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Abstract The allelopathic activity of the aquatic
macrophyte, Stratiotes aloides, was determined
with laboratory experiments. Active compounds
exuded in the medium or present in plant tissue
were extracted using standard procedures and
solid phase extraction (SPE). The activity towards
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various cyanobacteria and chlorophytes was
tested in two different bioassay systems using
agar plates and liquid cultures of phytoplankton.
Extracts and exudates of S. aloides affected
phytoplankton growth. SPE-enriched exudates
and enriched water from a natural Stratiotes stand
caused inhibition of target species, however, also
some controls were active. Phytoplankton species
exhibited differential sensitivity to extracts of
S. aloides. We observed inhibitory and stimula-
tory effects on phytoplankton. In general, more
cyanobacteria than other phytoplankton species
were inhibited, and the inhibition of cyanobacte-
ria was stronger. In most cases, nutrient (P or K)
limitation of Synechococcus elongatus and Scene-
desmus obliquus decreased the sensitivity of these
species towards allelochemicals from Stratiotes
aloides, except for P-limited cultures of Scenedes-
mus. The allelopathically active compound(s)
from Stratiotes are moderately lipophilic and
most likely no phenolic compounds. Our results
indicate that allelopathy (besides nutrient inter-
ference and shading) might also account for
the low phytoplankton and filamentous algae
densities in the vicinity of Stratiotes plants, at
least during certain phases of the life-cycle of
Stratiotes.

Keywords Allelopathy - Aquatic macrophyte -
Exudate - Growth inhibition - Nutrient limitation
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Introduction

Aquatic macrophytes play a crucial role in
stabilizing the clear water state in shallow
mesotrophic and eutrophic lakes (Scheffer,
1998; Burks et al., in press). They can stimulate
changes to clear water situations by a range of
mechanisms (see review Van Donk & Van de
Bund, 2002). One of those mechanisms is the
excretion of inhibitory substances that reduce
phytoplankton growth (= allelopathy, e.g.,
Gross, 2003). The release of these compounds
may be an effective trait of submerged macro-
phytes to gain competitive advances against
other photoautotrophs.

Only a few allelochemicals from submerged
aquatic macrophytes are structurally elucidated
(Wium-Andersen et al., 1982; Gross et al., 1996).
Previous experiments (Mulderij et al., 2005a, b)
provided evidence for allelopathic interference
of Stratiotes aloides with phytoplankton species,
but the nature of the active compound(s) was
not investigated. S. aloides is a dioecious,
perennial aquatic macrophyte, native to Europe
and Siberia (Cook & Urmi-Konig, 1983). A part
of its life cycle is submerged (Bloemendaal &
Roelofs, 1988) and the plants overwinter as
turions or entire (but rootless) plants on the
bottom of the lake. The macrophyte becomes
buoyant in spring as a result of increased
photosynthesis and remains floating on the water
surface until autumn (De Geus-Kruyt & Segal,
1973). Especially during its submerged phase,
Stratiotes might be favoured by the ability to
produce allelopathic compounds that inhibit
phytoplankton growth.

Other mechanisms for the exclusion of phyto-
plankton in the proximity of water soldier have
been proposed. The availability of potassium or
sodium might be limiting phytoplankton growth
in S. aloides stands and further, co-precipitation
of phosphates with calcium might be an important
mechanism (Brammer, 1979; Brammer & Wetzel,
1984). Other authors, however, indicated allelo-
pathic activity of Stratiotes. Extracts of the mac-
rophyte showed inhibitory effects even at the
lowest concentration tested (2 g FM/I, Jasser,
1995). Usenko et al. (2002) showed that phenolic
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acids might be responsible for algicidal effects of
Stratiotes. Both studies, however, did not prove
that Stratiotes really excreted allelopathic com-
pounds, an important issue to asses the ecological
importance of allelopathic interactions. Recent
laboratory experiments showed that exudates of
Stratiotes inhibited the green alga Scenedesmus
obliguus and induced colony formation in this
alga (Mulderij et al., 2005a). Further, allelopathic
effects of Stratiotes exudates on the cyanobacte-
rium Microcystis aeruginosa and the eustigmato-
phyte Nannochloropsis limnetica were observed
(Mulderij et al., 2005b).

