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Abstract

We investigated the allelopathic activity of two submersed macrophytes with different growth forms and nutri-
ent uptake modes, Ceratophyllum demersum and Najas marina ssp. intermedia. A bioassay-directed method
development revealed optimal extraction solvents for allelochemicals from both macrophytes. For Najas, 50%
methanol and for Ceratophyllum 50% acetone yielded the strongest inhibition in the agar-diffusion assay with
various filamentous or chroococcal cyanobacteria as target species. Further fractionation by liquid—liquid extraction
(LLE) and solid phase extraction (SPE) procedures showed that both aquatic plants appear to have more than
one active fraction, one being hydrophilic and one moderately lipophilic. The water-soluble allelochemicals may
inhibit phytoplankton whereas the lipophilic allelochemicals may act through direct cell-cell contact, e.g., against
epiphytes. Both macrophytes also exuded allelopathically active compounds into the surrounding medium as shown

by SPE of their incubation water.

Introduction

Allelopathy may be an adaptive strategy of submersed
macrophytes in their competition for light and car-
bon with epiphytes and phytoplankton (Gopal & Goel,
1993; Gross, 1999). Especially in shallow lakes, al-
lelopathy might, besides many other abiotic and bi-
otic factors, stabilize aquatic plant dominance over
phytoplankton (Scheffer et al., 1993). Light is the
most limiting factor for submersed macrophytes; espe-
cially dense epiphyte cover can considerably attenuate
light intensity (Sand-Jensen, 1990) and cause carbon
limitation (Madsen & Sand-Jensen, 1994). Competi-
tion for nutrients is generally less important, because
most aquatic angiosperms are rooted and obtain the
majority of their macronutrients from the sediment
(Carignan & Kalff, 1980).

Ceratophyllum demersum L., however, attaches
only with rhizoids to the sediment and nutrient up-
take occurs primarily over the shoots (Denny, 1987).
Therefore, competition with phytoplankton for nutri-
ents takes place. C. demersum may grow in water
depths of 0.5-8.5 m, often inhabiting deeper water

where only 1% of the surface illumination is available
(Hutchinson, 1975), facilitated by a low light com-
pensation point (Spencer & Wetzel, 1993). Recently,
Mjelde & Faafeng (1997) showed that C. demer-
sum hampered phytoplankton development in shallow
lakes with high phosphorus load but low nitrogen.
Remarkably, Fitzgerald (1969) observed that Cerato-
phyllum and some other macrophytes or macroalgae
had low epiphyte densities under nitrogen, but not
under phosphorus limitation. He did not exclude al-
lelopathic interference. Metabolic excretions of C. de-
mersum inhibited the growth of several nitrogen-fixing
cyanobacteria (Kogan & Chinnova, 1972), but this
study did not rigorously rule out nutrient interference.
Wium-Andersen et al. (1983) suggested elemental sul-
phur or a labile sulphur compound as allelopathically
active substance(s). Both exuded allelochemicals and
compounds extracted from C. demersum inhibited cy-
anobacteria (Jasser, 1994, 1995; Korner & Nicklisch,
2002).

So far, allelopathy has never been associated with
Najas marina. This macrophyte was rather subjected
to allelopathic activity by other submersed macro-
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phytes (Agami & Waisel, 1985). Only N. guadalu-
pensis exhibited allelopathical activity against some
aquatic plants (Elakovich, 1989; Elakovich & Wooten,
1989). Najas marina ssp. intermedia is one of the
dominant submersed macrophytes in the Lower Basin
of Lake Constance, occurring at a depth of 2—-3 m and
forming stands of 10-50 cm height; thus they never
reach the water surface. Like C. demersum, N. mar-
ina is also adapted to submersed life with a low light
compensation point (Agami et al., 1980).

Our objectives in this study were (i) to improve
extraction methods for allelopathically active com-
pounds in C. demersum and N. marina, (ii) to investig-
ate some chemical characteristics of the allelochemic-
als and (iii) to demonstrate that active compounds are
released by intact macrophytes into the water.

Materials and methods
Macrophytes

Ceratophyllum demersum was sampled in three shal-
low eutrophic lakes in Upper Swabia, Southern Ger-
many: Karsee (KS), Lengenweiler See (LS) and
Rohrsee (RS). More details on these lakes can be
found under http://www.seenprogramm.de/ or Herz
(2001) and in Gross et al. (this Volume). Najas mar-
ina ssp. intermedia was collected by snorkeling in
summer 1998 and 1999 in mesotrophic Lower Lake
Constance, near the island of Reichenau. Plant mater-
ial was washed free of debris, shock frozen in liquid
nitrogen and freeze-dried. Lyophilized material was
finely ground and stored in air-tight containers at room
temperature in the dark until use. Fresh plant material
was used for exudation experiments (see below).

