, even when only
the conserved 5.8S region was considered (data not shown). These findings strongly
indicate that the GenBank E. canadensis sequence does not belong to the genus Elodea
and probably not even to the Hydrocharitaceae.
The ITS region is a popular species-specific molecular marker, but its value for
phylogenetic studies was questioned recently because substantial intraspecific
polymorphism may occur (Alvarez and Wendel 2003); other, less variable molecular
markers have thus been demanded. Our ITS sequences were remarkably invariable
among E. nuttallii, similar to an allozyme study of this species in Japan (Kadono et al.
1997). In contrast, E. canadensis sequences exhibited several polymorphic sites,
indicating multiple paralogous copies (e.g. no. 51a, b). Sequences of different ITS
copies within one specimen might have accounted for the subclustering of E.
canadensis in the NJ analysis. Nevertheless, these putative paralogous sequences did
not affect our major result, the clear distinction of E. canadensis and E. nuttallii. Within
ITS2 intraspecific genetic distances were lower than interspecific distances.
To prove the clustering between E. canadensis and E. nuttallii, we used a
chemotaxonomic approach instead of an additional molecular marker. Mues (1983)
proposed to identify Elodea species by their flavonoid composition. He stated that E.
canadensis contains 7-O-diglucuronides of apigenin, luteolin and chrysoeriol, while the
latter should be absent in E. nuttallii or present in such minute quantities that they were
not detected by thin-layer chromatography. In fact, we detected chrysoeriol 7-Odiglucuronide by HPLC in every sample of E. nuttallii, although it was generally less
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prominent than in E. canadensis. Thus, flavonoids in Elodea differ quantitatively but
not qualitatively.
Besides flavonoids we detected another yet unidentified compound similar to
caffeic or chlorogenic acid, but with a different HPLC retention time than these
substances. Both phenolic acids have been reported for Elodea (Reznik and Neuhäusel
1959). Whereas the first signal exhibited no obvious pattern, the relative amount of
flavonoids was consistent for each species even though the absolute amount of
flavonoids varied between samples from different origins. In another study, we
observed that this variation might depend on environmental factors such as light or
temperature. Also the content of individual flavonoids might change when plants are
cultured in the laboratory (Erhard and Gross 2005). However, the characteristic
flavonoid fingerprint was never altered. This indicates the good suitability of these
compounds as taxonomic device. The chemotaxonomic approach resulted in two main
clusters for Elodea spp. that were in full congruence with our molecular data.
Based on our results, we propose the following chemotaxonomic key:
1a

Area signal 2 ≤ area signal 3

E. canadensis

1b

Area signal 2 > area signal 3

2

2a

Ratio peak height 3a/peak height 3b < 0.8

E. canadensis

2b

Ratio peak height 3a/peak height 3b ≥ 0.8

E. nuttallii

Egeria

spp.

and

Hydrilla

verticillata

were

not

considered

in

the

chemotaxonomic analysis because we had not enough replicates to extract a consistent
HPLC pattern. The Hydrilla included in our investigation lacked chrysoeriol 7-Odiglucuronide (3b), which might be characteristic for this species. Analyses of further
samples are necessary to prove this.
Most analysed specimens clustered according to their original identification, but
19 out of 78 samples had to be assigned differently, including samples not identified to
species level. This means that in 24% of all samples the collectors made wrong
determinations (9 cases) or stopped at genus level (10 cases). Worse, the sequence
published as E. canadensis (AJ243917) probably belongs to a completely different plant
genus.
The strong interest by many collectors of samples for our study reinforced our
intention to provide additional methods to identify difficult Elodea specimens. A
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suitable identification key for Elodea in the vegetative state is that of Simpson (1986),
because it considers also plant silhouette appearance, the shape and posture of leaves.
These traits often, but not always distinguish between E. canadensis and E. nuttallii (see
Table 2.2). Already Simpson (1986) outlined how different phenotypes caused
misidentifications and confusion in the past. Still, experienced persons who have seen a
wide array of different phenotypes might decide on the correct species by morphological methods even when no flowers are present. Based on our results of a limited
number of fresh plants, we consider the angle at the leaf apex in most cases to be a good
marker. If the angle is <45°, it should be E. nuttallii, if it is >45°, it should be E.
canadensis.
The reason for the high phenotypic plasticity in Elodea and other aquatic taxa is
still unknown and might depend on environmental variables (Simpson 1988). We
observed that sometimes Elodea shoots transferred from the field to the laboratory
developed a completely different silhouette and leaf shape after some weeks. Even
within one pond we observed different phenotypes of E. nuttallii, one with broader and
more obtuse leaves and another with the typical linear-lanceolate leaves and the leaf
lamina twisted (Glaschke et al., unpublished). Since our analyses revealed that most
often specimens with characteristics close to E. canadensis were actually E. nuttallii, we
initially wondered whether hybrids might occur, especially in waterbodies where the
active displacement of E. canadensis by E. nuttallii is going on. Remarkably, our NJ
tree revealed two distinct subclusters (EC1, EC2) in the E. canadensis clade. Sequences
in EC2 contained several nucleotides usually present only in E. nuttallii and two indels
exclusively found in these five samples. Although EC2 clustered within E. canadensis,
the genetic distance between EC2 and the E. nuttallii clade was in the same range as the
distance between EC1 and EC2. However, this pattern was neither confirmed by
maximum likelihood analysis nor chemotaxonomy and we therefore do not regard the
NJ subclusters as strong indication for the occurrence of hybrids.
Nevertheless, laboratory experiments had shown that hybridization between both
species is possible (Ernst-Schwarzenbach 1953), but no field-grown hybrids have been
described so far, neither from North America nor Europe or elsewhere. Still, Cook and
Urmi-König (1985) believed that hybrids exist naturally. Since no herbarium material of
the hybrids from Ernst-Schwarzenbach has been kept (Cook and Urmi-König 1985;
Cook, pers. commun.), no comparison of their ITS sequence with sequences in EC2 was
possible. First and foremost, we chose our alternate taxonomic methods to distinguish
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Elodea at the species level. The existence of hybrids would have required the use of
other molecular markers that allow a clear intraspecific differentiation. Further
molecular studies on Elodea species and potential hybrids should focus on less variable
molecular markers such as chloroplast or mitochondrial genes (e.g., rbcL sequence
analysis). Intraspecific differences could be analysed with RAPD or AFLP, or
preferably by the development of microsatellites. Such studies could also help
identifying how often the two dominant Elodea species have been introduced and from
where they spread into other locations.
At present, hybridization between E. canadensis and E. nuttallii seems unlikely
since mostly female plants have been observed in the past and only very few sites with
male plants were known (Casper and Krausch 1980). We could not find more recent
information on the occurrence of male plants in Europe and would appreciate any
information on this topic. Male plants may well have become more widespread in the
meantime, potentially allowing hybridization.
Sociobotanical and ecological surveys rely on the correct identification of plant
species, e.g., to track the dispersal of neophytes. Using molecular methods, Les et al.
(1997) discovered a Hydrilla sample deposited as Egeria densa in an herbarium,
indicating that this alien species invaded further north in eastern North America than
previously thought. Vanderpoorten et al. (2000) showed that E. callitrichoides is of
minor importance in Europe and moreover seems to be displaced by E. nuttallii. Both
the results of our phylogenetic and chemotaxonomic analysis indicate that E. nuttallii
may be more widespread in Europe than E. canadensis, and may have displaced the
latter in many cases, as already stated other authors (Barrat-Segretain 2001; Simpson
1990; Thiebaut et al. 1997). Thirteen of our samples of E. nuttallii were originally
determined as E. canadensis or just Elodea sp., thus overestimating the distribution of
E. canadensis. Often the existence of E. canadensis is reported where nowadays E.
nuttallii predominates, which can be corroborated by our own field observations
(Erhard 2001; Gross et al. 2003b).
The fact that six misidentified specimens derived from botanical gardens,
reinforces the assumption that mistakes may be frequent, also in culture collections
(Walters et al. 1986). However, this is a problem general enough to occur also in other
phyla and thus signalling the need for additional approaches in taxon recognition using
molecular markers (Hebert et al. 2003a).
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3.1 Introduction
Since Elodea nuttallii (Planch.) St. John was introduced to Europe from North America
in 1939, it has invaded many water bodies and is now widely spread over the continent.
Its success is usually related to ease of adaptation to several environmental factors
(Dendène et al. 1993; Jones et al. 1993; Ozimek et al. 1993; Simpson 1990). Our
research, however, indicates that chemical defenses may play at least an additional role
in this process. E. nuttallii inhibited the growth of algae and cyanobacteria in laboratory
bioassays, and also the growth of the aquatic herbivorous larvae of Acentria
ephemerella (Lepidoptera) (Erhard and Gross, unpublished results).
The production of allelochemicals causing growth reduction is often influenced
by several environmental factors. The amount of allelopathically active polyphenols in
Myriophyllum spicatum decreased under light limitation (Gross 2003b). Both light and
nitrogen limitation caused a decline of the allelopathically active fischerellin A in the
benthic cyanobacterium Fischerella muscicola (Gross et al. 1994). Which secondary
metabolites in Elodea are causing the observed allelochemical effects is still unclear.
During our search for these compounds, we found distinct UV-absorbing secondary
metabolites in these plants, among them three flavone diglucuronides and a yet
unidentified phenolic acid with similarity to caffeic acid (Mues 1983, Erhard et al.
submitted). Flavonoids may protect plant leaves from UV radiation, herbivory, or might
exert allelopathic effects (Harborne 1986). Their biosynthesis might also depend on
light, nutrient availability or temperature. Usually, light intensity and nutrient deficiency
increase flavonoid production, whereas temperature might affect the type of flavonoid
produced (McClure 1986). We recently showed that E. nuttallii from various locations
as well as the related E. canadensis produce the same flavonoid compounds, but in a
distinct, species specific pattern (Erhard et al. submitted). In accordance to Mues
(1983), we assume that the overall flavonoid production in Elodea is not affected by
environmental factors. Nevertheless, differences in the total amount of individual
compounds might be driven by environmental conditions.
Here, we tested whether different environmental factors influence the
accumulation of four phenolic compounds in E. nuttallii by cultivating E. nuttallii under
different light and temperature regimes. Based on observations that E. nuttallii grown in
an aquarium with CO2 fertilization had higher concentrations of the yet unknown
phenolic acid than plants collected in the field, we tested also the influence of CO2
availability.
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3.2 Material and methods
In summer 2003, rooted Elodea nuttallii plants were collected in a small pond at the
campus of the University of Konstanz, Germany. Ten plants harvested at the beginning
of August were each planted in a transparent plastic tube, and then placed in an outdoor
concrete basin (mesocosm, 1 m x 1 m, water depth 45 cm) at the Limnological Institute.
Light reduction was achieved by shading five tubes with black nylon stockings. Light
intensity was 600 and 1200 µE/s·m² in the shaded (“MS”) and uncovered (“MU”) tubes,
respectively. Plants taken one month later in the small pond were planted in 1.5-liter
glass jars and cultivated in laboratory growth chambers (16h light/8h dark, 70 µE/s·m²)
at different temperatures. Three plants were cultivated at 23°C (“T23”), six others at
16°C (“T16”). Three of the T16-plants were additionally fertilized with CO2 to
investigate the influence of excess CO2 availability. Another experiment with different
light conditions was conducted in October 2003. E. nuttallii were planted in glass jars
and cultivated at light intensities of 130 (“LS”) and 250 µE/s·m² (“LU”), respectively
(n = 5 per treatment) in a light chamber (L:D 16:8 cycle). The lower light intensities
were again achieved with black nylon stockings. Experiments were run for two weeks
up to two months.
To extract secondary compounds from E. nuttallii, we used cleaned, freezedried, finely ground plants and extracted them twice in 50% (v/v) aqueous methanol (1
ml solvent per 10 mg plant dry mass [dm]) for 2h each. The crude extract was
evaporated to dryness and resuspended in 50% methanol (final concentration 100 mg
plant dm per ml). Aliquots of these extracts equivalent to 2 mg dm were analyzed by
reversed-phase high performance liquid chromatography (RP-HPLC) on a LiChrospher100 column (250 x 4 mm, 5 µm) with a linear gradient of solvent A (1% [v/v] acetic
acid) and B (methanol), composed of 0-40 min 5% to 60% B, 40-45 min 60% to 100%
B, 45-55 min 100% B. The flow rate was 1 ml/min, and chromatograms were recorded
at 345 nm using photodiode array detection. The areas of detector signals recorded at
345 nm from substance 1 and the flavonoids were used as quantitative measures for
concentrations of these compounds in E. nuttallii. Only luteolin diglucoronide was
available for calibration curves, thus no other quantification than by HPLC signal size is
possible so far. Treatments were analyzed with one-way ANOVA, followed by Tukey
tests, when appropriate.
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Table 3.1. Contents of the main substances in E. nuttallii, indicated as area of HPLC signals
[V*s], at the beginning of the experiments (“start values”). Data represent means ± SD
(n = 2-8). Substance 1: unidentified phenolic acid; lut, api, chry: diglucuronides of luteolin,
apigenin and chrysoeriol, respectively. Different letters (a,b) indicate significant differences
(P ≤ 0.02) between sampling times.

substance 1

August 2003
36.98 ± 0.39 a

September 2003
10.07 ± 7.12 b

October 2003
17.21 ± 6.43 b

lut

33.24 ± 2.03 a

19.17 ± 6.73 b

21.12 ± 3.68 b

api

9.76 ± 1.04 a

4.73 ± 1.39 b

5.35 ± 0.98 b

chry

5.11 ± 0.73 a

3.73 ± 0.87 a

3.80 ± 0.64a

total

85.09 ± 1.32 a

37.70 ± 15.52 b

47.48 ± 7.77 b

3.3 Results
Plants harvested in August had significantly higher amounts of secondary compounds
than those sampled in September or October (Table 3.1). Thus, the contents of
flavonoids and the unknown phenolic acid in E. nuttallii used in the mesocosm
experiment were up to three times higher than those used in the respective laboratory
experiments.
Compared to the concentrations found in freshly harvested plants, the content of
substance 1 in plants cultivated in glass jars at the laboratory decreased during the
experiments. This was not observed in the mesocosm experiment (Figure 3.1) and
resulted in significant differences between the mesocosm and laboratory treatments
(one-way ANOVA, Tukey test, all pairwise comparison, P < 0.02 for MU and P < 0.03
for MS). We almost never observed an increase of any phenolic compound in the
experimental treatment compared to the field plants used (ratio ≤ 1; Figure 3.1).
Substance 1 and, much weaker, apigenin and chrysoeriol diglucuronide were
negatively correlated with temperature (Table 3.2). Substance 1 and luteolin
diglucuronide slightly increased with light intensity, whereas CO2 availability, indicated
by pH, had no impact on the phenolic compounds in E. nuttallii (Table 3.2). A strong
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Figure 3.1. Contents of secondary metabolites (in proportion to “starting values” of plants used
for the respective experiments) in E. nuttallii after different cultivation experiments. CO2: CO2
fertilized plants (n = 3); LS: light chamber experiment, covered (n = 4); LU: light chamber
experiment, uncovered (n = 5); MS: mesocosm experiment, covered (n = 4); MU: mesocosm
experiment, uncovered (n = 4); T16: cultivated at ca. 16°C (n = 3); T23: cultivated at ca. 23°C
(n = 3).

Table 3.2. Correlation of the factors temperature, light and pH with the four main substances in
E. nuttallii extracts. Calculations are based on peak areas at the end of the experiments in
proportion to starting values. Legends as in Table 3.1.

factor
temperature

substance
substance 1
lut
api
chry

intercept
1.385
1.06
0.9556
1.006

steepness
-0.044
-0.021
-0.02
-0.02

R²
0.51
0.24
0.36
0.38

P
<0.0001
0.015
0.002
0.001

light

substance 1
lut
api
chry

0.2251
0.4937
0.4774
0.5217

0.0006
0.0003
0.0001
0.0002

0.6
0.4
0.08
0.21

<0.0001
0.0005
0.17
0.018

pH

substance 1
lut
api
chry

0.198
0.310
0.743
0.597

0.024
0.032
-0.026
-0.003

0.01
0.04
0.04
0.00

0.632
0.355
0.339
0.92

correlation (Pearson’s R² = 0.71, P = 0.005) between light intensity and peak area of
luteolin diglucuronide was also observed for E. nuttallii plants collected in spring 2002

42

CHAPTER 3

in the same pond (Figure 3.2). The other substances showed no significant correlations
(R² = 0.28, P = 0.14 for substance 1 and R² = 0.38, P = 0.08 for the combined signal of
apigenin and chrysoeriol diglucuronide).
In all plant extracts, the peak area of luteolin diglucuronide was higher than that
of apigenin and chrysoeriol diglucuronide together. None of the investigated factors had
any effect on the peak area ratio between luteolin and apigenin/chrysoeriol
diglucuronide (R² > 0.21). Plants grown in the light chamber or in the mesocosms had
higher ratios between luteolin and apigenin/chrysoeriol diglucuronide than plants used
in the other laboratory experiments or plants from the pond. However, significant
differences existed only between LS and CO2 (P = 0.016) and MU and CO2

15
10
0

5

peak area [Vs]

20

25

(P = 0.026).

200

400

600

800

1000

light intensity [µE/sm²]

Figure 3.2. Peak areas [V*s] and regression curves of substance 1 (open circles, dashed line)
and diglucuronides of luteolin (filled circles, solid line) and apigenin/chrysoeriol (squares,
dotted line) in dependence of light intensity [µE/s·m²].