We performed bioassay-directed extractions
and fractionations to elucidate the chemical
characteristics of allelopathic substances in
extracts and exudates of Stratiotes, and were
especially interested whether the active com-
pounds are hydro- or lipophilic. We also tested if
the sensitivity of target organisms to Stratiotes
would increase when they were cultured under
nutrient limiting conditions, as Reigosa et al.
(1999) stated that target organisms under
stress (e.g., nutrient limitation) become more
susceptible to additional stressors (e.g., allelop-
athy) than equivalent target organisms not fur-
ther stressed.

Materials and methods
Macrophyte culture

The Stratiotes plants originated from a ditch in
Tienhoven (52°10°0” N, 5°4’60” E), the Nether-
lands, and were collected in July 2003. The plants
were carefully rinsed with tap water and trans-
ferred into 500 I aquaria filled with 10 cm sedi-
ment originating from the same ditch and with
copper-free tap water. The macrophytes were
grown at a density comparable to moderate
densities in the field (ca. 10 g FM/1), and water
was renewed fortnightly. The aquaria were illu-
minated (30 pmol m™ s™') 16 h per day and the
water temperature was 18 = 1°C. At the start of
an experiment, plants were transferred to sedi-
ment-free aquaria with macrophyte medium
(Mulderij et al., 2005a).
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Target organisms

We used axenic monocultures of twelve phyto-
plankton species, consisting of cyanobacteria,
green algae and an eustigmatophyte. Anabaena
sp. PCC 7120 and A. variabilis P9 ATCC 29413
were used in agar diffusion assays (ADAs, see
Bioassays), while the four Microcystis aeruginosa
strains (NIVA-CYA 140 (toxic), NIVA-CYA 43,
V131 (from E. Kardinaal), and PCC 7820, the
latter two non-toxic), the cyanobacterium Syn-
echococcus elongatus (SAG 89.79), the green
algae Chlorella minutissima (CCAP 211/52),
Chlamydomonas reinhardtii (NIVA-CHL 13),
Scenedesmus obliquus (CCAP 276/3A), Selena-
strum capricornutum (NIVA-CHL 1) and the
eustigmatophyte  Nannochloropsis  limnetica
(Krienitz 1998/3) were used in liquid culture
assays (LCAs, see Bioassays). All cyanobacteria
were cultured in cyanobacteria medium (Jiittner
et al., 1983; with modifications as in Gross et al.,
1991), while all green algae and Nannochloropsis
were cultured in modified WC medium (Guillard
& Lorentzen, 1972; modified by Lurling, 1999).
Phosphate- (P) or potassium- (K) limited cul-
tures of S. obliquus and S. elongatus were estab-
lished by centrifuging (6 min., 2,300 rpm) aliquots
of non-limited cultures twice. After each centri-
fugation step the supernatant was removed and
cells were resuspended in P- or K-limited medium.
P-limited medium was created by substituting
50 uM K,PO,4 by 1 uM K,PO, and 40 uM KCI. K-
limited medium was created by substituting 50 uM
K,HPO,4 with 1 uM K,HPO,4 and 40 uM Na,H-
PO, (Alahari & Apte, 2004). P- or K-limited batch
cultures (300 ml) were grown for at least 9 days on
an orbital shaker (110 rpm) at 22°C, 50 umol
PAR m™ s~ with a photoperiod of 16:8 (L:D).

