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Abstract
Invasive plant species such as Ludwigia hexapetala might have a competitive advantage if they produce allelopathically active compounds against primary producers.
Both phytoplankton and plant community structure may be affected due to different, species-specific sensitivity to allelochemicals. Moreover, such allelopathic inter-
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actions could vary over the year depending on (i) the plant’s phenological stage and
(ii) the abilities of the native macrophytes to suppress—or the non-native macrophytes to stimulate—the non-native macrophyte population. We tested the allelopathic effects of aqueous leaf extracts of L. hexapetala on the photosynthetic
activity of three target phytoplankton strains (Scenedesmus communis, a toxic Microcystis aeruginosa strain and a non-toxic Microcystis aeruginosa strain) over three seasons of development (spring, summer and autumn). We also tested seasonal
allelopathic effects of aqueous leaf extracts of both L. hexapetala (i.e. the non-native
invasive species) and the native Mentha aquatica on L. hexapetala seed germination.
Finally, we identified three main secondary compounds present in the aqueous leaf
extracts of L. hexapetala and we tested each individual compound on the phytoplankton’s photosynthetic activity and on L. hexapetala seed germination. We
observed marked seasonal and species-specific patterns of L. hexapetala allelopathy
on phytoplankton. The photosynthetic activities of S. communis and the toxic
M. aeruginosa strain were stimulated by L. hexapetala aqueous leaf extracts in
autumn and spring, respectively, whereas the non-toxic M. aeruginosa strain was
strongly inhibited in these two seasons. In summer, photosynthesis of all phytoplankton strains was inhibited. The germination rate of L. hexapetala seeds was
stimulated by both L. hexapetala and M. aquatica aqueous leaf extracts, especially in
summer, concomitant with the strong negative effects observed on the three phytoplankton strains. Three flavonoid glycosides (myricitrin, prunin and quercitrin) were
identified as the main secondary compounds present in the L. hexapetala aqueous
leaf extracts. The photosynthetic activity of S. communis was slightly stimulated by
the three compounds. The photosynthetic activity of the toxic M. aeruginosa strain
was stimulated by myricitrin and quercitrin, whereas that of the non-toxic M. aeruginosa strain was inhibited by prunin. Finally, the germination rate and the germination velocity of L. hexapetala seeds were stimulated by myricitrin and prunin. These
findings suggest that L. hexapetala could favour the photosynthetic activity of toxic
cyanobacteria in spring and reduce their photosynthetic activity in summer, potentially leading to drastic changes in the phytoplankton communities and therewith
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ecological functioning of invaded ponds. Moreover, the stimulation of its seed germination could give a strong competitive advantage to L. hexapetala, thus promoting
its invasiveness.
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1 | INTRODUCTION

diversity, resulting from the dispersal of vegetative propagules and
clonal reproduction in introduced ranges, is disadvantageous for the

The outcome of the competition between macrophytes and phyto-

long-term evolutionary potential of invasive populations (Barrett &

plankton for light, carbon and nutrients has important consequences

Richardson, 1986). The water primrose Ludwigia hexapetala (syn.