3.4 Discussion
We observed considerable variations in the production of secondary metabolites in E.
nuttallii. Even plants from the same pond may differ significantly. However, the overall
pattern of flavonoids was relatively stable. We found all substances in each plant,
indicating that flavonoids in Elodea are present in a general pattern and apparently not
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induced by environmental factors (McClure 1986). Since the flavonoid pattern could be
used as chemotaxonomic marker, we did not expect it to vary much. Also Mues (1983)
stated that the biosynthesis of flavone glycosides depends less on external conditions. In
fact, the ratio between the peak areas of these substances did not fall below 1.3 and rose
to maximally 3.5. This finding is in concordance with our previous results that the peak
area of luteolin diglucuronide usually exceeds that of apigenin and chrysoeriol
diglucuronide (Erhard et al. submitted).
Nevertheless, external factors might quantitatively alter individual flavonoids.
The ratio between flavonoids was apparently not correlated with light intensity,
temperature or CO2 availability. However, plants grown at medium or high light
intensities developed higher ratios of luteolin to apigenin/chrysoeriol diglucuronides
than plants cultivated at 70 µE/s·m², suggesting a non-linear correlation or a threshold
value. Flavonoids usually increase with light intensity, especially the glycosylated
forms (McClure 1986). The plant content of other phenolic compounds in the
freshwater angiosperm Myriophyllum spicatum depended also on light intensity (Gross
2003b). We found a positive correlation of the unknown phenolic acid and luteolin
diglucuronide in E. nuttallii with light intensity. The strong correlation observed in the
field supports the prediction that high irradiance might trigger luteolin diglucuronide
biosynthesis. UV-B radiation increased the ratio between luteolin and apigenin
(di)glucuronides in the liverwort Marchantia polymorpha (Markham et al. 1998). The
authors suggested that the increased level of luteolin served as scavenger of free radicals
and could thus nullify the deleterious effects of UV irradiation. Another possible
function of this compound may be the dissipation of absorbed UV energy in a harmless
manner (Markham et al. 1998). Although we did not observe a significant increase in
the luteolin:apigenin ratio in E. nuttallii with light, the absolute increase of luteolin
diglucuronide may be a response to higher UV-B irradiation. This would also explain
the stronger correlation found in the field compared to the laboratory experiments, since
laboratory cultures received artificial light with negligible UV rates.
Temperature affected all phenolic compounds except luteolin diglucuronide
negatively. As indicated by the R², these correlations explain in general less than 50% of
the variability of the data, and temperature might only be one of several factors
influencing the biosynthesis of secondary compounds in Elodea. However, the
treatments T23, LS and LU had reduced contents of apigenin and chrysoeriol
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diglucuronides. These were the treatments with the highest water temperatures, which
points out a temperature effect especially on these substances.
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Abstract - Elodea nuttallii and E. canadensis have both been introduced from North
America to Europe. They are now common in many water bodies where they often form
dominating stands. It was suggested that a negative relationship between Elodea and
phytoplankton or epiphytic covers exist, probably due to the release of growth inhibiting
allelochemicals. This would be an effective strategy to avoid light limitation caused by
algae and cyanobacteria. We investigated the allelopathic potential of both E. nuttallii
and E. canadensis against different photoautotrophs, focusing on epiphytic algae and
cyanobacteria isolated from different submersed macrophytes and culture strains.
Methanolic extracts of both species inhibited the growth of most of these organisms.
Only a culture strain of Scenedesmus brevispina was stimulated. Further separation of
extracts yielded several active fractions, indicating that hydrophilic and slightly
lipophilic compounds were responsible for growth reduction. At least some of the
activity seems to be related to phenolic substances, but flavonoids in these species are
inactive. Since growth declined also in a moderately lipophilic fraction of culture filtrate
of E. nuttallii, we assume that active compounds were exuded in the water. Allelopathy
might thus be relevant in situ and suppress epiphytes. We furthermore found differences
in the susceptibility of target organisms, which could (1) at least partly be a result of
adaptation to the respective host plants and (2) indicate that allelopathic interference
might reduce the abundance of some species, especially cyanobacteria, in epiphytic
biofilms.
Key words - Allelopathy, epiphytes, invasive species, phytoplankton, sensitivity of
target species, submersed macrophyte
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4.1 Introduction
Elodea canadensis and E. nuttallii were introduced to Europe in 1836 and 1939,
respectively, and since then are actively spreading over the continent. Both species
reached and still reach high densities, often forming monospecific stands and probably
displacing native vegetation (Thiebaut et al. 1997; Barrat-Segretain 2001; Tremp 2001).
Competitive exclusion of other macrophytes has so far been considered the major factor
in this process. Elodea spp. inhabit meso- to eutrophic waters and exhibit high growth
rates under a broad range of environmental conditions and nutrient concentrations. With
light compensation points of 12 and 33 µmol m-2 s-1 (for E. canadensis and E. nuttallii,
respectively), they are adapted to low light intensities but also tolerate intensities of up
to 1100 µmol m-2 s-1 without symptoms of photoinhibition (Jahnke et al. 1991; Madsen
et al. 1991). This allows them to grow in shallow waters as well as to maximum depths
of 13 m (Vöge 1994; Schmieder 1998).
Recent studies show that allelopathic interactions might contribute more to the
success of invasive plant species than previously thought (Bais et al. 2003; Fitter 2003).
For rooted submersed macrophytes, although generally adapted to low light conditions,
allelopathy might be an effective strategy to prevent light limitation due to shading by
phytoplankton or epiphytes. Both can further reduce the inherently poor light conditions
under water (Phillips et al. 1978; Sand-Jensen and Søndergaard 1981) and lead to a
decline of aquatic vegetation (Jupp and Spence 1977). Allelopathy has been described
for many aquatic angiosperms (summarized in e.g., Gopal and Goel 1993; Gross
2003a), among them Myriophyllum spicatum, which is invasive in North America.
Previous observations already indicated a negative relationship between Elodea and
algae or cyanobacteria. Hasler and Jones (1949) reported lower phytoplankton densities
in the presence of E. canadensis, and both E. canadensis and E. nuttallii were less
covered with epiphytes than other submersed macrophytes (Wium-Andersen 1987;
Jones et al. 1999; Gross et al. 2003b). Our research revealed that Elodea might be
chemically defended against insect herbivores (Erhard and Gross subm.; Erhard et al.
subm.), and waterweeds may also produce secondary metabolites that inhibit the growth
of co-occurring primary producers. However, allelopathic interactions of Elodea with
aquatic primary producers have only seldom been investigated and never considered as
factor for their successful spread and establishment in so many lakes. One study
investigating the allelopathic activity of E. nuttallii extracts demonstrated an inhibitory
effect on seedlings of lettuce and other terrestrial plants (El-Ghazal and Riemer 1986).
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From an ecological point of view, the use of such indicator organisms is questionable.
Wium-Andersen (1987) found inhibitory effects of E. canadensis on photosynthesis of
the diatom Nitzschia, but such effects were not observed with E. nuttallii (Leu 2001).
The aim of the present study was to examine the potential allelopathic activity of
two Elodea species, E. canadensis and E. nuttallii, against epiphytic algae and
cyanobacteria. We extracted and fractionated active compounds from plant tissue to
gain more information on their chemical properties. We also investigated the release of
allelochemicals by Elodea to show whether allelopathy might be effective in natural
ecosystems.

4.2 Materials and methods
4.2.1 Macrophytes
Elodea nuttallii and E. canadensis originated from different locations. Plant samples of
E. nuttallii were taken from Lower Lake Constance, from a small pond at the campus of
the University of Konstanz (both Southern Germany), from Harkortsee (Western
Germany, provided by E.A. Nusch, Ruhrverband, Essen, Germany), or from a
laboratory aquarium culture (16 °C, 50 µmol m-2 s-1, L:D 14:10) of the pond specimens.
E. canadensis was obtained from the botanical garden of the University of Marburg
(Germany), from Lake Rotcze (Poland, provided by R. Kornijow, University of Lublin),
and from Lower Lake Constance. Plants were rinsed free of debris, frozen in liquid
nitrogen, and freeze-dried. Lyophilized material was finely ground and stored air-tight
at room temperature in the dark until use.

4.2.2 Algae and cyanobacteria
We used several different strains of indicator organisms in our bioassays (Table 4.1).
All organisms were kept as liquid batch cultures in cyanobacteria medium modified
after Jüttner et al. (1983), with 150 mg l-1 TES as buffer. The cultures were placed on an
orbital shaker (115 rpm) and incubated at 22 ± 1 °C, 70 µmol m-2 s-1, and a photoperiod
of L:D 13:11.
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Table 4.1. Cyanobacterial and algal strains used as target organisms in our bioassay systems.
ATCC – American Type Culture Collection, Manassas, VA, USA; PCC – Pasteur Culture
Collection, Paris, France; SAG – Sammlung von Algenkulturen, Göttingen, Germany. The
cyanobacterial epiphytic strains from different submersed macrophytes were isolated by C.
Postius, the epiphytic green algae by E. Ivanyi, both at the University of Konstanz.

Species
Cyanobacteria

Strain

Anabaena sp.
PCC 7120
Anabaena variabilis P9
ATCC 29413
Synechococcus elongatus SAG 89.79
Pseudanabaena cf.
Myr 9807
catenata
Synechococcus sp.
Cha 9817
Pot 9801
Synechococcus nidulans

Axenic

Notes

yes
yes
no
no

Long-term culture at the institute
Long-term culture at the institute
Long-term culture at the institute
Isolated from Myriophyllum
spicatum
Isolated from Chara sp.
Isolated from Potamogeton
pectinatus

no
no

Green algae
Scenedesmus brevispina
Chlorella cf. vulgaris

Naj S52
Elo 5B

no
no

Isolated from Najas marina
Isolated from Elodea nuttallii

4.2.3 Crude extracts of Elodea
Plant material was extracted twice for 2 h in 50 % (v/v) aqueous methanol (Gross et al.
2003a). Aliquots of these extracts were evaporated to dryness and resuspended in 50 %
methanol to a final concentration of 100 mg plant dry mass (dm) ml-1. Controls using
only solvent without plant material were prepared in the same way.

4.2.4 Fractionation of crude extracts
Crude extracts of Elodea and control extracts were further separated by solid phase
extraction (SPE) to isolate allelopathically active fractions. Aliquots of extracts were
diluted with ultrapure water to a final concentration of 2.5 % methanol. They were then
passed over a preconditioned SPE-C18 cartridge (Varian Bond Elut, 12 ml, 2 g sorbens)
with a flow rate of 3 ml min-1. The cartridge was washed with 10 ml of 2.5 % methanol
and then stepwise eluted with each 10 ml of 10 to 100 % methanol (increasing at 10 %
intervals). This yielded 11 fractions in total. All fractions were evaporated to dryness
and resuspended in 50 % methanol to a final concentration of 100 mg dm ml-1.

4.2.5 Precipitation of phenolic compounds
To test whether phenolic substances exhibited allelopathic activity, we mixed aqueous
aliquots of extracts and fractions (pH adjusted with HCl to ≤ 5, if necessary) with
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insoluble PVPP (Sigma P-6755, final concentration 5 % [w/v]) to precipitate phenolic
compounds (Loomis and Battaile 1966). After incubation over night at 8 °C,
suspensions were centrifuged, supernatants evaporated to dryness and resuspended in
50 % methanol.
4.2.6 Flavonoids from Elodea
E. canadensis and E. nuttallii contain 7-O-diglucuronides of the flavones luteolin,
apigenin and chrysoeriol (Mues 1983). To assess the importance of these compounds
for allelopathic activity, we tested purified flavonoid fractions in our bioassay systems.
Flavonoid samples were isolated and provided by G. Pohnert, MPI for Chemical
Ecology, Jena, Germany. The luteolin derivative was isolated as single compound
whereas the apigenin and chrysoeriol derivatives could not be separated, and were thus
always applied together. Luteolin-7-O-diglucuronide was tested in amounts of 5-20 µg,
equivalent to its content usually found in 1-2 mg plant dm. The two other flavonoids
were applied in amounts of up to 6 µg (both substances together).

4.2.7 Exudation of allelochemicals
We examined whether active compounds were also exuded by live plants into the
surrounding medium. Due to the lack of live E. canadensis, the experiment was
conducted only with E. nuttallii. Fresh and obviously undamaged plants were
submersed in tap water for 2, 4 and 24 h (10 g fresh mass [fm] l-1). At the same time,
controls were performed under the same conditions but with tap water only. The
incubation water was subsequently filtered over filter paper (MN 615, Macherey-Nagel,
Düren, Germany) and membrane filters with 0.2 µm pore size (OE 66, Schleicher &
Schuell, Dassel, Germany), and then passed over preconditioned C18 filter disks (3M
Empore™ High Performance Extraction Disks, 47 mm Ø, 3M, St. Paul, MN, USA).
The filter was washed with a small volume of ultrapure water and vacuum dried for 1
min. Adsorbed compounds were eluted three times with 10 ml of methanol according to
the instructions by the manufacturer. Both aqueous eluent and methanolic eluate were
evaporated to dryness and redissolved in 50 % methanol.

4.2.8 Bioassays
We used two different assays to investigate the allelopathic activity of extracted
compounds. In the agar diffusion assay (ADA, Gross et al. 2003a), we screened them
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against the filamentous cyanobacteria, Anabaena spp. Extracts and fractions were
spotted on an agar plate and dried in a sterile stream of air. Cyanobacteria were
inoculated at optical densities (measured at 530 nm; OD530) of 0.04 AU (absorption
units) in cyanobacteria medium containing 1 % agar. This overlayer agar was poured on
the prepared agar plates which were, after gelling of the overlayer, incubated for 7 days
at 28°C and constant illumination (80 µmol m-2 s-1). Growth inhibiting extracts caused
clearing zones in the overlayer agar containing the target organisms, and in general, the
size of these zones increased with the amount of extract applied. However, the ADA
allows only a semi-quantitative interpretation, and furthermore turned out to be less
suitable for coccal and epiphytic test organisms. We thus tested plant extracts and
fractions against all strains except Anabaena spp. in liquid cyanobacteria medium. This
test was adapted from Schrader et al. (1997) and conducted in sterile 24-well plates.
Extracts and fractions were applied to the wells and dried under a sterile air stream.
Two millilitres of test organism culture (OD530 = 0.04 AU) were filled in each well, so
that final extract concentrations ranged from 0 to 1 mg dm ml-1. Wells containing only
medium without organisms were prepared to correct for absorption caused by extracts.
Plates with control extracts and fractions were performed in the same way, and all
assays were run in triplicate. After incubation for seven days (see conditions for agar
diffusion assay), the OD530 was measured again and growth of treated cultures was set
in relation to that of control cultures. This method allowed us to determine the
concentration of Elodea extract necessary to cause a 50 % growth inhibition compared
to the controls (IC50). IC50 were calculated from EC50 values computed in SigmaPlot 9.0
using the sigmoid dose-response model with variable slope.

4.2.9 Statistical analysis
All data were analysed by parametric tests (i.e. Student’s t-test or ANOVA followed by
unequal N HSD tests) when data were normally (Shapiro-Wilk test, P > 0.2) and
variances homogenously (tested by Levene’s test) distributed. When transformation
failed to correct for absence of normality or equal variances, we performed nonparametric tests (i.e. Mann-Whitney U tests). All analyses were done with Statistica 6.0
(StatSoft, Inc., Tulsa, USA) or JMP IN 5.1 (SAS Institute).
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Table 4.2. Diameter [mm] of clearing zones caused by crude extracts of E. canadensis and E. nuttallii in the ADA. Plants derived from different
sampling sites in the field and from the aquarium. Given are means ± SD (N = 5 per experiment). [+]: weak inhibition in only few replicates,
+: weak inhibition, --: not tested. Values in parentheses are from another extract of the respective plant sample.
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4.3 Results
4.3.1 Allelopathic activity of Elodea crude extracts
E. canadensis and E. nuttallii crude extracts caused clearing zones in the agar diffusion
assay (ADA) with Anabaena sp. PCC 7120 and A. variabilis P9 above 0.5 mg dm
biomass equivalents applied per spot (Table 4.2). All plants, from the field as well as
aquarium material, were active, but the size of clearing zones varied markedly between
independent assays. When E. nuttallii and E. canadensis were tested in the same assay,
there was in general no difference between the two species. Only once, E. canadensis
from Lake Constance caused larger clearing zones than E. nuttallii from the campus
pond when applied to A. variabilis P9 at 0.5 and 1 mg dm (Mann-Whitney U test, P =
0.006 and P = 0.011; Table 4.2).
Assays with liquid cultures of different target organisms yielded similar results.
Both Elodea species were active and inhibited the growth of all organisms except
Scenedesmus brevispina Naj S52 by at least 50 %. Most organisms were susceptible to
concentrations less than 1 mg dm ml-1, and at the highest concentration tested (1 mg dm
ml-1), crude extracts reduced growth of Synechococcus elongatus and the epiphytic
cyanobacteria Pseudanabaena Myr 9807, Synechococcus sp. Cha 9817 and S. nidulans
Pot 9801 on average by 56 to 92 % of the control cultures. Higher concentrations were
necessary to cause 50 % inhibition of Chlorella Elo 5B, and the IC50 for all susceptible
strains ranged from 0.2 to more than 4 mg dm ml-1 (Figure 4.1). A two-way ANOVA of
IC50 values revealed significant differences between test organisms (F = 11.009, P <
0.001), but not between different Elodea species (F = 1.214, P = 0.284). The Chlorella
Elo 5B, isolated from E. nuttallii, was less sensitive than the other organisms with the
exception of the Potamogeton epiphyte S. nidulans Pot 9801 (unequal N HSD,
P < 0.05). Growth of Scenedesmus brevispina Naj S52 was either not influenced or
even stimulated at concentrations up to 1 mg dm ml-1 (Figure 4.1). This was also
observed at higher concentrations up to 4 mg dm ml-1 and thus, an IC50 could not be
determined.