Extraction

Stratiotes plants were carefully rinsed with tap
water, shock-frozen with liquid nitrogen, and
immediately lyophilized for 24 h. This material
was homogenized and stored in the dark at room
temperature until further use. Later, this plant
material was extracted (1 ml solvent per 10 mg
plant dry mass) for 2 h at room temperature
under continuous stirring. As solvents we used

water, methanol and acetone in different mixtures
(50% or 70% [v/v] in water, and 100%). Extracts
were filtered (Whatman GF/F) to remove plant
particles, evaporated under vacuum to dryness
and resuspended in 50% [v/v] aqueous methanol
at a final concentration equivalent to 100 mg
extracted dry mass (DM) per ml. Extracts were
stored at —20°C. Solvent controls were performed
using the same procedure without adding plant
material.

Fractionation of crude extracts

Crude extracts were fractionated using solid
phase extraction (SPE). An aliquot of crude
extract (20 mg extracted DM) dissolved in 2 ml
50% [v/v] aqueous methanol, was diluted 1:25
with water and passed over a preconditioned
SPE-C18 cartridge (Varian Bond Elute, 3cc, 2 g
sorbens) and the eluate was collected. Then the
cartridge was stepwise eluted with each two
reservoir volumes (10 ml) of 40, 60, 70, 80, 90
and 100% [v/v] methanol (in water). Those seven
fractions were collected separately, evaporated to
dryness and redissolved in 50% [v/v] aqueous
methanol for further use in bioassays.

Heat stability and polyvinylpolypyrrolidone
(PVPP) test

Crude extracts of Stratiotes were heated for 5 min
at 95°C. Immediately thereafter the extracts were
cooled down in ice, evaporated to dryness, and
resuspended in 50% [v/v] aqueous methanol. To
test for the presence of phenolic compounds, we
conducted a polyvinylpolypyrrolidone (PVPP,
Sigma P6755) test modified after Loomis &
Battaile (1966). A suspension of PVPP in water
(2 g PVPP/20 ml water) was added to an aliquot
of the crude extract (v/v 1:1) and stored overnight
at 4°C. Thereafter, the suspension was centri-
fuged (5 min., 4,000 g) and the supernatant used
in the bioassays.

Exudation

Possible allelopathic compounds, exuded into the
water by Stratiotes, were investigated with three
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approaches. Laboratory approaches (set-ups 1 &
2): Incubating single or multiple plants in micro-
cosms. Field approach (set-up 3): Collecting
water from a natural Stratiotes stand in Lake
Naardermeer (nature reserve). In set-up 1 (single
plant culture), we filled 1.5-1 glass vials (& 10 cm,
20 cm height) with 11 macrophyte medium
(Mulderij et al., 2005a) and one Stratiotes plant
(25-30 g FM) from the laboratory culture. Con-
trol vials only received medium. All vials were
kept at 16°C and approx. 60 pmol PAR m™2 s™!
(L:D 14:10). After 1, 2 and 5 days, the culture
water of three vials (one control and two with
Stratiotes) was used for analyses. In set-up 2
(microcosms), two 50 l-aquaria were filled with
30 I macrophyte medium. One aquarium served
as control and was filled with medium, while the
other aquarium was filled with medium and eight
Stratiotes plants (ca. 200 g FM) originating from
Giethoorn (52°45'0” N 6°50” E, The Nether-
lands), collected the week before the start of the
experiment. After 1, 2 and 3 days, 11 water of
each aquarium was collected for further analysis.
For set-up 3, water samples (1 1) were collected in
the vicinity of Stratiotes plants. As a control, two
sites without Stratiotes were sampled: one in the
same ditch (Ditch 1) just outside the Stratiotes
stand and the other in an other ditch (Ditch 2) in
the nature reserve. In ditch 2, Stratiotes plants
were absent during the whole experiment. Sam-
ples were collected between 7 April and 14 June
2004.

All samples (set-ups 1, 2 & 3) were filtered
over Whatman GF/F and then over 0.2 pm
celluloseacetate membrane filters (Schleicher &
Schuell). Potentially exuded allelopathic com-
pounds were trapped on preconditioned C18-
filters (& 47 mm, 3M Empore™, Phenomenex)
and eluted with 100% methanol (set-up 1) or with
50, 90, and 100% methanol (set-ups 2 & 3). All
fractions were evaporated to dryness and resus-
pended in 50% [v/v] aqueous methanol.