Target organisms

We used three axenic strains, the filamentous cy-
anobacteria Anabaena sp. PCC 7120 (=SAG 25.82)
and A. variabilis strain P9 (=ATCC 29413), as well as
the chroococcal Synechococcus elongatus SAG 89.79.
These cultures were from a long-term culture held at
the institute. Additionally, fresh cultures of the SAG
strains were directly received from SAG/Sammlung
von Algenkulturen, Gottingen, Germany. All target
organisms were cultured in a modified cyanobacteria
medium (Jiittner et al., 1983), using 150 mg 1-! TES
as buffer. Liquid batch cultures were kept on a shaker

(115 rpm) at 24 °C, 50 pmol photons PAR m2 s}
and a photoperiod of L:D 13:11.

Extraction

Plant material was extracted twice with solvent (1 ml
per 10 mg plant dry mass [dm]) for 2 h each with con-
stant stirring. As solvents, we used water, as well as
methanol or acetone either pure or in defined mixtures
with water (v/v). Ultrapure water (USF Elga HPLC
system) was used throughout for the chemical ana-
lysis. For N. marina, we used water, 25, 50, 70, 100%
methanol, or 70% acetone as extraction solvents. C.
demersum was extracted with 50, 70, 100% methanol,
50 or 70% acetone. Each extraction method was rep-
licated at least once. Aliquots of these crude extracts
were evaporated to dryness and resuspended in 50%
methanol in a final concentration equivalent to 100 mg
extracted dm ml~!.

Fractionation of crude extracts

To fractionate crude extracts depending on polarity,
we performed high performance liquid chromato-
graphy (HPLC), liquid-liquid extraction (LLE) and
solid phase extractions (SPE). SPE was performed
with both plants, only extracts of N. marina were
fractionated by HPLC and LLE. HPLC separations
were carried out on a LiChrospher-100 column (RP18
endc., 250x4 mm, 5 um particle size; Knauer, Ger-
many) with a flow rate of 1 ml min~! on a Jasco HPLC
system and a linear gradient with solvent A: water and
solvent B: methanol (0-20 min from 1% to 100% B,
thereafter 15 min 100% B). Extracts equivalent to 4
or 5 mg dm were injected and single fractions of 5
ml were collected. They were evaporated to dryness,
redissolved in 50% methanol and subsequently tested
in our bioassay (see below).

For LLE and SPE, methanol was evaporated from
the aliquots, yielding aqueous extracts. In the LLE,
the resulting aqueous aliquot of the crude extract was
diluted to 7.5 ml with water and twice partitioned
with each 5 ml diethylether. Ether phases were com-
bined and dried over anhydrous Na;SO4. Both the
water and the ether phase were concentrated to dryness
and resuspended in 50% methanol as described above.
For SPE, an aqueous aliquot of the crude extract
was passed over a preconditioned SPE-C18 cartridge
(Varian Bond Elut, 3 cc, 500 mg sorbens). After-
wards, the cartridge was washed with one reservoir
volume of water and then stepwise eluted with each



three reservoir volumes of 10, 25, 50, 70 and 100%
methanol. This yielded six fractions in total, fraction
1 being the non-retained aqueous eluent. SPE with
Najas was performed with aliquots of two different
crude extracts, those using 25 and 50% methanol as
extraction solvents. With C. demersum, we used only
the 50% acetone extract. SPE was modified (method
SPE2) once for C. demersum in that an aliquot of the
crude extract was evaporated and redissolved in 10%
methanol. This extract was applied to the C18 cart-
ridge and eluted with 25-100% methanol as described
above, yielding only five fractions in total.

Heat stability of allelochemicals

Aqueous aliquots of crude extracts from Najas were
boiled in a water bath for 1 h. Then the extract
was evaporated to dryness and resuspended in 50%
methanol as described above.