4.3.2 Fractionation of extracts
Solid phase extraction (SPE) of methanolic crude extracts yielded several active
fractions. Three fractions of E. nuttallii extract were inhibitory in the ADA (Figure 4.2).
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E. canadensis
E. nuttallii

Figure 4.1. Growth of different
indicator organisms (% of control
cultures) in the presence of 1 mg
dm ml-1 crude extract from E.
canadensis and E. nuttallii. Data
show results from N = 2-6 independent growth assays. The
dotted line marks the growth of
control cultures (i.e. 100 %). IC50
values represent the concentrations of extract necessary to
reduce growth of organisms to
50 % of the control cultures.
Scenedesmus spp. was not
inhibited and thus, no IC50 could
be calculated.
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Fraction 1 (i.e. the unretained eluent) as well as fractions 10 and 11 (eluted with 90 and
100 % methanol) reduced growth of Anabaena P9, but only fraction 10 caused perfect
clearing zones in the overlayer. The other fractions led only to weak inhibition, i.e.
some cyanobacteria still grew, causing weak clearing areas.
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In contrast to E. nuttallii, the unretained eluent of E. canadensis crude extract did not
cause growth inhibition in the ADA (Figure 4.2). Here, fractions 9 and 10 were most
active against Anabaena P9 and resulted in clearing zones and fraction 11 showed a
weak inhibition.

20

Clearing zone
diameter [mm]

Figure 4.2. Inhibition of
Anabaena variabilis P9 by
crude extract (extr) and
SPE fractions (1-11) of E.
canadensis and E. nuttallii
in the ADA. Extracts and
fractions were applied
equivalent to 2 mg dm.
Bars represent diameters
(mm) of clearing zones
(mean + SD, N = 5).
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In a first assay with the epiphytes Pseudanabaena cf. catenata Myr 9807 and
Synechococcus sp. Cha 9817, the polar fractions 1 and 2 were also active but the more
lipophilic fractions 9-11 were inactive (data not shown). However, this could not be
supported by a second separation, which was prepared with the same plant material,
where fraction 1 led to a slight growth stimulation in these organisms (Figures 4.3C, F,
G). Here, application of the more lipophilic fractions 10 (both Elodea species) and 11
(only E. canadensis) resulted in growth inhibition of S. elongatus and the epiphytic
cultures Pseudanabaena cf. catenata Myr 9807 and Synechococcus sp. Cha 9817
(Figure 4.3). The observed decline was comparable to inhibition caused by crude
extracts (growth = 16-59 and 31-37 % of controls for E. canadensis and E. nuttallii,
respectively; Figure 4.3). Fractions 5 or 8 of E. canadensis exhibited somewhat weaker
inhibitory activity against Pseudanabaena cf. catenata Myr 9807 and Synechococcus
sp. Cha 9817, while fraction 5 of E. nuttallii extract slightly stimulated growth of the
latter (Figure 4.3). S. nidulans was not significantly inhibited by any original (- PVPP)
fraction, although crude extracts were active.
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Figure 4.3. Growth of S. elongatus, Pseudanabaena Myr 9807, Synechococcus sp. Cha 9817
and S. nidulans Pot 9801 in the presence of crude extracts (extr) and SPE fractions (1-11)
equal to 1 mg dm ml-1 E. nuttallii (A-D) and E. canadensis (E-H). Filled bars represent
original extracts (- PVPP), open bars represent extracts precipitated with PVPP to remove
phenolic compounds (+ PVPP). Given are the differences (means + SD, N = 3) from the
control cultures. For reasons of clarity, mainly those fractions were considered that showed
significant differences to the controls in their original state. Only when tested against S.
nidulans, growth inhibition by the original fraction 11 of E. canadensis was not significant.
(-): effect significantly weaker after PVPP treatment, (+): effect significantly enhanced after
PVPP treatment (P < 0.05, Mann-Whitney U or Student’s t-tests).
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4.3.3 Effect of PVPP treatment
Precipitation of phenolic compounds by PVPP did not or only slightly reduce the
allelopathic activity of E. nuttallii crude extracts against Anabaena PCC 7120 in the
ADA, but did not neutralize it (data not shown). Similar effects were observed in the
liquid bioassays. Addition of PVPP reduced the activity of both E. canadensis and E.
nuttallii crude extracts when tested against Synechococcus elongatus and epiphytes
Pseudanabaena cf. catenata Myr 9807, Synechococcus sp. Cha 9817 and S. nidulans
Pot 9801 (Mann-Whitney U or Student’s t-tests, P < 0.05; Figure 4.3). However, the
extent of reduction varied depending on the Elodea species and the target organism used
for the assay. Inhibition caused by E. nuttallii was neutralized by PVPP so that growth
of extract treated cultures did not differ from growth of control cultures any more
(Student’s t-tests, P > 0.05; Figures 4.3A-D). E. canadensis extracts remained active
against epiphytes Pseudanabaena Myr 9807 and Synechococcus sp. Cha 9817 (growth
reduction to 74 ± 19 and 57 ± 9 % of controls, mean ± SD, N = 3; Mann-Whitney U or
Student’s t-test, P < 0.05; Figures 4.3F,G) after precipitation by PVPP, but stimulated
growth of S. elongatus compared to the controls (152 ± 54 %; Mann-Whitney U test,
P < 0.05; Figure 4.3E). The effect of E. canadensis towards S. nidulans Pot 9801 was
neutralized so that this culture did not differ from the control (Student’s t-test, P > 0.05;
Figure 4.3H).
PVPP precipitation also affected the impact of selected SPE fractions of Elodea
extracts (Figure 4.3). It decreased the inhibition of S. elongatus and Pseudanabaena
Myr 9807 caused by fraction 10 of both E. nuttallii and E. canadensis extracts (MannWhitney U or t-tests, P > 0.05; Figures 4.3A,B and E,F), but the epiphytic
Synechococcus sp. Cha 9817 responded with enhanced growth to this fraction after
PVPP precipitation, as well as to fractions 7-11 of E. nuttallii and 5-11 of E. canadensis
(P < 0.05; not all data shown). Fraction 11 of E. canadensis extract, in contrast,
remained active against S. elongatus and Pseudanabaena Myr 9807. Whereas in the
case of S. elongatus the activity was reduced (Student’s t-test, P = 0.016; Figure 4.3E),
the inhibitory effect on Pseudanabaena was even stronger than by the original fraction
(P = 0.022; Figure 4.3F). Although the original fraction 11 of E. canadensis did not
reduce growth of S. nidulans Pot 9801 significantly, this fraction reduced growth after
removal of phenolic compounds (Mann-Whitney U test, P < 0.05), but the difference
between treatments was not significant (Mann-Whitney U test, P = 0.123, Figure 4.3H).
The slight growth inhibition observed by fraction 5 of the E. canadensis extract against
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Pseudanabaena was neutralized (Mann-Whitney U test, P > 0.05), and PVPP
precipitation led to significant growth inhibition in fraction 8 (Student’s t-test, P =
0.017).
4.3.4 Effect of Elodea derived flavonoids
The diglucuronides of luteolin or apigenin and chrysoeriol did not inhibit the growth of
Anabaena sp. PCC 7120 and A. variabilis P9 in the agar diffusion assay when applied
as either single fractions or combined in amounts equal to 2 mg dm of Elodea, whereas
positive controls (crude extract) caused clearing zones of 7-17.5 (P9) and 14-28 mm
(PCC 7120) in diameter.

4.3.5 Exudation of allelochemicals
Exuded allelochemicals could be trapped from the surrounding medium by solid phase
extraction on C18 filters and eluted with methanol. All exudates caused clearing zones
in the ADA with Anabaena sp. PCC 7120 when amounts equivalent to ca. 3.5 g fresh
mass (fm) per spot were applied (Figure 4.4). In two of three tests, the highest inhibition
was observed after 4 hours of incubation, and activity of 24 h exudates was significantly
weaker than that of 2 h (in experiment 1) and 4 h exudates (in experiments 1 and 3;
Tukey HSD, P < 0.05, following one-way ANOVA for experiment 1; one-sided t-test,
P = 0.013 for experiment 3). Diameters of clearing zones in the second exudation
experiment did not differ significantly (one-way ANOVA, F = 0.530, P = 0.618).
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Figure 4.4. Effect of E.
nuttallii culture filtrate in the
agar diffusion assay against
Anabaena sp. PCC 7120.
Exudates were sampled after 2,
4 and 24 h of plant incubation.
Given are mean diameters of
clearing zones (mm) + SD
(N = 3 per experiment). *: exudates
with
significantly
reduced activity (Student’s ttest or one-way ANOVA,
P < 0.05).
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Exudates were also tested against S. elongatus in the liquid assay, but did not

cause significant growth inhibition in concentrations ≤ 150 mg plant fm ml-1 (minimum
growth compared to the controls: 81 ± 11 %; t-tests, P > 0.05). Two and four hour
exudates led to a significant decline of S. elongatus growth at concentrations of 200 mg
fm ml-1 (2 h: 72 ± 5 % of the controls, one-sided t-test, P = 0.038; 4 h: 66 ± 6 %, P =
0.008). In contrast, 24 h exudates remained inactive at all concentrations tested (83120 %, P > 0.05).

4.4 Discussion
We showed that extracts from two Elodea species, E. canadensis and E. nuttallii, and
exudates of E. nuttallii reduce the growth of several aquatic primary producers, among
them epiphytic algae and cyanobacteria isolated from different submersed macrophytes.
Our results expand the so far scarce studies on allelopathy of Elodea towards
ecologically relevant target organisms, and they might explain why Elodea in the field
are often less covered with epiphytes than other submersed macrophytes (WiumAndersen 1987; Jones et al. 1999; Gross et al. 2003b).
Our separations of Elodea extracts showed that the active compounds are
hydrophilic and moderately lipophilic. SPE further resolved up to three active fractions
in the extracts. However, the polar fraction 1 did not exhibit allelopathic activity in
every bioassay (Figure 4.3) whereas the moderately lipophilic fractions 10 and 11 were
always inhibitory. The extent of growth reduction of these two fractions resembled that
of crude extracts alone. Since all separations were made with the same plant material,
the inconsistent activity of the compounds in fraction 1 could result from concentrations
near to the threshold concentration needed to cause an effect. Aqueous Elodea extracts
were also active in the experiments of El-Ghazal and Riemer (1986), and polar fractions
have been found in extracts of Najas marina and Ceratophyllum demersum (Gross et al.
2003a). Such compounds might be exuded into the surrounding water. The substance in
fraction 10 of both E. canadensis and E. nuttallii is a phenolic compound, and also at
least one of the compounds in fraction 11 of E. canadensis is apparently of phenolic
nature. Since the indicator strains responded differently to this fraction after PVPP
addition, we assume that there might be more, mainly non-phenolic compounds with
inhibitory activity present. Although not supported by SPE fractionation, this should
also be true for E. nuttallii because crude extracts remained active against Anabaena sp.
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PCC 7120 after PVPP addition. This could be a result of threshold concentrations, but
also synergistic or additive effects might have caused a stronger activity in the
precipitated crude extracts compared to the single fractions.
Among the phenolic allelochemicals isolated so far from freshwater primary
producers are simple phenolic acids as well as complex hydrolysable tannins
(summarized in Gross 1999; 2003a). Gallo- or ellagitannins such as tellimagrandin II
from M. spicatum (Gross et al. 1996) are not synthesized by monocotyledons (Haslam
and Lilley 1986). Elodea species contain diglucuronides of the flavones luteolin,
apigenin and chrysoeriol and a yet unidentified phenolic acid similar to caffeic acid
(Mues 1983; Erhard and Gross 2005). Various flavonoids have been demonstrated to
inhibit growth of gram negative bacteria (Basile et al. 1999), to which also
cyanobacteria belong (Schlegel 1992). However, the phenolic acid as well as the
flavonoids were absent from the inhibitory fractions (data not shown), and purified
flavonoids did not exhibit allelopathic activity in the ADA. Thus, we can exclude them
as directly active allelochemicals. However, we did not test the respective aglycones.
Bacterial metabolism could produce aglycones in nature, whereas our ADA was
performed under axenic conditions. On the other hand, we did not detect Elodea
flavonoids in the active culture medium (HPLC data not shown), and it seems unlikely
that all diglucuronides were metabolised within two hours.
Non-phenolic allelochemicals comprise fatty acid derivatives as in Typha or
Pistia (Aliotta et al. 1990; Aliotta et al. 1991; Gallardo-Williams et al. 2002). Sulphur
compounds or even elemental sulphur were isolated from Ceratophyllum and Chara
(Wium-Andersen et al. 1982; Wium-Andersen et al. 1983). All of these compounds are
highly lipophilic and should not have been eluted with pure methanol (fraction 11).
They were thus most likely not present in Elodea extracts, which is corroborated by a
liquid-liquid-separation of acidified extracts that did not produce any inhibitory activity
in the ether phase, only in the aqueous phase (data not shown).
Despite a differential inhibitory effect of SPE fractions from both Elodea
species, the activity of crude extracts did not differ when tested against the same target
organism. This indicates that several active fractions add up to the allelopathic activity.
However, effects varied depending on the indicator organism used in the assay. Such
variations have also been observed by other authors (Aliotta et al. 1990; Aliotta et al.
1991; Gross et al. 2003a), and the different susceptibility to Elodea allelochemicals
might be a result of host specificity and adaptation to plant metabolites. Strikingly, the
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commercially available culture cyanobacteria were most strongly inhibited by Elodea
extracts. These cultures are not epiphytic and should not be adapted to any plant
metabolites. They are thus suitable target organisms to detect active compounds, and
culture cyanobacteria are in fact often used in allelopathy assays (e.g., Aliotta et al.
1990; Gross et al. 1996; Nakai et al. 1996; Gross et al. 2003a). The response of the
epiphyte isolates was more differentiated. Cyanobacteria showed inhibition patterns
towards crude extracts similar to S. elongatus, whereas Chlorella cf. vulgaris Elo 5B
was less sensitive and growth of Scenedesmus brevispina Naj S52 was even increased.
Nevertheless, the latter was inhibited by hydrophilic compounds of E. nuttallii alone,
whereas lipophilic compounds led to increased growth (data not shown). This indicates
that S. brevispina might profit from growth stimulating compounds more than they
suffered from allelochemicals. Thus, inhibition of Scenedesmus could also occur under
natural conditions if inhibiting compounds alone are exuded in the surrounding medium
by the plants. Chlorella, an isolate from Elodea, seems partly adapted to this plant, and
higher concentrations of extract were needed to inhibit the growth of this alga.
Scenedesmus, although isolated from Najas, is ubiquitous in epiphytic biofilms and can
reach high abundances on aquatic macrophytes (Eminson and Moss 1980). Members of
this genus can also be found on Elodea leaves (pers. observations), but only in small
densities. Species composition of epiphytes depends on both season and site (Eminson
and Moss 1980; Müller 1994), but epiphytic algal communities are usually dominated
by diatoms (Sand-Jensen and Søndergaard 1981; Blindow 1987; Müller 1994; Cattaneo
et al. 1998; Müller 1999; James et al. 2000). Especially Cocconeis sp. or Gomphonema
are frequently found on Elodea (D. Erhard, pers. observation). Only in spring, green
algae might be the most abundant, but cyanobacteria were never found to be the
dominating organisms (Eminson and Moss 1980; Müller 1994). We thus hypothesize
that the epiphytic organisms we investigated play a minor role as epiphytes on Elodea
due to the allelopathic activity towards them. The isolation from the plants and the
cultivation techniques used in the laboratory favoured the growth of green algae and
cyanobacteria, which is reflected by the isolates from Myriophyllum, Chara and
Potamogeton. Further investigations are necessary to prove that cyanobacteria are
especially susceptible to allelopathy. However, this is corroborated by studies of e.g.,
Aliotta et al. (1990; 1991), Jasser (1995) and Körner and Nicklisch (2002), who found
that extracts and exudates of several aquatic macrophytes affected specifically
cyanobacteria.
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An important, yet often ignored requirement for the ecological relevance of
potential allelochemicals is their release by the plants (Willis 1985). Only few aquatic
macrophytes have been demonstrated to exude active compounds, e.g., Myriophyllum
spicatum, Najas marina and Ceratophyllum demersum (Gross et al. 1996; Nakai et al.
2000; Körner and Nicklisch 2002; Gross et al. 2003a). For plants like Chara or Sium
erectum, a release could not be shown (Wium-Andersen et al. 1982; Wium-Andersen et
al. 1987), and the importance of allelopathy for Chara in situ was doubted (Forsberg et
al. 1990). However, allelopathy in Chara is still under discussion (van Donk and van de
Bund 2002; Gross 2003a). Our experiments show that inhibitory substances can be
extracted from the surrounding water of Elodea. We used only undamaged plants for
our assays so that exudation of allelochemicals is likely to occur during the whole
vegetation period and not only when plants decay. However, the amounts of exudates
needed to cause significant growth reductions was much higher than of crude extracts or
fractions. Whereas the latter two were already active at concentrations ≤ 1 mg dm ml-1,
exudates inhibited only at concentrations equivalent to 200 mg fm ml-1 (i.e. ca. 16.5 mg
dm ml-1). Similarly, the diameter of clearing zones caused by exudates equivalent to
about 3.5 g fm (i.e. ca. 290 mg dm) in the ADA resembled only that of crude extracts
equivalent to 2 mg dm. We nevertheless suggest that these concentrations reflect
ecologically realistic concentrations and indicate the presence of allelopathy in the
natural system.
E. canadensis forms dense patches and reaches biomasses of up to 500 g dm m-2
(Pokorny et al. 1984). Vöge (1995) determined 809 g dm m-2 of E. nuttallii, and Cook
and Urmi-König (1985) even reported maximum densities of 1693 g dm m-2 for this
species. Most of this biomass should be located in the upper 30 cm of the macrophyte
bed. Assuming that 70 % were located in the upper 30 cm, this would equal a density of
1.17-3.95 mg dm ml-1, which is well in the range of IC50 against most organisms tested
in our bioassays (except Scenedesmus brevispina), but still below the active
concentrations of exudates. Epiphytic organisms live in closer contact to the plants and
consequently, allelochemicals effective against epiphytes need not to be transported
over a long distance to prevent algal attachment on the leaf surface. Allelochemicals
should thus reach higher concentrations in the direct vicinity of leaves where they act,
positively supported by the boundary layer diffusive resistance (Losee and Wetzel
1993). Sher-Kaul et al. (1995) calculated the leaf area of E. canadensis to 1255 cm² g-1
dm. In a distance of 1 mm, which is the thickness of massive epiphytic biofilms (Wetzel
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2001), 1 g dm Elodea would be surrounded by 125.5 ml, which equals 7.97 mg dm ml-1
or ca. 96 mg fm ml-1. This is about half the concentration that caused effects in our
bioassays with exudates. Since most of the activity is located in the leaves of Elodea,
the concentrations of allelochemicals might be distributed patchy around the plants. If
exudation is driven by active transport or facilitated diffusion, leaf polarity (i.e. pores or
channels at the upper leaf surface, where epiphytes attach) might additionally increase
the effective concentration of allelochemicals. Similar leaf polarity has been found for
H+-ATPases that are exclusively located at the lower leaf surface (Baur et al. 1996). We
did not examine exudation rates nor did we test the chronic exposure of target
organisms to plant allelochemicals. It is known that during long-term exposure, also
sublethal concentrations of toxins or effective compounds exhibit strong impacts. At
short-time exposure, as in our assays, these concentrations might still be inactive. We
assume a constant exudation of low concentrations of active compounds by Elodea
under natural conditions, and this should decrease the concentrations needed to exhibit
deleterious effects. Constant exudation is also important to compensate for dilution or
natural degradation. The latter seemed to be relevant in our exudation experiments as
indicated by the inhibition pattern over time. As soon as 2 h after incubation, exudates
caused clearing zones in the ADA or slightly reduced growth of S. elongatus batch
cultures. The highest activity was found in 4 h exudates, whereas 24 h exudates were
less active. Exuded Elodea allelochemicals seem to be labile or were metabolized by
bacteria, as observed with Myriophyllum exudates (Nakai et al. 2000). Axenic cultures
of Elodea would be desirable to investigate the influence of bacterial metabolism on the
effect of plant derived compounds. So far, no axenic culture of Elodea could be
established.
Allelopathy is considered an effective strategy to avoid light limitation by
epiphytes or phytoplankton (Gross 1999; 2003a). Both can severely alter the inherently
poor light conditions under water and reduce light intensity to 80 % (Phillips et al.
1978; Sand-Jensen and Søndergaard 1981). Their effectiveness against a variety of
putative light competitors might be important for the spreading success of Elodea.
Together with traits such as high growth and photosynthetic rates under a broad range
of chemical and physical parameters or adaptation to low light intensities (Jahnke et al.
1991; Dendène et al. 1993; Jones et al. 1993; Ozimek et al. 1993), allelopathic activity
might allow these plants to invade eutrophic water bodies that develop higher
phytoplankton densities. Allelopathy would then strengthen the competitive ability of
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Elodea and provide the potential to massive growth. Dense macrophyte stands
positively influence water quality by enhancing sedimentation and hampering
resuspension. This leads via negative feedback regulation to a decline of phytoplankton
densities in lakes and stabilizes macrophyte dominance (Scheffer et al. 1993). In fact,
waterweeds form large, monospecific plant patches and often displace native submersed
vegetation in lakes they invade (Cook and Urmi-König 1985; Thiebaut et al. 1997).
Whether also direct allelopathic effects towards macrophytes at least partially account
for the displacement of native species, is not clear. Such interactions are known from
terrestrial invasive plants (Bais et al. 2003) and have been found between Myriophyllum
and other submersed aquatics (Agami and Waisel 1985), but they have never been
examined for Elodea. Further studies are needed to determine the role of allelopathy in
the interaction with other primary producers for the success and competitiveness of this
aquatic invader.
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Impact of the submersed macrophyte Elodea nuttallii on the
performance of an aquatic herbivorous lepidopteran
Daniela Erhard and Elisabeth M. Gross
Unpublished manuscript
Abstract - The herbivorous larvae of the aquatic moth Acentria ephemerella feed
exclusively on submersed angiosperms, preferably on pondweeds (Potamogeton spp.)
and Myriophyllum spicatum. Whereas feeding damage on apical meristems of these
plants can be immense, larvae were never found on Elodea nuttallii, and avoided
feeding on E. canadensis. Both waterweeds were introduced from North America to
Europe, the native range of Acentria. The reason for their avoidance has not been
examined, but we hypothesize that Elodea might have negative effects on larval
performance. In the present study, we thus investigated in which way E. nuttallii might
impact the development of Acentria when offered as single food source. We found that
Elodea strongly reduced growth of larvae, independent of light and culture conditions
under which plants were grown. Additionally, E. nuttallii exposed to high light
intensities increased larval mortality. This could not be explained by the availability of
nitrogen or phosphorus in food plants, and we suggest that flavonoids present in E.
nuttallii, but absent in other common host plants of Acentria, are responsible for the
reduced larval growth. Our results indicate a negative impact on the fitness of Acentria,
which could account for the avoidance of Elodea in the field. This would prevent severe
loss of biomass and, in addition to its tolerance towards environmental heterogeneity,
strengthen the competitive ability of E. nuttallii.
Keywords - Acentria ephemerella, aquatic angiosperm, chemical defence, flavonoids,
herbivory, nutritional value
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5.1 Introduction
Herbivory on freshwater macrophytes can account for severe losses of plant biomass
(Lodge et al. 1998; Choi et al. 2002) and might even change plant community structure
(Johnson et al. 1998; van Donk 1998; Gross et al. 2001; Newman 2004). Besides fish
and waterfowl, macroinvertebrates and especially insects are important aquatic
herbivores (Newman 1991, 2004). Trichoptera, Coleoptera (mostly chrysomelid beetles
and weevils) and Lepidoptera preferably consume aquatic plant biomass.
One of the most important insect herbivores on submersed macrophytes is
Acentria ephemerella Denis & Schiffermüller (Pyralidae, Lepidoptera; called Acentria
in the following). Larvae feed exclusively on aquatic angiosperms, preferably on
pondweeds (Potamogeton spp.), but also on milfoil (Myriophyllum spicatum),
Ceratophyllum demersum, Elodea canadensis and some other species (Berg 1941; Batra
1977; Gross et al. 2002). Acentria larvae avoided E. canadensis when M. spicatum was
available, and larvae had a higher mortality on E. canadensis (Gross et al. 2001).
However, surviving larvae had comparable development times than those fed milfoil.
This was surprising since even according to Berg’s (1941) fundamental study E.
canadensis is a frequent and suitable host plant. Support for possible deleterious effects
of waterweeds on Acentria emerged from our observations in Lake Constance where
larvae have never been found on E. nuttallii, whereas larvae have reached abundances
of up to 10,000 individuals per square metre in areas covered by pondweeds or milfoil,
and were also present on C. demersum (Choi et al. 2002).
Both E. canadensis and E. nuttallii are invasive in the native range of Acentria,
and both are characterized by fast colonisation rates due to vegetative fragmentation. In
general, fast growing plants are more frequently consumed by herbivores due to their
high content of free sugars and readily available nitrogen (White 1993). One would thus
expect severe feeding damage on Elodea. Instead, Elodea spp. have often been
described unfavourable also to other herbivorous invertebrates (summarized in Newman
1991). This led to our conclusion that Elodea, especially E. nuttallii, are in general of
poor quality for invertebrate herbivores and might have negative effects on their
performance.
Traits resulting in poor quality of submersed macrophytes are diverse. Structural
defences such as spicules or calcite granules hamper ingestion by herbivores or render
submersed macrophytes indigestible (Hay et al. 1994). Nitrogen content is generally
considered the major nutrient determining food quality of plants (Mattson 1980; White
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1993), and many Lepidoptera prefer plants with the highest nitrogen content (White
1993; Newman et al. 1996). It has long been thought that aquatic plants are of low
nutritive value and thus do not face serious herbivore damage (Hutchinson 1975;
Wetzel 1983). Yet, aquatic angiosperms mostly contain 1.0-4.8 % nitrogen (Boyd 1968;
Jewell 1971; Muztar et al. 1978a, b; Duarte 1992), values often even exceeding nitrogen
content in terrestrial plants (Lodge 1991). In terrestrial systems, secondary metabolites
rather than unfavourable nutrient content act as feeding deterrents. Similar mechanisms
have been demonstrated also in aquatic systems. Aquatic angiosperms contain alkaloids
that are likely to be involved in chemical defences (Ostrofsky and Zettler 1986).
Watercress tissue is protected by glucosinolates (Newman et al. 1996), also known as
potent deterrents in terrestrial Brassicaceae. Different types of flavonoids affect various
invertebrate herbivores, most of them in terrestrial ecosystems (e.g., Harborne 1986;
Simmonds 2003). Flavonoids have been isolated from many aquatic plants (McClure
1970), and some have recently been considered to deter herbivores, e.g.,
deoxyanthocyanin from the aquatic fern Azolla pinnata (Cohen et al. 2002). Both, E.
canadensis and E. nuttallii, contain several flavone-diglucuronides (Mues 1983; Erhard
and Gross 2005) that might act as antifeedants.
In this study we investigated how Elodea nuttallii influences growth and
survival of Acentria larvae. We further examined its nutritional value and content of
potential feeding deterrents in order to identify the major factor responsible for the
avoidance by the larvae.