Bioassays
We conducted two types of bioassays under

sterile conditions: Agar diffusion assays, (ADAs,
Flores & Wolk, 1986; Gross et al., 1991) and
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liquid culture assays, (LCAs, Schrader et al.,
1997; slightly modified by Erhard & Gross,
submitted).

Agar diffusion assay (ADA): Extracts or SPE
fractions (0.5 to 3 mg extracted plant DM) were
spotted in multiple intervals onto 1% agar plates
so that the diameter never exceeded 5 mm.
Subsequently, a second layer containing cyano-
bacteria medium, target cells and heated 4% agar
(final agar strength: 1%) was added. Target
organisms were inoculated at an optical density
(OD) of 40 mAU at 530 nm. The agar plates were
incubated at 28°C and 80 umol PAR m~s™! (L:D
16:8) for one week. Exudates were spotted in
concentrations equivalent to 40, 120, and 240 ml
culture water (set-up 1, equal to 1.2,3.6 and 7.2 g
FM) or 600 ml (set-up 2 & 3, equal to 3.96 g FM
for set-up 2). Extracts, exudates and SPE frac-
tions with algicidal activity caused clearing areas
in the algal lawn. All ADAs were carried out at
least in duplicate.

Liquid culture assay (LCA): Each of the four
rows on a 24-well plate was assigned six different
concentrations of A) extract + target cells, B)
extract, C) solvent control + target cells, or D)
solvent control. Extracts were pipetted into the
wells and the solvent was evaporated. Then, per
well, 2 ml culture with target cells (ODs3p nm:
40 mAU) in the respective medium were added.
Plates were incubated for one week at either
21°C and 60 PAR m™2 s™' L:D 16:8 (NIOO) or at
28°C and 60 PAR m™ s under continuous
illumination (University of Konstanz), depend-
ing on the phytoplankton species. All LCAs
were conducted in triplicate and the growth of
target cells, as percentage relative to the control,
was calculated for each extract concentration as
follows:

Growth [as % of control]
~ RowA — Row B

— 100
Row C — Row D % %

The first LCA was conducted with four
different concentrations of Stratiotes extract
(0, 0.75, 1.5 and 3.75 mg DM/ml; LCA 1) and
all target species. In the second LCA (LCA 2)
lower extract concentrations (0, 0.5, 1.0 and
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1.5 mg DM/ml) and only some target species
were used. In this way we determined which
extract concentration and which test organisms
should be used in the following assays. The two
most sensitive species of cyanobacteria and green
algae were chosen as target organisms for the
next LCAs.

We conducted two short term LCAs with 3 mg
DM/ml Stratiotes extract, to test when allelopath-
ic effects of Stratiotes extract become apparent
and how long they persist without extra addition
of fresh extract. The first short term LCA with S.
elongatus and S. obliquus was sampled after 0, 2,
4, 6, 8, 24, and 48 h incubation (LCA 3). The
second short term LCA with only S. elongatus was
sampled after 24, 48, 72 and 216 h incubation
(LCA 4).

The next LCA (LCA 5) was conducted with
extract concentrations ranging from O to 5.5 mg
DM/ml at increments of 0.5 mg DM/ml).
This enabled the determination of threshold
levels of inhibition/stimulation of the growth of
S. elongatus and S. obliquus in the presence of
Stratiotes extract. LCAs 3-5 were conducted
with nutrient (K or P) limited and non-limited
target cells.

Two additional LCAs were conducted with
SPE fractions of the crude extract (LCA SPE)
and PVPP treated extracts (LCA PVPP) added
in four concentrations (0, 1, 3 and 5 mg DM/
ml).