Exudation

Lipophilic, allelopathically active compounds exuded
by the macrophytes into the surrounding water were
extracted with SPE. Fresh plants were submersed in
tap water for 3, 4 or 24 h. Controls were performed
for the same time using the same volumes of tap
water without plant addition. The incubation water
was filtered successively over GF/F (Whatman) and
nitrocellulose membrane filters (0.2 um pore size,
Schleicher & Schuell) to remove suspended particles.
Preconditioned SPE-C18 filters (3M Empore disks,
47 mm @) were used to adsorb exuded compounds.
The incubation water was passed over the SPE-filter
under low vacuum (—200 to —400 mbar). The filter
was then washed with a small volume of ultrapure
water and vacuum dried for 1 min. Afterwards, the ad-
sorbed compounds were eluted with 30 ml methanol.
This lipophilic eluate was evaporated to dryness and
redissolved in a defined volume of 50% methanol.

Bioassays

The activity of extracted or exuded compounds was
tested in the agar diffusion assay (ADA) as our stand-
ard bioassay system. The ADA was performed as
described previously (Flores & Wolk, 1986; Gross et
al., 1991) using inoculation densities of 0.04 ODs3¢ nm
(optical density of culture at 530 nm) for Anabaena
spp. and 0.1 OD 530 nm for Synechococcus. Agar
plates were incubated for 5-7 days at 28 °C and a
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constant illumination of 80 xmol photons PAR m™>
s~ 1. Extracts were generally applied in amounts equiv-
alent to 0.5, 1 and 2 mg of extracted dm. SPE-enriched
exudates were used in amounts up to 10 g plant fresh
mass (fm) per test. Active fractions caused clearing
areas in the algal overlayer.

Results
Allelopathic activity of plant extracts

Extracts of Ceratophyllum demersum inhibited both
Anabaena PCC 7120 and Synechococcus elongatus at
all tested concentrations and with all solvent mixtures
used (Table 1). A. variabilis P9 was less sensitive. In
general, clearing areas in the agar diffusion assay in-
creased with extract concentration. Extracts differed
somewhat in their allelopathic activity depending on
the origin of the plant material. The largest inhib-
ition was observed when lyophilized plant material
was extracted with 50% acetone. This solvent was
subsequently used for all extractions.

Extracts of N. marina inhibited the growth of all
target organisms, but the extent of inhibition depended
on the extraction solvent and the test species used
in the assay. In general, the activity of N. marina
was weaker than that of C. demersum. The strongest
activity against all three test strains was achieved by
extracting plant tissue with 50% methanol (Table 2).
The mean diameter of the clearing zones in the ADA
did not decrease after heating the extract.

Fractionation of plant extracts

SPE of 50% acetone crude extracts of C. demersum
from all lakes exhibited variable allelopathic activ-
ity against Anabaena sp. PCC 7120 (Table 3). Using
method SPE2 and A. variabilis P9, we found inhib-
ition predominantly in fraction 2 and 5, and only
minor activity in fraction 6 (Table 3). This indicates
a hydrophilic and a moderately lipophilic fraction.
HPLC directed fractionation of Najas extract re-
vealed two active fractions in the agar diffusion assay
(ADA). Clearing zones were caused by fraction 1
(0-5 min) and fraction 5 (20-25 min) against Ana-
baena sp. PCC 7120 (data not shown). These fractions
eluted with 1-26% methanol and 100% methanol, re-
spectively, indicating that hydrophilic and lipophilic
substances are allelopathically active. After LLE, ap-
plication of the organic phase equivalent to at least
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Table 1. Effect of different solvents on inhibitory activity of extracts from Ceratophyllum demersum.
Extracts were applied in concentrations equivalent to 0.5, 1 or 2 mg dm. Extracts from macrophytes from
different lakes (Karsee, KS; Lengenweiler See, LS; and Rohrsee, RS) were tested against three target
species. Data represent mean area of clearing zones (mm?) of two to five replicates each. — No tests

performed
Solvent Plant  Anabaena sp. Synechococcus Anabaena
dm PCC 7120 elongatus SAG 89.79  variabilis P9
RS KS LS RS LS RS KS LS
50% MeOH 0.5 785 - 63.6 503 1539 - - -
1 236.0 - 1227 1539 3464 - - -
2 2405 - 113.1 4155 6158 - - -
70% MeOH 0.5 95.0 - 709 1227 78.5 - - 0
1 1327 - 1327 1327 176.7 - - 330.0
2 1009 - 227.0 201.1 2138 - - 530.9
100% MeOH 0.5 503 - 44.2 63.6 1039 - - -
86.6 - 103.9 1327 83.9 - - -
2 2182 - 165.1 139.6 2138 - - -
50% Acetone 0.5 68.4 50.3 38.0 113.1 63.6 0 0 0
1 132.7  110.0 89.0 139.6 1227 19.6 126 19.6
2 283.5 201.1 201.1 227.0 227.0 333 283 38.5
70% Acetone 0.5 86.6 - 63.6 95.0 78.5 - - 0
188.7 - 113.1 2138 2270 - - 153.9
2 201.1 - 1614 3142 380.1 - - 201.1