5.2 Materials and methods
5.2.1 Food plants
Besides Elodea nuttallii, two pondweeds (Potamogeton lucens L. and P. perfoliatus L.)
were used as food plants in our bioassays. P. perfoliatus was collected in Lower Lake
Constance, at the Southwest shore of the Island of Reichenau, and directly used in
feeding assays. P. lucens, originating from Upper Lake Constance, was grown in
aquaria at 16 °C and a light cycle of 16:8 L:D (30-70 µmol m-2 s-1) to provide food
during fall and early spring. E. nuttallii originated from a flow-through pond at the
university campus used for cooling purposes (Constance, Germany), or from aquaria
with culture conditions as for P. lucens.
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5.2.2 Larvae
Hibernating larvae of Acentria were collected in autumn (2001-2003) in Lower Lake
Constance. Stems of P. perfoliatus and M. spicatum, containing quiescent larvae, were
placed in 1.5 l glass jars with dechlorinated tap water and kept at 4 °C in the dark in a
cooling chamber. During winter, water was replaced at regular intervals (2-3 weeks).
Usually, larvae actively ended hibernation by leaving their cases after three to five
month. Those larvae were used in our growth assays.

5.2.3 No-choice feeding assays
Larvae were placed individually in 50 mm petri dishes filled with 8 ml of water and
kept in a growth chamber at 16 °C in dim light and a 16:8 L:D. They were allowed to
feed on P. perfoliatus or P. lucens for one day to make sure that all individuals were
alive at the start of the assays. After measuring their initial headcapsule width, larvae
were equally distributed to the different treatments, so that headcapsule widths did not
differ (t-test or one-way ANOVA, P > 0.8).
Experiment I: Larval growth on different macrophytes. The influence of E.
nuttallii on growth of the larvae was examined in two independent experiments
conducted in different years (2002 and 2003). Acentria were fed in no-choice assays
either with their preferred food, P. perfoliatus, or with E. nuttallii. Larvae were kept
individually in petri dishes as described above and received the respective food. Food
plants were replaced every 2-3 days, and water as well as petri dishes were replaced at
least once a week. Experiments lasted 22 days during which headcapsule width was
measured three to five times to compare the growth of larvae fed either P. perfoliatus or
E. nuttallii.
Experiment IIa: Growth on sun and shade grown Elodea. Previous observations
indicated that E. nuttallii might contain higher amounts of various flavonoids when
exposed to higher light intensities (Erhard and Gross 2005). Since these compounds
might also act as herbivore deterrents, we tested whether Elodea plants grown in light or
shade differed in their impact on Acentria. The experiment was conducted under the
same conditions as described above. We fed larvae with sun and shade exposed Elodea
from the field. Control larvae were fed with P. lucens. Elodea plants were collected
from two different sites of the university pond. One site was exposed to full sunlight
whereas the other location was in the shade and received seldom full sunlight. At five
independent summer days, measurements directly below the water surface revealed
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light intensities of 780-1490 µmol m-2 s-1·at the sun exposed, and 107-382 µmol m-2 s-1
at the shaded site. The temperature in the pond was in general 16-18 °C, but sun
exposed areas reached up to 21 °C.
Experiment IIb: Growth on high and low light exposed Elodea. To prove that
light intensity and not other site factors affected differences in plant chemistry in E.
nuttallii, we established a culture under controlled conditions in a light chamber. We
collected E. nuttallii in the campus pond, selected green shoots and rinsed them with tap
water to remove detritus and filamentous algae. One or two plants each were planted in
sixteen 1.5 l glass jars filled with Lake Constance sediment and dechlorinated tap water.
After two days, the plants were divided into two groups. Eight jars were covered with
black nylon stockings (den 20), the other jars remained uncovered. Uncovered plants
received 544 ± 30 (mean ± SD, n = 8) µmol m-2 s-1, whereas nylon stockings reduced
the light intensity to 154 ± 15 µmol m-2 s-1. Temperature varied between 18.4 and
20.1 °C. Plants from both treatments were used as food in this experiment, and P. lucens
as control.

5.2.4 Analysis of plant chemistry
To assess whether chemical constituents account for reductions in larval growth, we
extracted the food plants used in these assays. Plant material was freeze-dried, finely
ground and then extracted twice with 50 % aqueous methanol, following the extraction
procedure for flavonoids given in Erhard and Gross (2005). Aliquots equivalent to 1 mg
plant dry mass (dm) ml-1 were analysed by reversed phase HPLC as described in Erhard
and Gross (2005) and the 7-O-diglucuronides of luteolin, apigenin and chrysoeriol were
considered for analysis. Due to the lack of pure standards for all three compounds we
quantified peak areas of the HPLC signals instead of concentrations.

5.2.5 Analysis of nutritive value of larval diets
Carbon and nitrogen were measured with an Elementar Analysator NCS 2500 (CE
Instruments/Thermoquest) and atropine sulphate as a standard (58.8 % C, 4.0 % N, C:N
molar ratio 17:1). Phosphorus was determined with an N/P autoanalyser after acidic
persulfate digestion (Koroleff 1976).
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5.2.6 Statistical analyses
All analyses were conducted using Statistica 6.0 (StatSoft, Inc., Tulsa, USA) or JMP IN
5.1 (SAS Institute). Nutrient concentrations, flavonoid content and headcapsule widths
were analysed, whenever possible, by ANOVA followed by unequal N HSD tests.
Homogeneity of variances was tested using Levene’s test, and data were considered
normally distributed when Shapiro-Wilk tests resulted in P > 0.2. When transformation
failed to correct for inhomogeneity of variances, we used Welch or Kruskal-Wallis
ANOVA. However, in some cases transformation could not correct for non-normal
distributions of headcapsule widths. We then computed the difference of individual
larval growth for each treatment considering the time between the end of the experiment
and the day when larval sizes began to diverge between treatments. These differences
were compared by nonparametric tests (i.e. Mann-Whitney U tests) or Student’s t-tests
to reveal time effects whereas comparison of mean headcapsule widths during the same
time span discovered treatment effects. Mortality of larvae was analysed by chi-square
tests for groupings at the end of the experiments.

5.3 Results
5.3.1 Larval growth on different plants in no-choice assays
In experiment I, Acentria larvae have been feeding on all diets offered, and built retreats
on all plants. Whereas later instars used only leaves, smaller larvae also mined in the
stems of E. nuttallii or the midrib of P. perfoliatus leaves. Despite feeding, larvae reared
on E. nuttallii had smaller headcapsule widths compared to those reared on
Potamogeton (Figure 5.1). In the first assay, which was performed in 2002, headcapsule
widths of larvae at the beginning were 625 ± 84 µm for P. perfoliatus and 620 ± 89 µm
(mean ± SD) for E. nuttallii, with n = 19 per group. After 22 days, larvae grown with P.
perfoliatus had reached headcapsule widths of 979 ± 137 µm whereas larvae reared with
E. nuttallii remained significantly smaller, reaching only 685 ± 82 µm (Mann-Whitney
U test, P < 0.001). Comparison of the individual growth of larvae between day 12 and
22 revealed only marginal differences among treatments (P = 0.08), but P. perfoliatus
fed larvae were larger during that time (P < 0.001).
In the second growth assay, performed in 2003, the initial larval size was
smaller, with 557 ± 54 µm and 554 ± 67 µm headcapsule widths for the E. nuttallii and
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Figure 5.1. Growth (measured as headcapsule width) of Acentria larvae fed P. perfoliatus or E.
nuttallii in two independent experiments. A: n = 19 per treatment, n = 17 (PF) and 13 (EN) at
the end of the experiment. B: n = 21 per treatment, n = 19 (PF) and 17 (EN) at the end of the
experiment. Data represent means ± SD.

P. perfoliatus treatment, respectively (n = 21 per group). Within 22 days, pondweed fed
larvae reached a similar size than in the first experiment (950 ± 106 µm). Acentria
reared on E. nuttallii developed to a final headcapsule width of 643 ± 59 µm, and stayed
significantly smaller than those in the control group (Mann-Whitney U test, P < 0.001).
The difference in individual growth of larvae between day 7 and 22 indicated a stronger
growth over time with P. perfoliatus (t-test, P < 0.001) and on average, Elodea fed
larvae were smaller during that time (Mann-Whitney U test, P < 0.001).
At the end of both experiments, we counted six and four dead larvae in the
Elodea treatments (i.e. 31.6 and 19 %, respectively) and two dead larvae each in the P.
perfoliatus controls. Mortality was not different between treatments in both experiments
(chi-square test, P = 0.23 and 0.66, respectively).