Statistical analysis

The influence of Stratiotes extracts on the growth
of target cells in LCAs (ODs3p nm values) was
assessed by means of one-way ANOVA
(= 0.05, Fowler et al.,, 1998). Prior to the
ANOVA, all data were tested for normality
(Kolmogorov-Smirnov test, « = 0.05) and homo-
scedasticity (Levene’s test, o = 0.05). All data
followed a normal distribution, but sometimes
heteroscedasticity was observed. Therefore, log-
transformations were carried out. If these trans-
formations did not remove heteroscedasticity, an
a-value of 0.01 was used (Fowler-Walker &
Connell, 2002). When the ANOVA revealed

significant effects, a Tukey multiple comparisons
test (¢ = 0.05) was applied to group homoge-
neous means.

Results
Allelopathic activity of Stratiotes extracts

ADAs with Anabaena sp. and A. variabilis showed
that Anabaena sp. was not strongly inhibited by
any of the extracts. A. variabilis was much more
sensitive and strongly inhibited by 50 and 70%
methanol or acetone extracts. Increasing extract
concentrations caused increased clearing zones.
The strongest inhibition of A. variabilis was
observed when Stratiotes was extracted with 50%
[v/v] aqueous acetone. This solvent was subse-
quently used for further extractions.

M. aeruginosa V131 was the most sensitive
cyanobacterium,  exhibiting a  significant
(P < 0.001) growth inhibition in LCA 1 of 32%
already at 1 mg DM/ml (Fig. 1a). S. elongatus was
inhibited (56%) by extract concentrations above
1.5 mg DM/ml (Fig. 1b). Other cyanobacteria
showed no significant response (LCA 1) or even
a significant growth stimulation (LCA 2), depend-
ing on the experiment (Table 1). While all tested
green algae and the eustigmatophyte N. limnetica
exhibited no significant inhibition or stimulation
in LCA 1, we observed an inhibition above 1 mg
DM/ml (Fig. 1c) with N. limnetica and a stimula-
tion of all chlorophytes at 0.5 or 1 mg DM/ml in
LCA 2 (Table 1).

Short term LCA 3 showed a significant
(P < 0.001) growth stimulation of S. elongatus
(130%) and S. obliquus (282%) after 48 h incu-
bation in Stratiotes extract, while short term LCA
4 exhibited a significant (P = 0.002) inhibition on
S. elongatus only after 216 h (45 £ 2%).

Fractionation of crude extracts

The ADA with A. variabilis and SPE fractions of
crude extract showed strong inhibitory effects of
the 80 and 90% methanol SPE fractions
(Table 2). An additional LCA with crude extract
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and its SPE fractions (LCA SPE) showed signif-
icant (P < 0.001) effects on the growth of
S. elongatus (Fig. 2b). Crude extract and the 90
and 100% methanol SPE fractions showed signif-
icant inhibitory effects at concentrations of 3 and
5 mg DM/ml, and the 100% fraction also already
at 1 mg DM/ml, between 36 and 94% (Fig. 2b).
The 50% SPE fraction, on the contrary, showed
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Concentration of extract (mg DM/mL)

significant stimulatory effects at concentrations of
1 and 3 mg DM/ml (Fig. 2b).

Heat stability and polyvinylpolypyrrolidone
(PVPP) test

ADAs showed that Stratiotes extract remains
allelopathically active after heating. The clearing
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Table 1 Results statistical analyses of liquid culture assays 1 and 2 (LCA I & LCA 2). Effects of extract addition were
either stimulatory (+), inhibitory (-) or not clear (0) with threshold values indicated in parenthesis

LCA 1

LCA2

0-3.75 mg DM/ml

0-1.5 mg DM/ml

P-value Effect P-value Effect
Green algae
C. minutissima 0.603 0 <0.001 +(0.5)
C. reinhardthii 0.402 0 <0.001 + (0.5)
S. obliquus 0.057 0 <0.001 +(0.5)
S. capricornutum 0.635 0 <0.001 + (1.0)
Eustigmatophyte
N. limnetica 0.222 - <0.001 -(1.0)
Cyanobacteria
M. aeruginosa CYA 43 0.044* - <0.001 + (0.5)
M. aeruginosa CYA 140 0.317 0 <0.001 + (0.5)
M. aeruginosa V131 0.056 - <0.001 -(1.0)
M. aeruginosa PCC 7820 0.230 - <0.001 +(0.5)
S. elongatus 0.033 —(1.5) 0.100 -(1.5)