2 mg dm caused clearing zones whereas the aqueous
phase was already active when 0.5 or 1 mg dm was
used. Fractionation of the LLE aqueous phase by
HPLC yielded two active fractions. The first eluted
at 0-5 min with 1-26% methanol and the second
between 20 and 25 min with 100% methanol. Similar
results were gained by SPE fractionation of crude ex-
tracts. Here, the aqueous eluent and fraction 5 (elution
with 75% methanol) showed inhibition in the ADA
against Anabaena sp. PCC 7120 (data not shown).

Exudation of allelochemicals

After 24 h incubation of C. demersum in water, SPE-
enriched exudates from LS and RS caused clearing
zones when applied in concentrations equivalent to 2—
5 g of fresh mass (Table 4). Exudate of RS material
exhibited already a weak inhibition after 4 h of incuba-
tion. SPE-enriched exudates of C. demersum from KS
did not inhibit Anabaena PCC 7120.

SPE-enriched exudates of N. marina caused clear-
ing zones of 133 and 254 mmz, respectively, when

plants with 6.2 or 8.2 g fm were incubated for 3 h in
400 ml of tap water. Samples with 4-5 g fm incub-
ated for 24 h showed a stronger activity. Controls with
the same volume of tap water but without plants were
inactive.

Discussion

Our experiments show that two macrophytes with dif-
ferent growth architecture, Ceratophyllum demersum
and Najas marina ssp. intermedia, produce and release
allelopathically active compounds. It is the first time
that allelopathic activity has been demonstrated for V.
marina.

We optimized the extraction procedure of active
compounds from freeze-dried material. Based on the
solvents used for extraction and fractionation and the
results of the bioassays, both macrophytes contain two
active fractions, one more hydrophilic, one moderately
lipophilic. Although the precise nature of the active
compounds is still unknown, we assume that hydro-
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Table 2. Effect of different extraction solvents on allelopathic activity of Najas marina from Lake Constance. Extracts
were applied in concentrations equivalent to 0.5, 1 or 2 mg dm and were tested against three target species. Plant material
collected in 1999 was extracted in 2000 and again with additional solvents in 2001. Data represent mean area of clearing
zones (mm?2) of two to five replicates each. — No tests performed. + weak inhibition. *Clearing zones with inner and outer
clearing ring (x/y); in between 2 mm zone of algal growth

Solvent Plant 2000 2001
dm Anabaena  Anabaena  Synechococcus ~— Anabaena Anabaena  Synechococcus
variabilis sp. PCC elongatus variabilis sp. PCC elongatus
P9 7120 SAG 89.79 P9 7120 SAG 89.79
H,O 0.5 0 5.1 0 - - -
0 6.3 0 - - -
2 0 38.5 0 - - -
25% MeOH 0.5 - - - 50.3 0 0
1 - - - 63.6 0 0
2 - - - 78.5 0 0
50% MeOH 0.5 0 74.2 38.5 12.6/176.7* 0 24.6
0 154.4 72.7 50.3/314.2* 0 83.3
2 315 142.9 122.9 78.5/388.1%  66.5 113.1
75% MeOH 0.5 0 35.0 46.0 - - -
0 94.6 122.9 - - -
2 0 723 315.0 - - -
100% MeOH 0.5 0 + 19.6 - - -
0 10 78.5 - - -
2 0 95.1 95.8 - - -
70% Acetone 0.5 - - - 0 0 0
1 - - - 0 0 28.3
2 - - - 0 0 52.8

philic compounds are more easily released into the wa-
ter whereas lipophilic compounds may act primarily
on the plant surface via direct contact, e.g., against epi-
phytes. Allelochemicals in Najas are heat stable. For
C. demersum, our results indicate that other, yet un-
known, allelopathically active compounds are present.
Elemental sulphur or other labile sulphur compounds
have been extracted with the highly lipophilic pet-
roleum from C. demersum (Wium-Andersen et al.,
1983). It is unlikely that those compounds are present
in our extracts. In earlier works, aqueous extracts of
C. demersum caused a decline of cyanobacteria and
an increase of chlorophytes in growth assays with
natural phytoplankton (Jasser, 1995). Using dialysis
membranes, C. demersum was shown to specifically
affect cyanobacteria (Jasser, 1995), probably through

interference with optimal functioning of photosystem
II (Korner & Nicklisch, 2002).