5.3.2 Growth on Elodea grown under different light regimes
In experiment IIa, larvae had initial headcapsule widths of 542 ± 83 µm, 542 ± 69 µm
and 542 ± 79 µm for P. lucens, shade and sun exposed E. nuttallii, respectively (n = 13
each). Larvae reared on P. lucens reached a mean headcapsule width of 962 ± 93 µm
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Figure 5.2. Growth (measured as headcapsule width) of Acentria larvae fed P. lucens (control),
E. nuttallii exposed to low light (EN low light) or to high light (EN high light). A: Experiment
IIa, with E. nuttallii from the field; n = 13 per treatment, n = 13 (PL), 9 (EN low light) and 7
(EN high light) at the end of the experiment. B: Experiment IIb, with E. nuttallii from the light
chamber; n = 15 per treatment, n = 15 (PL), 12 (EN low light) and 7 (EN high light) at the end
of the experiment. Data represent means ± SD.

while larvae fed E. nuttallii stayed much smaller (Figure 5.2A), 737 ± 87 µm for shade
plants and 642 ± 90 µm for sun plants. Two-way ANOVA showed significant food
plant and time effects and an interaction of both (plant, P < 0.001; time, P < 0.001;
plant × time, P < 0.001). Whereas P. lucens fed larvae were larger than Acentria fed sun
exposed Elodea from day seven on, the difference in size compared to larvae fed shade
grown Elodea differed only at the end of the experiment (unequal N HSD, P < 0.05).
Growth did not differ between Elodea treatments.
Similar results were obtained in experiment IIb, where E. nuttallii was cultured
at low or high light intensity in the laboratory. Both low and high light grown E.
nuttallii suppressed Acentria growth compared to P. lucens (Figure 5.2B). The initial
headcapsule width of larvae was 543 ± 56 µm in the P. lucens treatment, 543 ± 55 µm
in the low light and 543 ± 58 µm in the high light Elodea treatment (n = 15 each).
Larvae fed low light E. nuttallii had a final size of 582 ± 62 µm and those fed high light
plants reached 624 ± 93 µm, which was not different (unequal N HSD, P > 0.05). In
contrast, larvae reared on Potamogeton grew larger than those in both Elodea treatments
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(754 ± 108 µm; P ≤ 0.029). A two-way ANOVA comparing growth after day 12
exhibited significant food plant and time effects but no interaction (food plant P <
0.001; time P < 0.001; food × time P = 0.867). In comparison to larvae reared on P.
lucens in experiment IIa, larvae developed worse on pondweeds in experiment IIb.
Despite no difference in initial headcapsule widths, final headcapsule width was
significantly smaller (Student’s t-test, P < 0.001). Apparently larvae did not moult into
the final instar since the bodies of larvae were much bigger than to be expected from
headcapsule width. We did not compare final larval fresh weight since this would have
resulted in low reproducibility due to water attached to the bodies, and blotting larvae
dry on tissue would harm the larvae.
Mortality of larvae was comparable to that in experiment I. None of the P.
lucens fed larvae died in any of the experiments, whereas high light grown Elodea led
to increased mortality (six and eight dead larvae, i.e. 46 and 53 %, respectively) in both
experiments (chi-square test, P = 0.02 and 0.004 for experiment IIa and IIb,
respectively; Figure 5.3).
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5.3.3 Nutrients in food plants
In experiment II, nutrient content did not vary much between species, treatments and
experiments (Figure 5.4). E. nuttallii collected from either the sunny or the shaded area
in the field did not differ in their carbon and nitrogen concentrations. Although the oneway ANOVA predicted unequal carbon concentrations among Elodea from the field
and P. lucens (36.9 and 35.8 % in sun and shade exposed plants vs. 38.7 % in P. lucens;
F = 4.046, P = 0.043), we found no differences between the plants by post-hoc analysis
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with the unequal N HSD test. Nitrogen content in P. lucens was lower than that from E.
nuttallii collected in shaded areas (2.3 vs. 3.3 %; unequal N HSD, P = 0.031), and sun
exposed E. nuttallii ranged intermediate (3.1 %; Figure 5.4). However, interpretation
should be cautious since only two P. lucens samples could be included in the analysis.
Phosphorus content did not differ among treatments in experiment IIa, using field E.
nuttallii and P. lucens (0.27, 0.31 and 0.27 % in sun and shade exposed E. nuttallii and
P. lucens, respectively; one-way ANOVA, F = 3.07, P = 0.081).
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High and low light grown Elodea from the light chamber had equal carbon

contents (37.6 and 36.2 %), but they were slightly lower than in P. lucens (40.7 %;
unequal N HSD, P = 0.039 and 0.002, respectively). Nitrogen content ranged from 3.4
to 3.7 %, and did not vary among plants. Although phosphorus concentrations in P.
lucens varied considerably, the plant had significantly higher phosphorus concentrations
than low and high light grown Elodea from the light chamber (0.49 vs. 0.26 and 0.22 %;
unequal N HSD; P = 0.036 and 0.006, respectively; Figure 5.4), but did not differ from
the phosphorus content measured in experiment IIa (two-tailed t-test, P = 0.191).

5.3.4 Secondary metabolites in food plants
We detected the diglucuronides of luteolin, apigenin and chrysoeriol in all Elodea
samples but never in Potamogeton perfoliatus or P. lucens. In some but not all samples
of the latter species, a compound with a similar absorption spectrum (λmax at 249, 289
and 329 nm) but a higher retention time was present, indicating the presence of another
flavonoid in this species. Two-way ANOVAs showed that Elodea from the field had
higher contents of apigenin- and chrysoeriol-7-O-diglucuronides than plants from the
light chamber (F = 62.09 for apigenin and 58.93 for chrysoeriol, P < 0.001 each),
whereas values for the luteolin derivative did not differ (F = 3.374, P = 0.077;
Figure 5.5). The content of the different flavonoids in Elodea was independent of light
regime in both experiment IIa and IIb (P > 0.7 for each flavonoid).

5.4 Discussion
Our results show that Elodea nuttallii severely hampered the development of Acentria
ephemerella larvae. Aquarium material as well as E. nuttallii from the field caused a
reduced growth of these herbivores. When reared on suitable food plants, Acentria
usually has six larval instars until pupation (Gross et al. 2002), while those fed E.
nuttallii at the end of the experiments had headcapsule width equivalent to the fourth or
fifth instar. Even if surviving larvae would enter pupal stage, the prolonged larval
development might lead to lower pupal weight and reduced female fecundity (Haukioja
and Neuvonen 1985; Tikkanen et al. 2000). Thus, Acentria feeding preferences match
the effects on their fitness, as was recently shown for marine grazers (Taylor et al.
2003).
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The impact of E. nuttallii on neonate larvae apparently differs from that with
older instars after hibernation, as used in these experiments. Preliminary results with
newly hatched larvae indicated a dramatically high mortality of early instar Acentria
when fed E. nuttallii, ranging between 90 to 100 % (Bareiss et al., unpubl. results).
Later instars suffered mainly from retarded growth. Similarly, E. canadensis caused an
increased mortality of early instars, but did not extend the development time of
survivors (Gross et al. 2001). E. nuttallii grown under high light conditions significantly
prolonged development times and increased mortality to the same extent (i.e., ca. 50 %
of the larvae) than E. canadensis in the study of Gross et al. (2001). The light intensities
in our high light conditions were in the range of those used by Gross et al. (2001),
indicating that not only larval age but also light conditions might be effective. Our
results suggest a more deleterious impact of E. nuttallii on the fitness of Acentria than
E. canadensis. A direct comparison of both Elodea species would be needed to
investigate potential differences in their negative impact on these herbivores. E.
canadensis has been regarded as a common host plant for Acentria (Berg 1941; Gross et
al. 2001).
Traits explaining the observed effects
Structural defences. No evidence for differences in structural defences among
pondweeds and E. nuttallii was found. Many submersed macrophytes, including Elodea
and Potamogeton spp., are often covered with marl deposits, as a result of high
photosynthetic activity and the use of hydrogen carbonate. This should increase leaf
toughness. Larvae of the pyralid moths Munroessa gyralis and Parapoynx rugosalis
avoided tough tissue for domicile building and preferred weaker tissue (Mueller and
Dearing 1994; Dorn et al. 2001). Yet, calcification or granules, sclerites or spicules
made of calcium carbonate, might abrade protective gut linings or alter gut pH of
herbivores rather than increase tissue toughness (Hay et al. 1994). Effects on pH are
most likely under acidic gut conditions (Hay et al. 1994), but most Lepidoptera,
including Acentria, have alkaline gut conditions (Appel and Martin 1990; Clark 1999;
Walenciak et al. 2002).
Nutritional value. Nitrogen is considered to be the most important element in the
nutrition of insect herbivores (Mattson 1980; White 1993), and low levels of nitrogen
may account for the absence of herbivory. The aquatic fern Salvinia molesta contains
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less than 1 % nitrogen, which was insufficient for growth and development of the
pyralid moth Samea multiplicalis. On food plants containing more than 1.35 % nitrogen,
however, caterpillars survived and grew normally (Taylor 1984). The nitrogen
concentration in our E. nuttallii samples (Figure 5.4) were far above these levels and
corresponded well to those reported in previous studies with Elodea and other
submersed angiosperms. Values from 1.2 up to 4.8 % nitrogen have been reported for
various submersed angiosperms (Boyd 1968; Jewell 1971; Muztar et al. 1978a, b; Choi
et al. 2002). The average nitrogen content was 3.1 % in E. canadensis and 3.3 % in E.
nuttallii (Newman 1991; Kornijow et al. 1995), confirmed by our analyses. Compared
with other host plants of Acentria this indicates similar or even higher nitrogen levels in
Elodea (e.g., 2.4 % in Myriophyllum sp. and Potamogeton sp., Newman 1991; 3.6 and
3.8 % in M. spicatum and P. perfoliatus, respectively, Choi et al. 2002) and a priori
offers no proof as determining factor for host selection. Cronin and Lodge (2003)
measured lower nitrogen levels in freshwater plants grown under high light conditions
but in M. spicatum high light increased nitrogen content (Gross 2003b). In our
experiments, high light exposed Elodea had only slightly, but not significantly lower
nitrogen contents than low light plants, and the concentrations found in Elodea did not
differ from that in the Potamogeton samples (Figure 5.4). Thus, nitrogen content did not
influence the food preference of herbivores in our study, comparable to findings of
Kornijow et al. (1995) and Cronin and Lodge (2003). Also phosphorus content in food
plants showed no consistent effect and since it was never limiting in plants, we consider
it also not limiting to larvae.
Defensive compounds. The presence of allelochemicals in Elodea acting as repellents
has already been discussed by several authors. Pennak (1973) observed a deterring
effect of E. canadensis against the cladoceran Daphnia, whose life history was also
affected by this plant (Burks et al. 2000). E. canadensis and extracts of the plant had
also negative effects on the oviposition of mosquitoes (Angerilli 1980). Chemical
defences in E. nuttallii against herbivorous macroinvertebrates have been suggested by
Kornijow et al. (1995). Potential allelochemicals detected in Elodea spp. are 7-Odiglucuronides of luteolin, apigenin and chrysoeriol (Mues 1983; Erhard and Gross
2005), which might play a role in plant-herbivore interactions. In fact, flavonoids reduce
larval growth (Elliger et al. 1980) and exhibit toxicity towards mosquito larvae (Rao et
al. 1990), and might thus have accounted for the effects found by Angerilli (1980). In
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our study, the growth of Acentria was strongly reduced by flavonoid-containing E.
nuttallii compared to P. lucens or P. perfoliatus, lacking these compounds. Although
Les and Sheridan (1990) detected several flavonoids in the Potamogetonaceae, among
them O-glucuronides of luteolin and chrysoeriol in P. perfoliatus, and O-glucuronides
of apigenin and luteolin in P. pectinatus, we did not detect such compounds in our
samples. P. lucens, not included in the study of Les and Sheridan, seems to produce
another flavonoid, but this substance was not found in every sample. Luteolin, apigenin
and chrysoeriol derivatives are always present in Elodea. Flavonoids are involved in
many plant-insect interactions, e.g., as feeding deterrents against different herbivorous
insects (Harborne 1986; Berhow and Vaughn 1999; Simmonds 2003). Flavonol
glycosides from pine trees inhibited larvae of Lymantria dispar at concentrations
between 0.05 and 0.1 % (Beninger and Abou-Zaid 1997). We found concentrations of
luteolin-7-O-diglucuronide in Elodea to be ≈ 1 % of plant dry mass (Erhard et al., in
prep.). Thus, we assume that flavonoids might be responsible for the reduced growth of
Acentria. In contrast to our previous observations (Erhard and Gross 2005), we did not
find differences in flavonoid content between low and high light grown Elodea.
Generally, plants grown unshaded contain higher concentrations of flavonoids than
shaded plants (McClure 1970; Chaves and Escudero 1999), and in Elodea, light
conditions should have had the greatest effect on luteolin-7-O-diglucuronide (McClure
1970). In fact, we observed in our previous investigations (Erhard and Gross 2005), that
plants grown outside in the field or in mesocosms had higher concentrations of the
luteolin derivative, indicating a UV effect on this compound. In the present study,
however, the effect was most pronounced for the apigenin and chrysoeriol glucuronides,
and more experiments are needed to elucidate the role of UV irradiation on the
synthesis of these compounds in Elodea. Our results indicate that the existence rather
than the absolute amount of flavonoids in E. nuttallii might be important for growth
reduction of Acentria. There was no correlation between flavonoid content and survival
of the larvae, suggesting that other, yet unknown compounds, affect mortality under
high light conditions.
Native species may decline relative to invasive species because of their higher
susceptibility to parasites (including herbivores) or pathogens (Sakai et al. 2001).
Acentria can severely damage submersed macrophytes (Gross et al. 2002), and
protection against herbivory is thus an advantageous trait for Elodea in the competition
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with co-occurring macrophytes. Elodea spp. are highly invasive species, presumably
related to their tolerance towards variable environmental parameters (Simpson 1990;
Dendène et al. 1993; Jones et al. 1993; Ozimek et al. 1993; Barrat-Segretain et al.
2002). Biotic interactions of Elodea such as plant-plant or plant-animal interactions
have often been neglected (but see e.g., Barrat-Segretain et al. 2002; Pieczynska 2003),
and we propose that chemical defence against herbivores is another characteristic of E.
nuttallii. This trait might in combination with a tolerance to environmental
heterogeneity account for the successful spread of Elodea in many water bodies
throughout Europe. Negative impacts of E. nuttallii on Acentria were independent of
growth conditions, and variations in light supply did not affect the resistance to
herbivory in this species. Our results thus indicate a constitutive production of growthinhibitors or their precursors rather than an induced defence. Whereas the latter is
believed to be most effective against mobile consumers such as crayfish, constitutive
defences might be directed against small, immobile herbivores (Bolser and Hay 1998).
The preference of Elodea canadensis by Orconectes rusticus (Lodge 1991), supports
our notion on the absence of induced defences in Elodea. As sloppy feeders, decapod
herbivores produce plant fragments from which vegetatively spreading Elodea spp.
resettle. They might thus tolerate consumer damage by crayfish which is corroborated
by Pieczynska (2003), who found high survival and growth rates of grazed or artificially
damaged

Elodea.

Strikingly,

only

fragmented

knowledge

exists

on

small

macroinvertebrate herbivores of Elodea spp. (e.g., nematodes, Lepidoptera or
Coleoptera), while the recent focus on aquatic insect-plant interactions has revealed
multiple relationships between pondweeds or milfoils and Lepidoptera or Coleoptera
(Grillas 1988; Choi et al. 2002; Gross et al. 2002; Newman 2004). Investigating feeding
deterrents against both omnivorous crayfish and herbivorous Acentria larvae should
clarify the role of constitutive defences in Elodea spp.
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Chemical defense in Elodea nuttallii reduces feeding and growth
of an aquatic herbivorous lepidopteran
Daniela Erhard, Georg Pohnert and Elisabeth M. Gross
Unpublished manuscript
Abstract - The submersed macrophyte Elodea nuttallii (Hydrocharitaceae) is invasive
in Western Europe and frequently found in aquatic plant communities. Many
invertebrate herbivores, such as larvae of the aquatic moth Acentria ephemerella
(Lepidoptera, Pyralidae), avoid feeding Elodea and preferably consume native species.
We recently found that E. nuttallii reduces growth and survival of Acentria, which
might be the ultimate reason for its avoidance. Chemical defense in the waterweed was
the most likely explanation for the observed effects. In the present study, we
investigated whether plant-derived allelochemicals from E. nuttallii would impact larval
performance in the same way as live plants. Therefore, we offered larvae Potamogeton
leaf disks coated with extracts and flavonoids isolated from Elodea. So far, all attempts
to rear Acentria on artificial diets failed and this is the first time that larvae were
successfully fed with plant secondary metabolites. We found that Elodea extracts
deterred larvae from feeding on otherwise preferred Potamogeton leaves, and yet
unknown compounds present in the extracts reduced growth and survival of Acentria.
Similarly, the flavonoid fraction containing luteolin-7-O-diglucuronide, apigenin-7-Odiglucuronide, and chrysoeriol-7-O-diglucuronide exhibited antifeedant properties, but
did not increase larval mortality. The concentrations of these compounds in our assays
were 0.01-0.09 % of plant dry mass, which is in the lower range of concentrations found
in the field (0.02-1.2 %). Our results thus indicate that chemical defense in E. nuttallii
might be ecologically relevant. The related E. canadensis produces the same flavonoids
and might be similarly defended.
Key words - Allelochemicals, feeding deterrence, freshwater ecosystem, herbivory,
invasive species