for the functioning of aquatic ecosystems (Gross, 2003; Scheffer, Hos-

L. grandiflora subsp. hexapetala) is a South American species widely

per, Meijer, Moss, & Jeppesen, 1993). Macrophyte-dominated systems

spread in western Europe and in the USA (Thouvenot, Haury, &

generally tend to have good water quality and high biodiversity, while

Thiebaut, 2013). Dandelot, Robles, Pech, Cazaubon, and Verlaque

phytoplankton-dominated systems are more often associated with

(2008) showed that L. hexapetala inhibited the germination rate of

low biodiversity and poor water quality (Declerck, Bakker, van Lith,

the European native Nasturtium officinale, highlighting the allelo-

Kersbergen, & van Donk, 2011). Macrophytes can stimulate changes

pathic potential of this non-native invasive species. The level of

to clear water situations through a range of mechanisms (van Donk &

environmental damage caused by the presence of dense stands of

van de Bund, 2002). One of the possible ways through which macro-

L. hexapetala is considerable: alteration of water flow, increase in

phytes control phytoplankton is by producing secondary compounds

sedimentation and accumulation of organic matter, induction of

(allelochemicals) which reduce phytoplankton growth (Fleming & Dib-

anoxic water conditions, an impairment of native plant, macroinver-

ble, 2015; Gross, 2003; Hilt & Gross, 2008; Mulderij, Mau, van Donk,

tebrate and fish populations (Dandelot, Matheron, Le Petit, Verlaque,

& Gross, 2007). However, phytoplankton exhibit different, species-

& Cazaubon, 2005; Stiers, Crohain, Josens, & Triest, 2011). Recent

specific sensitivities to macrophyte allelochemicals (Gross, 2003; Hilt

studies in France have shown increasing numbers of L. hexapetala

€ rner & Nicklisch, 2002; Mulderij, Mooij, Smolders, &
& Gross, 2008; Ko

fertile populations over the past 15 years (Gillard, Grewell, Deleu, &

van Donk, 2005; van Donk & van de Bund, 2002). Diatoms and

baut, 2017; Haury et al., 2014; Ruaux, Greulich, Haury, & BerThie

cyanobacteria are often significantly inhibited by macrophyte allelo-

ton, 2009), raising concerns about their invasiveness. Fruits of

chemicals, whereas chlorophytes appear less sensitive (Hilt & Gross,

L. hexapetala float in water and are easily dispersed by water cur-

2008). Different strains of the same species could also exhibit differ-

rents, as are the clonal (vegetative) propagules (Thouvenot et al.,

ent sensitivities to macrophyte allelochemicals (Al-Shehri, 2010; Jas-

2013). In this case, stimulation of its own seed germination or, con-

€rner & Nicklisch, 2002). Mulderij et al. (2005) reported a
ser, 1995; Ko

versely, inhibition of L. hexapetala seed germination by the native

higher sensitivity of toxic than non-toxic Microcystis aeruginosa strains

species mediated by allelochemicals could potentially exert a strong

among cyanobacteria. Therefore, allelochemicals appear to be strong

control on the persistence of L. hexapetala populations after distur-

drivers of phytoplankton communities.

bances such as managed control efforts (Haury et al., 2014). Indeed,

Although native macrophytes are an essential component of many

while the majority of studies reports an inhibitory effect of allelo-

freshwater communities, non-native invasive macrophytes can

chemicals, the allelopathic interactions also include the beneficial

strongly impact the structure and functioning of the ecosystem (Flem-

influences that a plant could exert over other plants or microorgan-

ing & Dibble, 2015; Vila et al., 2010). Many exotic plants possess sec-

isms through the release of allelochemicals (Chou, 1999; Fernandez

ondary compounds that are novel to the native community (Callaway

et al., 2013; Rice, 1984).

& Ridenour, 2004; Macel, Vos, Jansen, Putten, & Dam, 2014). These

As recently demonstrated by Grutters et al. (2017), invasive eudi-

novel compounds are known to be extremely bioactive (Cappuccino &

cot plant species with an emergent growth strategy, such as

Arnason, 2006), inhibiting the growth of both native plants and phyto-

L. hexapetala, are most likely to possess strong allelopathic potential.

plankton competitors (Hilt & Gross, 2008) and, thus, improving the fit-

In fact, emergent plant species generally contain higher levels of

ness of invasive species and providing them with a strong competitive

phenolic compounds and have been reported to exhibit double the

advantage over native species (Callaway & Ridenour, 2004; Kim &

allelopathic potential of submerged plant species (Grutters et al.,

Lee, 2011). A better understanding of the phytoplankton sensitivity to

2017; Smolders, Vergeer, van der Velde, & Roelofs, 2000), thus

invasive macrophyte allelochemicals would help explain the patterns

necessitating a deeper understanding of their impact in ecosystem

of phytoplankton succession in invaded areas.

functioning in invaded areas.

Invasive macrophyte species are capable of clonal reproduction

Our main goals were to experimentally evaluate (i) whether the

by vegetative propagation and sexual reproduction by seed (Okada,

invasive macrophyte L. hexapetala can affect phytoplankton (chloro-

Grewell, & Jasieniuk, 2009; Ren & Zhang, 2007). Low genetic

phyte vs. cyanobacteria and distinct strains within cyanobacteria); (ii)
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whether both the L. hexapetala and a native species (Mentha aquatica)
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the formula: (Fresh weight  Dry weight)/Fresh weight 9 100%.