Inhibitory effects of plant extracts against test or-
ganisms demonstrate an allelopathic potential, but
they can not prove allelopathy in sifu. Although
many allelochemicals have been isolated from aquatic
plants, often their release, i.e. by exudation or leach-
ing, into the surrounding medium was not proven,
thus the ecological relevance of these studies remains
questionable. Exudation of allelochemicals has been
shown for Myriophyllum spicatum (Gross et al., 1996;
Nakai et al., 1999). We could show that yet uniden-
tified, slightly lipophilic compounds that could be
trapped by SPE, are released into the incubation wa-
ter by intact C. demersum and N. marina. Although
N. marina is well adapted to low irradiance (Agami
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Table 3. Allelopathic activity of SPE-fractionated crude extracts of Ceratophyllum de-
mersum from different lakes (Karsee, KS; Lengenweiler See, LS; and Rohrsee, RS) in
Upper Swabia. Concentrations used in the agar diffusion assay were equivalent to 1, 2 or
5 mg dm of plant material. Data represent mean area of clearing zones (mm?) of three
replicates each. — not tested. + weak inhibition. Numbers in brackets: diffuse clearing

Zone

SPE fraction mgdm  Anabaena sp. PCC 7120  Anabaena variabilis P9
KS LS RS KS LS RS
1—H,0 1 0 0 0 - - -
0 0 0 - - -
5 0 0 0 - - -
2 — 10% MeOH 1 0 0 0 + 50.3 +
0 0 0 50.3 2835 503
5 283 0 0 452.4 4524 2545
3 —25% MeOH 1 0 + 0 0 0 0
16.1 + 0 0 0 0
5 1131 + 0 0 0 0
4 — 50% MeOH 1 0 0 0 0 0 0
0 0 0 0 0 0
5 503 O 0 0 0 0
5 —75% MeOH 1 31 0 0 0 7.1 0
126 O 0 7.1 385 0
5 71.1 0 + 385 68.6 3.1
6 —100% MeOH 1 196 + 126 + + +
2 283 + 1327 + 7.1 +
5 63.6 + 3142 (12.6) (12.6) (38.5)

et al.,, 1980), apparently at least 250 pumol photons
PAR m~? s~ ! incident light is necessary for the pro-
duction of seeds in this species (Agami et al., 1984).
Thus, growth suppression of shading organisms such
as epiphytes and phytoplankton due to exudation of
allelopathically active substances might be important
for optimal growth and reproduction in N. marina. Al-
lelopathy thus may play an important role for both
plants in their natural habitat. The suppression of
primary producers like cyanobacteria can increase the
competitiveness of submersed macrophytes.

If allelopathy is able to increase the strength of
macrophyte communities and to support their stabil-
ity, one can also assume that allelopathic interac-
tions might influence indirectly the composition of the
whole littoral community (Gopal & Goel, 1993). Sub-
mersed macrophytes are not only important primary
producers but they also greatly increase coloniza-
tion area for other organisms, provide substrate for

spawn and refuge for juvenile fish or zooplankton.
Dense macrophyte stands decrease flow velocity and
water turbulence, thereby preventing resuspension of
sediment and increasing sedimentation rate. As a res-
ult, macrophytes increase water quality and due to
feedback regulation, growth of phytoplankton and
epiphytes is reduced whereas the macrophyte com-
munity is stabilised (Scheffer et al., 1993). Allelopathy
might well be a regulating factor for stable macrophyte
communities as proposed in the model of alternating
stable states of shallow eutrophic lakes (Scheffer et al.,
1993).

Our results demonstrate that allelopathy might be
a widespread adaptive trait of submersed macrophytes
in their competition with epiphytes and phytoplank-
ton. Further studies are needed to identify the act-
ive compounds, and investigate the conditions under
which optimal release in situ may occur.



Table 4. Allelopathic  activity  of
SPE-enriched incubation water of
Ceratophyllum demersum from different
lakes in Upper Swabia (Lengenweiler
See, LS; and Rohrsee, RS). Incubation
time was 4 or 24 h. Concentrations were
used equivalent to 1, 2 or 5 g fm of
plant material used for exudation. Data
represent mean area of clearing zones
(mmz) of two replicates each. Values
in brackets: only diffuse clearing zone

visible
gfm LS RS
4h 24h 4h 24h

0 0 0 0 0

1 0 0 0 0

2 0 113.1 (283) O

5 0 283.5 (38.5) 123.0
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