The one-way ANOVA of the growth as percentage of control, was carried out on a series of 24 values per phytoplankton
species (3 replicates, 2 treatments: control and Stratiotes, and four extract concentrations: 0, 0.5, 1.0 and 1.5 mg DM/ml or 0,

0.75, 1.5 and 3.75 mg DM/ml)

* Criterion for significance was 0.01, see Statistical analysis

zone of untreated or heat-treated extracts did not
differ. Further, three independent ADAs showed
that PVPP treatment of Stratiotes crude extract
did not or only slightly remove inhibitory effects.
PVPP treatment neither removed the inhibitory
activity of the extract in an LCA (LCA PVPP)
with S. elongatus (Fig. 2a versus b).

Phosphorus and potassium limitation
of S. elongatus and S. obliquus

LCA 5 with S. elongatus showed significant
(P <0.001) stimulatory effects of P-limited
cultures above extract concentrations of 2.5 mg
DM/ml (Fig. 3a), while non-limited cultures were
significantly (P < 0.001) inhibited (45%) by con-
centrations above 4.0 mg DM/ml (Fig. 3a).
P-limited and non-limited S. obliquus cultures,
were significantly (P < 0.001) stimulated (up to
1600%) by Stratiotes extract at concentrations
above 0.5 mg DM/ml (Fig. 3b), with the pro-
nounced effects for non-limited cultures (Fig. 3b).

The short term LCA 4 showed significant
stimulatory effects of Stratiotes extract on
P-limited cultures of S. elongatus and S. obliquus.
The stimulatory effects on P-limited cultures were

stronger (130 vs. 414% for S. elongatus; 282 vs.
844% for S. obliquus) and occurred earlier (after
24 instead of 48 h) than on non-limited cultures.

K-limited cultures of S. elongatus were less
strongly inhibited than non-limited ones.
Whereas the non-limited S. elongatus cultures
were significantly (P < 0.001) inhibited by crude
extract and the 90 and 100% SPE fraction
(Fig. 2b), no significant inhibitory effects were
observed with K-limited cultures (Fig. 2c). The

Table 2 Algicidal activity of SPE-fractions of Stratiotes
extract (50% acetone) on A. variabilis

Fraction Clearing area diameter (cm)
2 mg DM 3 mg DM
Flow through - -
40% Methanol - -
60% Methanol (+) +)
70% Methanol - -
80% Methanol (0.7) (0.8)
90% Methanol 0.8 1.1
100% Methanol (+) (+)

Aliquots were applied in two concentrations in the agar
diffusion assay

() inhibition less strong. Algal cells not completely absent
in the clearing areas, only lower densities observed
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50% SPE fraction exhibited a significant growth
stimulation on both non-limited and K-limited
cultures of S. elongatus.

Exudation

The ADA with A. variabilis showed clearing
zones (>6 mm) for SPE-enriched medium equiv-
alent to 6-7 g FM plants (240 ml medium) after
5 days incubation (set-up 1). An other ADA (set-
up 2) showed inhibitory effects of SPE-enriched
medium equivalent to 4-5 g FM plants (600 ml
medium) after one day incubation (Table 3), but
some controls also showed slight clearing areas.
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Crude extract

50% MeOH SPE 90% MeOH SPE

11 1001

100% MeOH SPE

ADAs with exudates from Lake Naardermeer
(set-up 3) also showed a strong inhibition of
A. variabilis (Table 4), with the strongest inhib-
itory effect found at 20 April (when Stratiotes
plants were still submerged). Controls, however,
also showed inhibitory effects, but generally less
strong than the exudates.