82

CHAPTER 6

6.1 Introduction
Elodea nuttallii Planch. St John is a very competitive submersed macrophyte, which has
been introduced from North America and in 1939 was first reported in Europe (Casper
and Krausch 1980; Cook and Urmi-König 1985). Since then, this invasive plant is
spreading vigorously mainly in Western Europe and displaces native vegetation
including the formerly introduced congeneric E. canadensis (Simpson 1990; Thiebaut et
al. 1997; Barrat-Segretain 2001; Barrat-Segretain et al. 2002). E. nuttallii is thus a
common member of submersed macrophyte communities, and involved in many biotic
interactions.
Its success and competitiveness is usually referred to the good adaptation to
fluctuating environmental factors. E. nuttallii exhibits high growth rates (Simpson 1990;
Ozimek et al. 1993) and thrives under a broad range of phosphate or nitrogen
concentrations (Simpson 1990; Dendène et al. 1993; Jones et al. 1993; Ozimek et al.
1993). It forms high numbers of root-producing axillary nodes and lateral branches
(Simpson 1990; Barrat-Segretain 2001). With a relatively low light compensation point
of 31-35 µmol m-2 s-1 and a light saturation level of 1100 µmol m-2 s-1, Elodea also
tolerates low as well as high light intensities (Cook and Urmi-König 1985; Jahnke et al.
1991). Light limitation increases stem elongation and leads to canopy formation
(Cenzato and Ganf 2001). Under CO2 limitation during high photosynthetic activity, the
plant switches to the utilization of HCO3 - for carbon fixation (Jahnke et al. 1991; Jones
et al. 1993).
Although Elodea spp. are often preferred food for waterfowl or crayfish (Lodge
1991; van Donk and Otte 1996), they are avoided by many insect herbivores (Newman
1991 and references therein). Especially E. nuttallii is strongly avoided by e.g.,
herbivorous larvae of the pyralid moth Acentria ephemerella, which cause severe
damage on other freshwater macrophytes like Potamogeton spp. or Myriophyllum
spicatum (Gross et al. 2002). We recently showed that both E. canadensis and E.
nuttallii inhibit growth and survival of Acentria (Gross et al. 2001; Erhard and Gross
subm.). This negative impact on larval performance might be the ultimate reason for the
avoidance of Elodea by the moth.
Chemical defense by flavonoids was the most likely explanation for the
observed effects. Both E. canadensis and E. nuttallii contain flavone glycosides, 7-Odiglucuronides of luteolin, apigenin and chrysoeriol (Mues 1983; Erhard et al. subm.),
which are absent in host plants of Acentria like P. perfoliatus, P. lucens. or M.
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spicatum. In fact, different classes of flavonoids can act as antifeedants in terrestrial
systems (Harborne 1986; Simmonds 2003), thus, since aquatic angiosperms have
terrestrial ancestors, such defensive compounds might also play a role in aquatic
systems, as was recently discussed by Cohen et al. (2002).
The investigation of chemical defenses against herbivores requires the use of
artificial diets (Hay et al. 1998). Filter disks and artificial diets supplemented with pure
chemicals or plant extracts have been extensively used to feed terrestrial caterpillars
such as Lymantria, Spodoptera or Helicoverpa (e.g., Beninger and Abou-Zaid 1997;
Calderon et al. 2001; Simmonds and Stevenson 2001). Such diets, especially those
based on agar, have also been successfully fed to marine omnivores like amphipods,
isopods or sea urchins (e.g., Hay et al. 1994; Cruz-Rivera and Hay 2003). So far, only
few studies addressed feeding deterrents in freshwater plants. Mostly crayfish were used
in bioassays, since these generalists feed in a wide variety of laboratory assays (Lodge
1991; Bolser et al. 1998; Kubanek et al. 2001). However, studies with herbivorous
freshwater insects are rare and artificial diets have seldom been used (see e.g., Dorn et
al. 2001). So far, nobody succeeded in rearing Acentria on other food than submersed
macrophytes since larvae avoid all common artificial diets (Choi et al. 2002) that would
allow to add antifeedants to their food.
The existence of repellents and chemical defenses in Elodea has been frequently
suggested earlier (Hasler and Jones 1949; Pennak 1973; Angerilli 1980; Newman 1991;
Kornijow et al. 1995; Burks et al. 2000; Erhard and Gross subm.), but neither the
mechanisms involved nor possible active compounds and their effect on aquatic insect
herbivores have been investigated so far. The aim of this study was to examine whether
defensive compounds, especially flavonoids, in E. nuttallii can account for the observed
negative effects on Acentria. This required the development of a suitable diet to test
potential allelochemicals.

6.2 Methods and materials
6.2.1 Plants
Elodea nuttallii was collected in autumn 2003 and summer 2004 in Lower Lake
Constance at the Island of Reichenau or in a small pond at the campus of the University
of Konstanz, Germany. Plants were transported to the laboratory on ice and rinsed with
tap water to remove algae and debris. They were shock-frozen in liquid nitrogen and
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stored at –20 °C until lyophilization. Potamogeton lucens was cultivated in aquaria at
16 °C, 30-70 µmol m-2 s-1 and a light cycle of L:D 16:8 h. Single leaves of P. lucens
were harvested immediately before use in feeding assays.
6.2.2 Larvae
Diapausing larvae of Acentria were collected in autumn 2003 in Lower Lake Constance.
Stems of P. perfoliatus containing the overwintering larvae were put in 1.5 l glass jars
with dechlorinated tap water and kept at 4 °C in a cooling chamber in the dark. Larvae
left their hibernicula after three to five months and were then used in the bioassays.
6.2.3 Extraction of bioactive compounds
To investigate potential antifeedants from E. nuttallii, we extracted freeze-dried and
finely ground plants twice in 50 % (v/v) aqueous methanol (1 ml solvent per 10 mg
plant dry mass [dm]) for 2 h each. After removal of methanol from the extract in a
rotary evaporator, the concentrate was split in two aliquots. One aliquot was evaporated
to dryness and resuspended in ultra-pure water (final concentration 100 mg plant dm ml1

), yielding the crude extract, which was used in larval bioassays. A second aliquot was

evaporated to remove methanol, adjusted to 2.5 % aqueous methanol (v/v) and then
fractionated by solid phase extraction on a C18 cartridge. After washing with 2.5 %
methanol, the C18 cartridge was stepwise eluted with 10 – 100 % methanol at 10 %
intervals. This yielded 11 fractions, including the wash fraction. Fractions were
evaporated to dryness and resuspended in water (fractions 1-6 that eluted with up to
50 % methanol) or in 50 % methanol (fractions 7-11, eluted with 60-100 % methanol).
HPLC analysis using a linear gradient with 1 % aqueous acetic acid and methanol as
solvents (details in Erhard and Gross 2005) showed that fraction 2 (eluted with 10 %
methanol) contained the flavonoids. This fraction was used in our feeding assays. A
control extract and fractionation was performed accordingly, using only solvents but no
plant material.
6.2.4 Preparation of E. nuttallii-supplemented leaves
To test whether the effects observed by Erhard and Gross (subm.) in growth assays can
be caused by chemical deterrents present in Elodea, we supplemented P. lucens leaf
disks with aqueous crude extract of E. nuttallii or isolated flavonoids. Leaves from P.
lucens were dissected in small pieces of approximately 4 x 4 mm² area, omitting the
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midrib. Leaf disks were placed in 24-well tissue culture plates (two pieces per well) and
incubated for 24 h in extract or control solvent (400 µl/well). These impregnated leaf
disks were used as diet in the feeding assays.
The success of leaf supplementation was verified by extracting Elodea
flavonoids from incubated leaf disks not fed to larvae. Impregnated leaf disks were
frozen in liquid nitrogen directly after incubation in E. nuttallii crude extract,
immediately (0 h) and 24 h after application to the inner filter (see below). Disks were
freeze-dried, weighted and extracted twice for 2 h with 500 µl 50 % methanol. We
crushed the plant material in a sonication bath, since loss in the mortar was very high.
We analyzed aliquots of the extracts by HPLC and determined the concentration of
luteolin-7-O-diglucuronid per mg dry P. lucens leaf disk to evaluate the effectiveness of
supplementation. Concentrations were calculated from a calibration curve (regression
equation: luteolin [µg] = peak area [V·s]/5.58 [V·s·µg-1], R²=0.99) established with a
standard of this compound isolated from Elodea by G. Pohnert, MPI for Chemical
Ecology, Jena, Germany.
6.2.5 Feeding assays
Prior to all assays, larvae were kept individually in 50 mm glass petri dishes filled with
8 ml of dechlorinated tap water. They were reared on P. lucens for one day to make sure
that all individuals were actively feeding. After measuring their headcapsule width,
larvae were equally distributed to the different treatments. Each larva was transferred to
a new petri dish, whose bottom was covered with moist filter paper (Macherey & Nagel,
MN615). As shown in Figure 6.1, we used two filters. A ring, cut from a Ø 55 mm
filter, covered the rim of the bottom whereas a Ø 27 mm filter was placed in the middle
of the petri dish to carry the leaf disk.
To test whether chemicals present in E. nuttallii affected feeding behaviour,
growth and/or survival of the larvae, Acentria were fed in no-choice assays either with
untreated, control-extract treated or E. nuttallii-supplemented leaf disks. Depending on
the consumption of the leaves, we prepared new leaf disks every 1 to 3 days. Together
with new food, we also changed the inner filter. During 20 days, head capsule width
was measured four times. Additionally, the feeding behaviour of individual larvae and
feeding damage on the leaves was assessed, but we only discriminated between
damaged and undamaged leaf disks. In a second assay, focusing on feeding behavior
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Petri dish

Filter paper
P. lucens
leaf disk

Figure 6.1. Schematic drawing (top
and
perspective
view)
of
the
experimental setup
to feed P. lucens
leaf disks coated
with plant extract
to Acentria larvae.

only, we distinguished five damage categories: No damage at all, low consumption
corresponding to 1-33 % of the leaf disk, medium (34-66 %) and high consumption (6799 %), or whole leaf disk consumed.
6.2.6 Statistical analysis
All analyses were conducted with the statistical package JMP IN 5.1 (SAS Institute
Inc.) or with the software “R”, version 1.9.1 (Ihaka and Gentleman 1996). Mortality and
feeding behavior of the larvae were analyzed by chi-square contingency tests or Fisher’s
exact test. A two-way nonparametric analysis of the different levels of feeding damage
in the second assay was not possible, probably due to unequal mortalities among the
treatments. Thus, we compared the relative proportions of each level of consumption
between treatments by Kruskal-Wallis ANOVA, regarding dates when consumption
was determined as replicates (N = 10). Significant differences (P < 0.05) between
groups were extracted a posteriori by Nemenyi tests (k = 5 treatments, N = 10 replicates;
significance threshold for α = 5 %: 177.8).
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Figure 6.2. Growth, measured as headcapsule width (mm), of Acentria larvae
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6.3 Results
6.3.1 Enrichment of P. lucens with E. nuttallii extract
After incubation in aqueous E. nuttallii extract, P. lucens leaf disks contained 0.35 ±
0.05 % dm (mean ± SD, N = 3) luteolin-7-O-diglucuronide. When leaf disks were
placed on moist filter paper, most of this flavonoid diffused in the filter. Only 0.09 ±
0.03 % were found in the leaves, indicating that flavonoids remained in an extract film
at the surface of P. lucens, but were not absorbed by the plant tissue. After 24 h, leaf
disks still contained 0.01 ± 0.007% of the luteolin-diglucuronide.
6.3.2 Growth of Acentria on Elodea-supplemented leaf disks
In this experiment, we compared growth of Acentria reared on untreated leaf disks with
the growth of larvae fed with leaves incubated in crude extract. Starting with day 12,
larvae reared on Elodea supplemented leaves were smaller than larvae that received
control leaf disks (Figure 6.2). Headcapsule width at the beginning of the experiment
was 502 ± 54 µm and 502 ± 51 µm (mean ± SE, N = 14 each) for treatment and control,
respectively. At day 20, larvae reared on untreated leaf disks had reached a mean size of
676 ± 85 µm (N = 9) whereas the two remaining larvae fed Elodea supplemented leaves
had only 557 and 574 µm (N = 2). Due to the high mortality in the Elodea treatment
(see below), the difference between the two groups at the end of the experiment could
not be reliably analyzed.
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Figure 6.3. Consumption of supplemented P. lucens leaf disks by Acentria. A: untreated. B: leaf
disks incubated in solvent (crude extract control). C: leaf disks incubated in solvent control
fraction (flavonoid control). D: leaf disks incubated in E. nuttallii crude extract. E: leaf disks
incubated in flavonoid fraction. Levels of feeding damage correspond to 0 % (no), 1-33 %
(low), 34-66 % (moderate), 67-99 % (high) and 100 % (all).
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6.3.3 Feeding behavior of Acentria
During the first experiment, our observations showed that larvae fed significantly more
on P. lucens soaked in control solvent than on extract treated leaf disks (Fisher’s exact
test, P < 0.001). In a second assay, we tested whether flavonoids present in Elodea
nuttallii influence feeding patterns. Larvae in this assay had been feeding normally, but
unexpectedly exhibited almost no growth. We assume that some unknown factor
prevented molting between instars since the body size of the larvae visibly increased but
not the headcapsule width. Thus, in this assay we focused only on feeding behavior. We
distinguished the amount of leaf disk consumed to gain information on how much
larvae ate. It was striking that larvae did not feed much in all treatments during the first
two days (Figure 6.3). After this period, consumption increased in the controls, to a
lesser extent in the flavonoid treatment, but not in the crude extract treatment. Until day
10, only two of the offered leaf disks were damaged (Figure 6.3D) in this treatment. We
observed all levels of consumption in every group, but in general, the proportion of
undamaged leaves was higher for crude extract (80.3 ± 5.9 %, mean ± SE) and
flavonoid treatments (68.9 ± 2.9 %) than for untreated leaves or solvent controls
(Nemenyi test P < 0.05, following Kruskal-Wallis ANOVA on ranks, H = 26.828,
P < 0.001; Figure 6.4). Only about 30 % of the untreated or solvent control leaves
showed no feeding damage at all (35.0, 32.4 and 27.5 % of untreated, extract and
flavonoid controls, respectively). Instead, significantly more leaf disks than in the other
treatments were completely eaten (42.8, 41.9 and 52.7 %; Nemenyi test P < 0.05,
following Kruskal-Wallis ANOVA on ranks, H = 21.093, P < 0.001; Figure 6.4). The
proportions of low, moderate and high consumption levels ranged between 1.5 and
17.2 % and did not differ between groups (Figure 6.4).
6.3.4 Mortality of larvae
We observed a very high mortality in the first experiment (Figure 6.5A), which was
mainly caused by escaping larvae. Eight larvae fled from the Elodea treatment and five
from the controls. In addition, four larvae died in the Elodea treatment whereas all
control larvae survived, resulting in a significantly increased mortality (χ² = 7.337,
P = 0.007). To prevent escape of larvae in the second feeding assay, we sealed petri
dishes with parafilm. Thus, mortality in this experiment was mainly based on larvae that
died in the treatments. Similar to the first experiment, mortality in the crude extract
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treatment was increased compared to the other treatments, but only marginally
(χ² = 9.333, P = 0.053). Flavonoids did not cause a higher mortality (Figure 6.5B).
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6.4 Discussion
Our results strongly indicate that allelochemicals in E. nuttallii deter feeding by
Acentria and might inhibit growth of larvae. Crude extract and a fraction containing
flavonoids present in Elodea deterred Acentria from feeding on P. lucens leaves, while
untreated or solvent control leaves of P. lucens were often completely consumed. Our
study is one of the first demonstrations of chemical defense against herbivores in
submersed freshwater macrophytes. Most studies so far focused on seaweeds or marine
macroalgae (Hay and Steinberg 1992; Pavia and Toth 2000; Cruz-Rivera and Hay 2003;
Taylor et al. 2003), and emergent or floating-leaved freshwater angiosperms (Bolser and
Hay 1998; Dorn et al. 2001; Kubanek et al. 2001). They often used omnivorous
crustaceans as grazers against which, however, extracts of the common freshwater
angiosperm Ceratophyllum demersum turned out to be inactive (Bolser et al. 1998).
Some authors already suggested chemical defenses in submerged freshwater
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macrophytes on planktivorous Daphnia, lepidopteran and gastropod herbivores based
on the observed effects and correlations between secondary metabolites present in these
plants (Pennak 1973; Burks et al. 2000; Choi et al. 2002; Cohen et al. 2002). Yet, they
did not test isolated allelochemicals against these herbivores.
The lack of studies proving evidence for chemical defenses in freshwater
macrophytes might result at least partly from methodological problems. Omnivorous
herbivores or shredders accept various artificial diets (Lodge 1991; Newman et al. 1996;
Bolser et al. 1998). Due to specialized feeding habits of invertebrates, however, it might
be challenging to produce suitable artificial diets (Hay et al. 1998). Acentria is feeding
on several species in different freshwater plant families and can thus be regarded as a
generalist feeder (Buckingham and Ross 1981). Nevertheless, it consumes exclusively
fresh tissue from submerged angiosperms and rejects decaying material or common
artificial diets (Choi et al. 2002; pers. observations). Newman et al. (1996) examined the
protection of watercress leaves from several leaf shredders by inactivating the defensive
glucosinolate-myrinase system by heating the plant tissue. Own observations showed
that flavonoids present in Elodea disappear after boiling for about two minutes (data not
shown). However, although plant tissue still appeared fresh, green and structurally
undamaged after heating, Acentria larvae did not feed on such material either. Thus,
only fresh leaves could be used in feeding assays with Acentria. Our approach was to
test whether coating of Potamogeton leaves with Elodea extract or fractions would
decrease their palatability. With a similar design, extracts of several floating-leaved
freshwater macrophytes applied to Salix leaves had been fed to the semi-aquatic
lepidopteran Munroessa gyralis (Dorn et al. 2001). However, coating Potamogeton
leaves with Elodea extract turned out much more problematic. P. lucens leaves are very
thin and do not have a substantial cuticle, which makes them very sensitive to organic
solvents or wilting. Yet, moist conditions interfered with the diffusion of the
predominantly hydrophilic compounds in extracts of Elodea. Thus it was necessary to
prevent leaching of the extracts into the surrounding medium to make the exposure to
active compounds as realistic as possible. The amount of luteolin-7-O-diglucuronide
enriched in P. lucens equaled that of concentrations found in field samples of Elodea
(0.02-1.2 % of plant dry mass; calculated from values in Erhard and Gross, subm. and
those given in Mues, 1983), but flavonoids leached very quickly from the leaves. The
inner filter paper prevented the diffusion of the compounds to the outer filter paper,
where larvae seemed to spend most of their time. Thus, larvae came in contact with
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Elodea allelochemicals only when they entered the inner filter disk for feeding.
Although our method is still not optimal, we assume that during feeding on intact
Elodea, Acentria would to some extent also be exposed to secondary compounds
leaching from wounded cells.
E. nuttallii crude extracts applied to P. lucens leaves had the most deleterious
effect on Acentria. This treatment strongly reduced growth, survival and feeding. The
increase in headcapsule width of larvae grown with Elodea extract was less than 50 %
of that of P. lucens fed larvae and corresponds to values (13-46 %) observed in our
previous assays investigating Acentria growth on live Elodea and Potamogeton
(calculated from Erhard and Gross subm.). Similarly, the observed mortality with crude
extract equaled that with live Elodea plants (Erhard and Gross subm.). This
corroborates our hypothesis that the negative impact of E. nuttallii on Acentria is
mainly due to chemical defenses. Our results indicate that flavonoids can act as feeding
deterrents in E. nuttallii, but they do not affect survival. Corresponding to our results,
Beninger and Abou-Zaid (1997) observed a high mortality of Lymantria dispar when
fed crude extract of jack pine, but not when fed jack pine flavonoids alone. Elliger et al.
(1980) found several flavonoids, that inhibited growth of Heliothis zea but none of them
affected survival. Among the flavonoids they tested were also luteolin, apigenin and
chrysoeriol. Thus, there must be more, yet unknown, metabolites present in Elodea
crude extracts exhibiting immediate toxicity or acting at least additively or
synergistically to flavonoids. Elodea is known to produce alkaloids, which are toxic to
animals (Ostrofsky and Zettler 1986). Elodea spp. also contain caffeic or chlorogenic
acid (Reznik and Neuhäusel 1959; Bate-Smith 1968; Mues 1983). Especially
chlorogenic acid can enhance the antifeedant activity of plant metabolites (Simmonds
and Stevenson 2001), or may act as deterrent itself (Jassbi 2003; Beninger et al. 2004).
However, lethal effects have not been described. A yet unidentified compound with
similar structural and spectrometric properties than caffeic acid was present in crude
extract and the flavonoid fraction, but did not accumulate in supplemented leaves (data
not shown). The growth reduction and mortality caused by intact Elodea plants (Erhard
and Gross subm.) and by the crude extract in the present study were thus most likely
caused by other substances.
The fact that we could not measure Acentria headcapsule width in the second
bioassay prevented the investigation of the impact of flavonoids on larval growth.
However, several types of flavonoids retard growth of Lepidoptera and other insects
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(Harborne 1986; Beninger and Abou-Zaid 1997; Simmonds 2003). Especially ortho
(3’)-hydroxylated flavonoids seem to be active and thus luteolin, but neither apigenin
nor chrysoeriol alone affected growth of Heliothis zea (Elliger et al. 1980). So far, it is
not known by which modes of action the growth inhibition was achieved. 3’hydroxylated flavonoids are potent inhibitors of mitochondrial ATPase thereby
preventing the reduction of NAD+ to NADH (Lang and Racker 1974). For effects on
other enzymes, substitution at a particular position seems to be of minor importance
than the degree of hydroxylation. Both luteolin and apigenin reduced e.g., cAMP
phosphodiesterase activity in laboratory experiments (Beretz et al. 1978). Since small
amounts of different chemicals might synergistically enhance existing defenses
(Berenbaum 1995) it might well be that chrysoeriol and apigenin though not growth
inhibiting themselves would enhance the effects on Heliothis caused by luteolin. The
production of several flavonoid compounds might additionally allow the deterrence of
multiple insects at once. Flavonoids exhibit also toxicity to mosquito larvae (Rao et al.
1990), and especially apigenin inhibited ecdysone 20-monooxygenase of Aedes aegypti
at low concentrations (Mitchell et al. 1993). This enzyme converts ecdysone in its
physiologically active state, which is necessary in the molting process of larvae.
Flavonoids might thus have also accounted for the anti-ovipositing effect of Elodea
against Aedes aegypti (Angerilli 1980) and we also observed that Acentria females
avoid laying eggs on Elodea spp. (R.L. Johnson and E.M. Gross, pers. observations).
The deleterious properties of E. nuttallii extracts against Acentria confirm earlier
suggestions that Elodea might be defended against herbivores (Newman 1991;
Kornijow et al. 1995). The natural concentrations of the luteolin-derivative in E.
nuttallii (0.02-1.2 % of plant dry mass, see above) and the other two flavonoids (at least
0.014 % for chrysoeriol glucuronide and 0.02 % for apigenin glucuronide; Mues 1983)
are comparable to the content of allelochemicals found in other plant species (Hay and
Steinberg 1992; Beninger and Abou-Zaid 1997). The fact that enrichment of P. lucens
with Elodea extracts yielded concentrations in the same range strongly indicates that the
observed effects should be relevant under natural conditions. All three flavonoids are
also present in E. canadensis (Mues 1983; Erhard et al. subm.), which is similarly
avoided by the moth (Gross et al. 2001), but they do not occur in P. lucens or M.
spicatum (data not shown) which suffer from severe feeding damage by Acentria in the
field (Gross et al. 2002). Both flavonoids and other, yet unidentified allelochemicals in
E. nuttallii act in different ways and over short and long time periods on Acentria
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larvae. Their properties as feeding deterrents paired with their detrimental quality on
survival and growth reduce the risk of Elodea to be grazed on dramatically. We know
that Elodea spp. produce flavonoids constitutively (Mues 1983; Erhard and Gross 2005;
Erhard et al. subm.), which makes them efficient against relatively immobile herbivores
such as Acentria and other small insects (Bolser and Hay 1998).
Elodea species are adventive and invasive to Europe and they often displaced
native vegetation during their spread over the continent (Simpson 1990; Thiebaut et al.
1997; Barrat-Segretain 2001; Barrat-Segretain et al. 2002). The reason for their success
was assumed to be a result of their tolerance towards varying environmental conditions.
The role of biotic interactions such as herbivory has only seldom been considered
important. Additionally, defensive chemicals can substantially alter the outcome of
competition among species. The free-floating fern Azolla filiculoides usually
outcompetes A. pinnata. In the presence of herbivores, however, A. pinnata is the better
competitor, probably due to its higher content of deoxyanthocyanins (Cohen et al.
2002). According to our results, such interactions might have also influenced the
competition between E. canadensis and M. spicatum in Cayuga Lake, NY, USA. In the
southern littoral zone of this lake, E. canadensis became the dominant submerged
macrophyte most likely due to severe herbivore damage of Acentria on the previously
dominant M. spicatum (Johnson et al. 1998; Gross et al. 2001). Probably, the
constitutive defense had protected the native species against the introduced herbivore
Acentria.
Many defensive chemicals have been isolated from marine and terrestrial plants,
and the results of Bolser et al. (1998) and Kubanek et al. (2000; 2001) indicate that
chemical defenses could be common among freshwater macrophytes. The broad array
of secondary compounds found in submersed macrophytes (McClure 1970; Ostrofsky
and Zettler 1986) contradicts the common opinion - based on quantification of
polyphenols - that submersed macrophytes contain lower concentrations of defensive
compounds (Smolders et al. 2000). Similarly, our results corroborate the opinion of
Berenbaum (1995) that quality can be more important than quantity: Although
measurements revealed much lower concentrations of polyphenolic compounds in
Elodea than e.g., Myriophyllum spicatum (0.6 % vs. 8 %, Smolders 2000; Choi et al.
2002), Acentria prefers the latter over the waterweeds (Gross et al. 2001). Further, our
results show that potential allelochemicals are present in ecologically relevant
concentrations that are effective also in terrestrial systems (Beninger and Abou-Zaid
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1997). We thus assume that the chemical defense in E. nuttallii is a powerful trait to
protect plants against small and relatively immobile herbivores and might strengthen the
competitiveness and invasiveness of this species.
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The invasive waterweeds Elodea canadensis and E. nuttallii are well adapted to the
heterogeneity of many environmental factors shaping ecosystems and might thus be
widespread in European water bodies. Due to their wide distribution and their easy
cultivation in aquaria, Elodea spp. are often investigated, and especially the
physiological properties of these plants have been intensively studied. So far, little
information on the chemical ecology of these species exists. Although, among other
secondary metabolites, several phenolic compounds have been detected in Elodea
tissue, their function has never been investigated. Secondary metabolites can protect
plants from detrimental effects caused by abiotic stressors (e.g., light, temperature and
nutrient stress), but also mediate interspecific interactions. Both, allelopathy and
defence against herbivores have been shown to impact biocoenoses in terrestrial and
aquatic ecosystems (Gopal and Goel 1993; Gross et al. 2001; Bais et al. 2003; Newman
2004), and might thus be traits contributing to the invasiveness of certain plant species.
I examined the chemical ecology of E. canadensis and E. nuttallii to elucidate the
importance of plant derived allelochemicals for the different interactions of Elodea
within their environment.