Discussion

In general, our results showed both stimulatory
and inhibitory effects of Stratiotes extract and
exudates on phytoplankton growth, with more



Hydrobiologia (2007) 584:89-100 97
Fig. 3 Growth relative to (a) 600 S. elongatus
the control in non-limited 0 Non - limited
(white bars) and P-limited 500/ OP-limited
cultures (grey bars) of 2
Synechococcus elongatus S 400 | +
(]
(a) and Scenedesmus 5 +
obliquus (b) over a range 2 3004 + +
of Stratiotes extract @ +
concentrations. Bars <
. - = 200 -
indicate average values H
(n = 3), error bars are 1 S 100
SE. + and - indicate NTTTTETETRTHETI = =1 =2 =T =T
significant inhibitory and o
StrlcrgvlltllftgghiffeCtS on the 0 05 1 15 2 25 3 35 4 45 5 55
[thytoplankton species Concentration of extract (mg DM/mL)
(b) 2000 - O Non - limited S. obliquus + +
O P - limited + + 1:
EE) 1600 +
3 +
5 1200 | +
R
8 800 | LR
£ +p tH |
o
o AT m m
0 0,5 1 1,5 2 25 3 3,5 4 4,5 5 55

cyanobacteria than green algae being sensitive to
allelopathic substances. Jasser (1994) and Korner
& Nicklisch (2002) showed similar results, but
Mulderij et al. (2005b) observed no significant

Table 3 Results agar diffusion assays with Stratiotes exu-
dates from microcosms (set-up 2)

Incubation Methanol Clearing area diameter [cm]

. o
time [day] fraction (%) Exudato Control
1 50 H)/(+) 0.6

90 0.8/ 0.7

100 —/+ -
2 50 —/+

90 —/-

100 —/- -
3 50 (+)/- (+)

90 1.1/~ -

100 —/- -

SPE-enriched aliquot equivalent to 600 ml water (= 3.96 g
FM) from the microcosms

(), Inhibition less strong. Algal cells not completely absent
in the clearing areas, only lower densities observed; —, no
inhibition; +, slight inhibition

Concentration of extract (mg DM/mL)

differences in the sensitivity of cyanobacteria and
green algae to allelopathic exudates from Strati-
otes.

Similar to Fitzgerald (1969), P-limitation of
S. elongatus did not increase the sensitivity of this
cyanobacterium to Stratiotes extracts, while
P-limited S. obliquus cultures showed opposite
effects, corresponding with the hypothesis that
nutrient-stressed organisms are more susceptible
to allelopathy (Reigosa et al. 1999). K-limitation
of S. elongatus did not intensify its sensitivity to
Stratiotes extract. The stimulatory effects on
K-limited target cells may have occurred because
the extract acted as K-source. The extract might
have been a P-source, because we observed both
stimulatory and inhibitory effects of P-limited
target cells upon extract addition. Organic phos-
phorus compounds might bind to C18 and may
have been present in the 50% fraction, causing a
stimulation of phytoplankton growth, while inhib-
itory compounds present in the 90-100%
fractions resulted in adverse effects on
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Table 4 Results agar
diffusion assay with A.
variabilis and Stratiotes
exudates from three sites

Site description

Methanol
fraction (%)

Clearing area diameter (cm)

7 April* 20 April® 7 May 21 May 14 June

in ditches near Lake Inside Stratiotes 50
Naardermeer (C18 (Ditch 1) 90
fractions) 100
Outside Stratiotes 50
SPE-enriched aliquot (Control, Ditch 1) 90
equivalent to 600 ml .
water from the ditch No Strathl‘eS (Control, 50
. Ditch 2) 90
# plants were still 100

submerged

100

>3.0 - 0.5 (1)

>2.5 1.0 (0.7) 0.9

0.8 - 1.5 -

1.5 - 1.0 (0.5)

22 +) 0.8 (0.5)

1 (+) - 1

2.4 +) - -
>2.0 2.1 +) 14 0.9

0.8 - 0.5 -

phytoplankton growth. Brammer (1979) and
Brammer & Wetzel (1984) stated that the
absence of phytoplankton in the presence of
Stratiotes is caused by nutrient limitation rather
than allelopathy. Recent measurements in situ,
however, did not reveal differences in nutrient
content between Stratiotes stands and Stratiotes-
free ditch water (Mulderij et al., unpublished
data). Both extract and exudates exhibited allel-
opathic activity in our assays. Since we observed
both stimulatory and inhibitory effects in P- or K-
limited cultures, we argue against the hypothesis
of Reigosa et al. (1999) that allelopathy acts more
severely on already otherwise stressed target
cells.

ADAs with Stratiotes exudates from laboratory
cultures showed inhibitory effects after an incu-
bation period of at least 3 days. Furthermore,
exudates from a natural Stratiotes stand in Lake
Naardermeer showed inhibitory effects, but some
controls exhibited also a slight activity, which was,
however, in general less strong than the exudates.
Inhibitory effects were strongest when Stratiotes
was still submerged, indicating that plants might
start excreting allelopathic compounds at an early
life-stage. This would be an effective strategy,
because early in spring the competition with other
photoautrophs is probably strongest. There are
more indications for higher allelopathic activity in
younger Stratiotes plants than in older ones
(Mulderij et al., 2005a).

Compared to other studies (e.g., Gross et al.,
1996; Gross et al., 2003) and based on the
biomass of Stratiotes needed in both extract
and exudate to achieve an inhibition, the allel-
opathic effects of Stratiotes shown in our study,
are relatively weak. Mulderij et al. (2005a, b), on

@ Springer

the contrary, observed inhibitory effects of
Stratiotes exudates on phytoplankton growth
ranging between 8 and 51%. The allelopathic
activity of plant extracts does not reflect the
potential allelopathic activity of the same sub-
stances once they are excreted. The allelopathic
activity of macrophytes further depends on the
chemical nature of allelopathic substance(s) and
on the rate at which they are produced and
excreted. As a consequence, experiments with
exudates are ecologically more relevant. Our
first experiment with Stratiotes exudates showed
significant inhibitory effects of SPE-enriched
Stratiotes medium on the cyanobacterium A.
variabilis, indicating that Stratiotes may excrete
the allelopathic substances. However, exudation
experiments overall did not yet show a clear
effect and differed from previous experiments
using macrophyte filtrates (Mulderij et al., 2005a,
b). This might be due to an incomplete binding
on the C18 filters used, or because the active
compounds are otherwise lost during the SPE
process. The inhibitory effects found in field
exudates of macrophyte-free control stations
might be caused by humic compounds, which
are also known to have allelopathic properties
(Serrano, 1992; Mulderij et al.,, unpublished
data).

Knowing the chemical nature of allelopathi-
cally active compounds, facilitates studies of plant
content, exudation and mode of action. Bioassays
with PVPP treated extracts showed that the active
substance(s) in Stratiotes are most likely not of
phenolic nature. Smolders et al. (2000) showed
that the phenolic content of Stratiotes leaves is
relatively low compared to other macrophytes.
Our results contradict those of Usenko et al.
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(2002) who proposed that the algicidal activity in
Stratiotes is based on phenolic acids. Our further
characterization of the allelopathic compounds in
Stratiotes indicated that the allelopathic substance
is heat-stable and moderately lipophilic.

Conclusion

Our assays showed both stimulatory and inhibi-
tory effects of Stratiotes extract and exudates on
phytoplankton, where cyanobacteria were more
sensitive than other phytoplankton species. This
differential sensitivity of phytoplankton species
may affect the biomass and composition of
phytoplankton populations under natural condi-
tions. Nutrient limitation of phytoplankton cells
did not increase their sensitivity to allelopathic
extracts of Stratiotes. The substance(s) responsi-
ble for allelopathic inhibition of phytoplankton
are moderately lipophilic and most likely not
phenolic compounds.
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