7.1 Chemotaxonomic value of flavonoids in Elodea
Mues (1983) determined a species specific distribution of flavonoids in Elodea
canadensis and E. nuttallii. According to results from thin layer chromatography (TLC),
he proposed that E. canadensis produces 7-O-diglucuronides of luteolin, apigenin and
chrysoeriol (Figure 1.3), whereas E. nuttallii should lack the latter compound. These
flavonoids were also the most prominent secondary metabolites in my Elodea samples
as detected by HPLC, and they were all present in both species. This confirms the
assumption of Mues (1983) that also E. nuttallii contains chrysoeriol-7-Odiglucuronide, though only in concentrations not detectable by TLC. Both his and my
study show that flavonoids are species-specifically distributed in the two Elodea
species. However, I found that the quantitative (i.e. concentration of selected
flavonoids) instead of the qualitative (i.e. the presence or absence of chrysoerioldiglucuronide) pattern differs between E. canadensis and E. nuttallii. Cluster analysis
clearly separated the two species, and especially the relative proportion of the
chrysoeriol-diglucuronide

revealed

to

be

characteristic

for

chemotaxonomic

CONCLUDING REMARKS

99

classification. This was corroborated by the comparison of internal transcribed spacer
(ITS) sequences obtained from the same plant samples (Chapter 2).
Due to the phenotypic plasticity of waterweeds, vegetative shoots often share
morphological characteristics of both E. nuttallii and E. canadensis, suggesting the
presence of hybrids between these species. Laboratory experiments show that they can
hybridize (Ernst-Schwarzenbach 1953), but the rarity of male E. nuttallii in Europe
makes hybridization with the exclusively female E. canadensis unlikely on the
continent. Since E. nuttallii is still spreading in Europe, male plants may now be more
widespread, increasing the likelihood of hybridization. However, the phylogenetic
analysis of ITS sequences does not support this, but other molecular markers like rbcL
or microsatellites might be more sensitive to detect hybrids.
Based on my results, it seems that E. nuttallii is often misinterpreted as E.
canadensis, which reflects the ongoing displacement of the latter species. The
alternative determination methods presented in this study can contribute a solution to
the demand of a reliable species-specific marker for both Elodea species in applied
botany. This would prevent further confusion of the species. In concordance with the
chemotaxonomic and molecular distinction, the apex angle of leaves was a valuable
predictor of species identity. A further unambiguous marker might be the leaf shape.
Whereas the lateral leaf margins of E. nuttallii should be more or less parallel, leaf
margins of E. canadensis should be convex (G.A. Janauer, pers. communication). This
needs to be confirmed in further studies.

7.2 Influence of physical parameters on secondary metabolites
It is known that the biosynthesis of flavonoids and other phenolic compounds is often
influenced by abiotic parameters such as light, temperature, or resource supply (Coley
et al. 1985; McClure 1986; Dudt and Shure 1994; Gross 2003b). Elodea samples used
in the chemotaxonomic study derived from different European or North American lakes
and rivers as well as from botanical gardens. The growth conditions of the plants were
thus very different from each other. However, the consistent pattern of luteolin,
apigenin and chrysoeriol glucuronides in these plant samples and in my cultivation
experiments (Chapters 2, 3 and 5) indicated that external factors did not induce the
production of additional flavonoids in Elodea. Nevertheless, the concentrations found in
the plants varied markedly, which might have been the result of regulation by external
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factors. According to the results described in Chapter 3, the amount of apigenin- and
chrysoeriol-7-O-diglucuronide might at least partially depend on water temperature.
Comparable observations were made in the analyses of the food plants from the feeding
assays with Acentria. Here, field plants that grew on average slightly cooler than plants
in the light chamber had higher levels of the two flavonoids (Chapter 5). However, the
effect is not clear, because sites exposed to full sun light (i.e. unshaded) had the highest
temperatures, but the flavonoid concentrations in the respective plants were still
significantly higher than in Elodea from the light chamber. Similarly, my analyses of E.
nuttallii grown under high and low light conditions revealed no clear effect of light
intensity on any of the three flavonoids. Consistent throughout all experiments was the
observation that plants grown outside in the field or in mesocosms had higher flavonoid
concentrations than plants from the laboratory. Since the latter received only artificial
light with negligible UV rates, I conclude that UV irradiation rather than light intensity
increases flavonoid biosynthesis in Elodea. Plants grown shaded in natural sun light
also received UV light and thus did not differ significantly in their flavonoid
concentrations from plants receiving full sun light. Especially the energy-rich UV-B
(280-320 nm) can either increase total flavonoid concentration (Reuber et al. 1996;
Ryan et al. 2002) or change the ratio between certain compounds (Markham et al.
1998).
Further experiments modifying the UV supply by filter foils should prove a UV
effect and elucidate which compounds in Elodea are regulated. The results from my
analyses can not clearly answer whether luteolin or apigenin and chrysoeriol derivatives
respond to solar radiation. The suggested experiments could also be applied to examine
the site of regulation in the phenylpropanoid or flavonoid pathway. The synthesis of the
key enzymes PAL and CHS (chapter 1.2) would be of interest with respect to
accumulation of total flavonoids (Logemann et al. 2000; Ryan et al. 2002). An increase
of luteolin- compared to apigenin-7-O-diglucuronide in Elodea should be accompanied
with an increase of flavonoid 3’ hydroxylase (Ryan et al. 2002). This enzyme converts
mono-hydroxylated flavonoids (e.g., apigenin) into ortho-dihydroxylated flavonoids
(e.g., luteolin).
Markham et al. (1998) suggested two possible modes of action for UV
protection by flavonoids. They could either act as radical scavenger or dissipate the UV
energy in a harmless manner. Radical scavenging can easily be measured in photometric
assays with free radicals such as diphenyl-picrylhydrazyl (DPPH●; Brand-Williams et

CONCLUDING REMARKS

101

al. 1995). DPPH● absorbs at 515 nm, but in the presence of radical scavengers, its
colour will shift from purple to yellow due to the reduction by the antioxidant. With this
assay, three types of reaction kinetics can be determined. The fast type reflects strong
antioxidants (e.g., ascorbic acid) that readily convert all radicals and reach a steady state
within one minute. The other types react more slowly and need up to 30 minutes or even
several hours to reach a steady state (Brand-Williams et al. 1995). I performed first
assays with the same Elodea crude extracts, SPE fractions and flavonoids that I used in
the allelopathy assays (Chapter 4). Compounds present in crude extracts of both Elodea
species as well as in the hydrophilic SPE fraction 1 reacted with fast type kinetics, but
flavonoids exhibited slow kinetics. Thus, the potential UV protection by flavonoids
might be achieved by energy dissipation, while other yet unknown compounds cause
fast radical scavenging. Future studies on this aspect would be desirable. In chapter 2, I
describe that the concentration of a so far unidentified phenolic acid, which was also
detected by Mues (1983), increased at high light intensities, especially in plants grown
outside in mesocosms. However, I do not think that this compound act as radical
scavenger since it was often absent from field plants and on the other hand found in
aquarium plants receiving almost no UV light.

7.3 Allelopathy
Flavonoids have already been described as allelochemicals against higher plants
(Harborne 1986; Berhow and Vaughn 1999; Bais et al. 2003), and apigenin inhibits the
growth of different Gram-negative bacteria (Basile et al. 1999). Thus, an allelopathic
activity of Elodea-derived flavonoids against the Gram-negative cyanobacteria was
thinkable.
My investigations with extracts and exudates of Elodea show that both E.
canadensis and E. nuttallii exhibit a high allelopathic potential towards several algae
and cyanobacteria, which should be ecologically relevant. I could not perform exudation
experiments with E. canadensis, since this species is not abundant in the region of Lake
Constance. However, due to its strong concordance with E. nuttallii in the allelopathic
potential and the chemical composition, exudation of allelochemicals by E. canadensis
should be very similar.
The activity of Elodea extracts arised from hydrophilic and slightly lipophilic
compounds. Some of them were phenolic substances, but Elodea-derived flavonoids did
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not account for the allelopathic activity of both species. I tested these compounds
against axenic cultures of Anabaena spp., ruling out microbial metabolisation of the
flavone-diglucuronides. Probably aglycones, but not glucuronides are responsible for
the allelopathic activity (Basile et al. 1999). However, since flavonoids were also not
detected in either of the exudates, it is quite unlikely that they are of relevance in plantplant-interactions.
Elodea often invaded and dominated eutrophic or biomanipulated lakes and
ponds (Lauridsen et al. 1994; Vöge 1994; Strand and Weisner 2001). The allelopathic
activity of exudates and extracts of Elodea I found in my study thus match with
Rabotnov’s hypothesis predicting that allelopathy occurs in artificial assemblages
(chapter 1.5). However, it might sometimes be difficult to decide whether a given water
body represents a natural or artificial system. Processes like eutrophication can lead to
changes in lakes, while other systems are young and succession might still take place.
Since in my study plants from many lakes were active, and those from Lake Constance
also inhibited the growth of epiphytic primary producers present in this lake, I conclude
that allelopathy occurs also in natural systems. The weaker susceptibility of the Elodea
epiphyte Chlorella might be a result of host plant adaptation. The selective activity,
especially against cyanobacteria (Chapter 4), indicates that allelopathy determines the
species composition on submersed macrophytes and would explain why cyanobacteria
are of minor importance in epiphytic biofilms (Eminson and Moss 1980; Müller 1994).

7.4 Defence against herbivory
Especially in habitats with high resource availability, herbivory is assumed to be high
on inherently fast-growing plants with high maximum growth, photosynthetic and dark
respiration rates, high leaf protein content, flexible responses to pulses in resources,
short leaf lifetimes and an early appearance in succession (Coley et al. 1985; Room et
al. 1989). Fast growing species are not only rich in nitrogen but also in sugars, both
increasing their value as food source for e.g., insects (White 1993). At the same time,
defensive metabolites in these plants are expected to be low concentrated, mobile and
subject to rapid turnover (Coley et al. 1985). Examples for such compounds are
alkaloids, cyanogenic and phenolic glucosides, which allow a flexible defence response.
Elodea canadensis and E. nuttallii are good examples for such inherently fast
growing species preferably inhabiting meso- to eutrophic water bodies with sufficient
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resource availability. Consequently, one should expect low chemical defences and
heavy consumption on these waterweeds. Both field observations indicating low
herbivore densities in Elodea stands and my own studies contradict this theory.
I could show that Elodea nuttallii exerts a strong negative effect on growth and
survival of Acentria. Especially growth was tremendously retarded in Elodea fed larvae,
although nitrogen was never limiting for larvae, and also phosphorus concentrations did
not account for the observed effects. The presence of luteolin, apigenin and chrysoeriol
diglucuronides in Elodea was the most likely explanation for the observed growth
reduction. Thereby, the existence rather than the absolute amount of flavonoids seemed
important for chemical defence. My further studies revealed that the flavonoids have
antifeedant properties, and it is possible that they accounted also for the reduced larval
growth observed with live plants and crude extracts. Flavonoids are known growth
inhibitors that interfere with several enzymes (see Chapter 1.4). The inhibition of
ecdysone 20-monooxygenase, which converts ecdysone to the active hormone
ecdysteron, might be of particular interest in this context, since this would prevent
moulting of larvae. However, this needs to be examined in future experiments. As E.
canadensis contains the same substances, similar effects of this species on Acentria are
likely. The bioassay I developed to rear larvae on plant secondary metabolites could
also be used to evaluate effects on other herbivores or to examine isolated
allelochemicals of other submersed macrophytes. Optimizing the supplementation
method would be desirable to diminish the artificial conditions and the loss of
compounds in the assays. Enrichment of Potamogeton leaves might be possible by
direct injection of flavonoids into the leaves.
Although light intensity alone did not influence their flavonoid content, plants
grown under high light conditions in the field or in the laboratory reduced survivorship
of the larvae. This effect must be related to another yet unknown compound induced by
visible light, but not by UV radiation. Elodea shoots near the water surface could be a
good habitat for late-instar Acentria. Since these shoots receive the highest light
intensities, they might be particularly detrimental for the larvae. My results thus indicate
that Elodea growing directly at the water surface might be better defended than plants
located in deeper waters.
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In all growth assays with Acentria, I tested the influence of live Elodea or

Elodea-derived allelochemicals on the performance of late instar larvae that already had
finished hibernation. Effects on younger larvae, especially first and second instars,
might differ from my findings. Early instars are often more susceptible to low food
quality and experience high mortality (White 1993). However, first- to third-instar
gypsy moth, Lymantria dispar, develop faster on tannin-rich diets, whereas later instars
are negatively affected by tannins (Bourchier and Nealis 1993). Preliminary results
from experiments with neonate Acentria fed live Elodea plants (Bareiss et al., unpubl.
results) suggested a strong effect on survival and development (Figure 7.1).
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Figure 7.1. Growth of neonate Acentria larvae (mean headcapsule width [µm] + SE)
dependent on different exposition times (up to 7 weeks) to E. nuttallii as food source.
Fed E. nuttallii only,
reared on P. perfoliatus for the first 3 weeks, then fed E.
nuttallii,
reared on P. perfoliatus for 5 weeks, then fed E. nuttallii,
fed P.
perfoliatus only. Data from two different egg clutches are presented. Numbers in bars of
week 7 indicate number of survivors in the respective treatments (initial n = 17-18 in
clutch I, initial n = 33-34 in clutch II).

The results of my experiments indicate a strong impact on growth and only to a lesser
extent on survival of late instars. The combination of both might be an effective trait to
prevent infestation by Acentria. Only few insects would enter the hibernation stage and
these might afterwards suffer from retarded growth (summarized in Figure 7.2). As a
result, larvae would either not pupate or adults may have lower fecundity. Additionally,
mortality caused by predation might increase. Thus, establishment of Acentria on E.
nuttallii seems unlikely.
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Figure 7.2. Impact of chemical defences in Elodea on different larval stages during the
lifecycle of Acentria. Early instars mainly face reduced survivorship, late instars suffer most
from retarded growth.

Since feeding experience in the period before hibernation may cause adaptation to host
plants, it should be investigated whether surviving larvae hibernated in Elodea would
still suffer growth inhibition by Elodea in later instars. This was the case when larvae
from milfoil resumed feeding milfoil after hibernation (Choi et al. 2002). On the other
hand, the experiments with larvae reared on Elodea without hibernation (Gross et al.
2001; Bareiss et al., unpubl. results; see Figure 7.1, clutch II) indicate that
metamorphosis on Elodea might be possible, but nothing is known on the survival of
pupae and the fecundity of emerging adults.

7.5 Impact for invasiveness
The application of the resource availability hypothesis (Coley et al. 1985; Room et al.
1989, see above) on invasive plant species led to the proposal of the evolution of
increased competitive ability (EICA) hypothesis (Blossey and Nötzold 1995). It predicts
that the increased vigour of invasive plants might be due to the competitive ability at the
expense of defences against natural enemies. The EICA hypothesis is doubted (Willis et
al. 1999), and my results on the chemical defences in Elodea as well as the defences
found in troublesome invasive species Myriophyllum spicatum (Gross et al. 1996; Choi
et al. 2002) clearly contradict this hypothesis. I showed that invasive Elodea spp. are
defended against competing primary producers as well as against insect herbivores.
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Allelopathy directly influences the availability of essential resources at the advantage of
the donor plant. The negative impact on the important herbivore Acentria very likely
prevents the establishment of a stable Acentria population on Elodea. Both traits
correspond to the low epiphyte and herbivore densities observed in the field, indicating
the ecological relevance of chemical defences in these plants.
It is often assumed that the constitutive production of defensive plant secondary
metabolites – allelochemicals as well as antiherbivores – as in Elodea is cost-intensive.
Since the nutrient rich water bodies inhabited by Elodea always accommodate
potentially light limiting algae and cyanobacteria, a constitutive production might be
adequate. However, flavonoid antiherbivore defences might be expensive when
herbivores are absent, which might be detrimental at less favourable growth conditions.
On the other hand, if flavonoids really have UV protective function, the constitutive
defence might be an advantageous “by-product” with reduced energetic costs.
The example of E. canadensis and E. nuttallii demonstrates that fast growth and
chemical defences may be apparent at the same time, and do not necessarily exclude
each other. It is true that polyphenolic compounds, which are regarded as defences, are
lower concentrated in Elodea than in other plants. However, quality can be more
important than quantity. The multiple functionality of flavonoids might offer the
advantage to minimize the energetic costs of constitutive defences, which seem to
complement the inherently good adaptation of Elodea spp. to a heterogeneous
environment. Chemical defences might thus contribute to the invasiveness of
waterweeds.

8

Summary
The invasive waterweeds Elodea nuttallii and E. canadensis contain 7-O-diglucuronides
of the flavones luteolin, apigenin and chrysoeriol as well as a phenolic acid similar to
caffeic acid. Both species often resemble each other morphologically and may be
difficult to distinguish. Consequently, there is a great demand of correct species
identification. I present a chemotaxonomic method based on the species-specific
flavonoid pattern in Elodea that clearly identified even ambiguous specimens. These
had primarily been determined as E. canadensis, but turned out to be E. nuttallii.
Especially the ratio between the apigenin- and the chrysoeriol-derivative is
characteristic, and my results are in full agreement with molecular taxonomy based on
distinct length and base pair polymorphism in the internal transcribed spacer (ITS)
region. None of the methods supports evidence for the existence of hybrids between the
species, but rather indicate that the distribution of E. nuttallii in Europe is
underestimated.
The qualitative pattern of flavonoids in different Elodea species is very stable,
but their concentrations vary intraspecifically. Flavonoid biosynthesis is in part
regulated by external abiotic signals such as light, temperature or resource availability.
In first outdoor and laboratory experiments, high light intensities led to a weak
accumulation of the phenolic acid and luteolin-7-O-diglucuronide, but in a second
experiment no light effect was detectable. However, plants exposed to natural sun light
had higher concentrations of either luteolin- or apigenin- and chrysoeriol-glucuronides,
indicating that flavonoids exhibit UV protective properties. Temperature might be
negatively correlated with the phenolic acid, apigenin- and chrysoeriol-diglucuronide,
but additional CO2 supply had no influence at all.
Elodea species are often associated with low phytoplankton densities or
epiphytic covers. In growth assays with extracts from E. canadensis and E. nuttallii, I
demonstrated that allelochemicals can suppress growth of different cyanobacterial
culture strains and epiphytic autotrophs isolated from submersed macrophytes. Only
Scenedesmus brevispina was stimulated. Bioassay guided fractionation yielded
hydrophilic and slightly lipophilic active compounds. Among them are phenolic
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substances, but neither the phenolic acid nor flavonoids were active. Since growth
declined also in a moderately lipophilic fraction of culture filtrate of E. nuttallii, I
assume that active compounds are exuded in the water. Allelopathy might thus be
relevant in situ and suppress phytoplankton and epiphytes. The differences in the
susceptibility of target organisms could (1) at least partly arise from adaptation to the
respective host plants and (2) indicate that allelopathic interference might reduce the
abundance of some species, especially cyanobacteria, in epiphytic biofilms.
Herbivorous larvae of the aquatic moth Acentria ephemerella can severely
damage plants like Potamogeton spp. and Myriophyllum spicatum. In contrast, larvae
are never found on Elodea nuttallii and avoid feeding on E. canadensis. Using nochoice assays, I showed that E. nuttallii strongly reduces larval growth, independent of
culture conditions under which plants were grown. Elodea exposed to high light
intensities further increases larval mortality. These results indicate that a negative
impact on the fitness of Acentria might be the ultimate reason for the avoidance of
Elodea in the field. Neither morphological defences nor nitrogen or phosphorus content
of food plants explained these effects, suggesting that allelochemicals – probably
flavonoids present in E. nuttallii, but absent in other common host plants of Acentria –
are responsible for the reduced growth.
Coating Potamogeton leaf disks with Elodea extracts or flavonoids deterred
larvae from feeding of this otherwise preferred food source, and yet unknown
compounds present in the extracts reduced growth and survival of Acentria. My study is
the first, in which larvae were successfully fed with plant secondary metabolites. The
concentrations of flavonoids in the assays were at the lower range of concentrations
found in the field, indicating that chemical defence in E. nuttallii might be ecologically
relevant. The related E. canadensis produces the same flavonoids and might be
similarly defended.
My studies on the chemical ecology of E. canadensis and E. nuttallii revealed
that both species produce allelochemicals, which can assure the access to limiting
resources and prevent severe loss of biomass. In contrast to the predictions of the
evolution of increased competitive ability (EICA) hypothesis, Elodea spp. thus
demonstrate that invasive species might well be chemically defended. This trait can
complement their tolerance towards environmental heterogeneity and strengthen the
competitive ability of Elodea.

9

Zusammenfassung
Die invasiven Wasserpest-Arten Elodea nuttallii und E. canadensis enthalten die 7-Odiglucuronide der Flavone Luteolin, Apigenin und Chrysoeriol sowie eine phenolische
Verbindung mit Ähnlichkeit zu Kaffeesäure. Morphologisch ähneln sich beide Arten
und können häufig nur schwer unterschieden werden. Daher gibt es eine große
Nachfrage nach eindeutigen Bestimmungsmerkmalen beider Arten. Ich stelle eine
chemotaxonomische Methode vor, die auf artspezifischen Flavonoid-Mustern basiert
und sogar morphologisch nicht eindeutig bestimmbare Pflanzenexemplare sicher
identifiziert. Diese waren ursprünglich als E. canadensis bestimmt worden, stellten sich
jedoch als E. nuttallii heraus. Insbesondere das Verhältnis zwischen der Apigenin- und
Chrysoeriolverbindung charakterisiert die Arten, und meine Ergebnisse stimmen voll
mit denen einer molekularbiologischen Methode überein, die auf Längen- und
Basenpaarunterschieden der internal transcribed spacers (ITS) basiert. Keine der
Methoden liefert Hinweise auf mögliche Hybride zwischen den Elodea-Arten. Sie
zeigen vielmehr, dass die Verbreitung von E. nuttallii eher unterschätzt wird.
Das qualitative Auftreten der Flavonoide in den verschiedenen Elodea-Arten ist
sehr stabil, aber die Konzentrationen schwanken intraspezifisch. Die FlavonoidBiosynthese wird teilweise durch externe Faktoren wie Licht, Temperatur oder
Nährstoffverfügbarkeit reguliert. In ersten Freiland- und Laborversuchen führten hohe
Lichtintensitäten zu einer leichten Anreicherung der phenolischen Säure und Luteolin7-O-diglucuronid, wohingegen in einem zweiten Versuch kein Licht-Effekt festgestellt
werden konnte. Allerdings enthielten Pflanzen, die Sonnenlicht ausgesetzt waren,
entweder höhere Konzentrationen an Luteolin- oder an Apigenin- und ChrysoeriolDiglucuroniden. Dies weist auf einen möglichen UV-Schutz durch diese Verbindungen
hin. Die Temperatur scheint negativ mit der phenolischen Säure sowie Apigenin- und
Chrysoeriol-Diglucuronid zu korrelieren, während CO2-Düngung überhaupt keinen
Einfluss hatte.
Elodea-Arten

werden

häufig

mit

niedrigen

Phytoplanktondichten

und

schwachem Epiphytenbewuchs in Verbindung gebracht. In Versuchen mit Extrakten
aus E. canadensis und E. nuttallii zeigte ich, dass Allelochemikalien das Wachstum
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verschiedener Kultur-Cyanobakterien und epiphytischer autotropher Organismen, die
von submersen Makrophyten isoliert wurden, hemmen können. Lediglich das
Wachstum von Scenedesmus brevispina wurde gesteigert. Die weitere Auftrennung von
Extrakten lieferte hydrophile und schwach lipophile aktive Komponenten, u.a. auch
phenolischen Verbindungen. Jedoch waren weder die phenolische Säure noch die
Flavonoide aus Elodea aktiv. Da auch die schwach lipophilen Substanzen in
angereichertem Umgebungswasser von E. nuttallii zu schwächerem Wachstum führten,
vermute ich, dass aktive Substanzen ins Wasser ausgeschieden werden. Von daher sollte
Allelopathie auch in situ relevant sein und das Wachstum von Phytoplankton und
Epiphyten hemmen. Die unterschiedliche Sensibilität der Testorganismen könnte (1)
zumindest teilweise durch Anpassung an die jeweilige Wirtspflanze bedingt sein, und
(2) darauf hinweisen, dass Allelopathie das Auftreten einiger Arten, insbesondere von
Cyanobakterien, in epiphytischen Biofilmen verhindern kann.
Herbivore Larven der aquatischen Motte Acentria ephemerella können
immensen Schaden an Pflanzen wie Potamogeton spp. und Myriophyllum spicatum
anrichten. Im Gegensatz dazu werden Larven nie auf E. nuttallii beobachtet, und sie
meiden E. canadensis als Futter. Ich konnte mit Hilfe von no-choice Testdesigns zeigen,
dass E. nuttallii das Wachstum dieser Larven stark vermindert, und zwar unabhängig
von den Wachstumsbedingungen, unter denen die Pflanze gewachsen war. Weiterhin
erhöhten Elodea-Pflanzen, die hohen Lichtintensitäten ausgesetzt waren, die Mortalität
der Raupen. Diese Ergebnisse weisen darauf hin, dass der schädliche Einfluss auf die
Fitness von Acentria der ultimative Grund für das Meiden von Elodea-Beständen im
Freiland ist. Weder morphologische Verteidigungsstrukturen noch Stickstoff- oder
Phosphatgehalt der Pflanzen erklären die negativen Effekte. Dies lässt vermuten, dass
Allelochemikalien – möglicherweise die Flavonoide, welche zwar in E. nuttallii, nicht
aber in den üblichen Futterpflanzen von Acentria, vorhanden sind – das reduzierte
Wachstum bedingen.
Beschichtet man Blattscheibchen von Potamogeton mit Elodea-Extrakt oder
Flavonoiden, verhindert dies den Fraß an diesem sonst bevorzugten Futter. Bislang
unbekannte Substanzen aus dem Extrakt reduzieren außerdem Wachstum und
Überlebenswahrscheinlichkeit von Acentria. In meiner Arbeit ist es zum ersten Mal
gelungen, Acentria-Larven erfolgreich mit pflanzlichen Sekundärmetaboliten zu füttern.
Die Flavonoidkonzentrationen in meinen Versuchen lagen dabei im unteren Bereich
natürlich vorkommender Konzentrationen, weshalb chemische Verteidigung in Elodea
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ökologisch relevant sein kann. Da die verwandte Art E. canadensis die gleichen
Flavonoide produziert, ist eine vergleichbare Verteidigung anzunehmen.
Meine Arbeiten zur chemischen Ökologie von E. canadensis und E. nuttallii
ergaben, dass beide Arten Allelochemikalien produzieren, die einen sicheren
Nährstoffzugang ermöglichen und erheblichen Biomasseverlust durch Fraß verhindern.
Im Gegensatz zu den Vorhersagen der evolution of increased competitive ability
(EICA) Hypothese, verdeutlicht das Beispiel der Wasserpest, dass invasive Arten sehr
wohl chemisch verteidigt sein können. Diese Eigenschaft kann die Toleranz gegenüber
schwankenden Umweltbedingungen ergänzen und so die Konkurrenzstärke von Elodea
erhöhen.
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