can affect the seed germination of L. hexapetala, as these two species

The leaf water content of L. hexapetala and M. aquatica leaves was

co-occurred in the riverbanks; (iii) whether the plant’s phenological

90.5 (0.3) % and 86.0 (0.6) %, respectively. Leaf aqueous extracts

stage could modulate these interactions; and (iv) what the allelochemi-

of L. hexapetala and M. aquatica were prepared by soaking fresh

cals involved in these interactions could be. On the basis of previous

leaves equivalent to 10 g of dry mass in 1,000 ml of deionised water

studies (Hilt & Gross, 2008; Mulderij et al., 2005), we hypothesised

for 12 hr in darkness. These 1% aqueous extracts were then filtered

that H1: cyanobacteria would be more sensitive to L. hexapetala allelo-

through a filter paper (Whatman #1). A part of the stock solution

chemicals than chlorophytes and H2: that toxic cyanobacteria strains

was diluted to 0.25% and the leaf aqueous extracts were then

would be more sensitive than non-toxic ones. We also hypothesised

stored at 4°C for few hours prior to the experiment. We chose to

H3: that L. hexapetala would promote its own seed germination and,

test two low concentrations of leaf aqueous extracts (i.e. 1% and

on the contrary, H4: M. aquatica would inhibit seed germination of

0.25%) to mimic potential concentrations of natural leachates.

L. hexapetala. As the quantities and identities of the allelochemicals
released into the environment vary according to the life stages of a
given plant species (Hashoum et al., 2017; Lombardo, Mjelde,
K€allqvist, & Brettum, 2013), we hypothesised that H5: different plant
phenological stages could exert distinct allelopathic effects.

2.2.1 | Experiment no. 1: Allelopathic effects of
Ludwigia hexapetala aqueous extracts on
phytoplankton photosynthetic activity
The three phytoplankton strains (non-toxic M. aeruginosa, toxic

2 | METHODS
2.1 | Plant and phytoplankton material used
Two axenic cyanobacterial strains, a toxic M. aeruginosa strain (PCC

M. aeruginosa and S. communis) were harvested by centrifugation
(416 g for 20 min in 50 ml sterile centrifuge tubes) and re-suspended in 50 ml of a L. hexapetala leaf aqueous extract (1%, 0.25%
or control, using deionised water as a diluent). Before this resuspension step, extract dilutions were filtered (using sterile 0.2 lm pore

7806), which produces microcystins and a non-producing M. aerugi-

size membrane filter), enriched with 2% BG11 509 Sigma-Aldrich

nosa strain (PCC 9432) obtained from the Pasteur Institute, and one

concentrated solution (to increase nutrient abundance) and pH

chlorophyte species (unialgal culture of Scenedesmus communis, iso-

adjusted to 7.1. Then, 50 ml of each phytoplankton suspension was

lated in our laboratory) were selected as the target phytoplankton spe-

poured onto five Petri dishes (50 mm diameter) and then randomly

cies. The three strains were mass-cultured in a BG-11 medium (2% of

distributed in a climate-controlled room (Percival AR-41L3). The

concentrated Sigma-Aldrich Cyanobacteria BG-11 Freshwater Solu-

experiments were conducted in five replicates with extracts obtained

tion 509 in deionised water) for 1 month prior to the experiment.

from L. hexapeala in spring, summer and autumn 2016 (three phyto-

A hundred ripe seed capsules of L. hexapetala were collected

plankton strains 9 two extract concentrations plus control 9 three

 pond in Brittany, westduring late summer in 2015 from the Apigne

seasons 9 five

ern France (48°050 37.9″N, 1°440 30.9″W). A maximum of three fruits

60 lmol m2 s1 PAR and a 14 hr:10 hr light:dark photoperiod over

were collected per erect stem, and samples were collected from indi-

5 days.

viduals at least 10 m apart. Capsules were air-dried and stored for
6 months in the dark at 4°C prior to the experiment.

replicates).

Cultures

were

grown

at

20°C,

To assess the allelopathic effect, we used pulse amplitude modulation (PAM) chlorophyll fluorescence yield to measure photosynthetic

We collected leaves of L. hexapetala and M. aquatica in the spring,

baut, & Brient, 2016; Zhou et al., 2013). The
activity (Le Rouzic, Thie

 pond. L. hexapetala exhisummer and autumn of 2016 in the Apigne

fluorescence yield was measured after a 30 min dark adaptation with

bits two growth forms: a horizontal growth stage over water with

a Diving-PAM underwater fluorometer (Walz) after 6 hr, and then

small round leaves and a growth stage with erected elongated leaves.

every 24 hr for 5 days. The initial fluorescence, F0, and maximal fluo-

We collected the small round floating leaves (i.e. those in contact with

rescence, Fm, were recorded using the weak measuring light and Fm

water) on each of the sampling dates. The leaves were detached from

after the saturation flash. The optimum quantum efficiency of PSII was

the stems of several individuals, washed to remove benthic inverte-

calculated as Fv/Fm = (Fm  Fo)/Fm. The photosynthetic activity for

brates and filamentous algae, and stored for 48 hr in the dark at 4°C

each replicate was calculated as the average of the five time points

prior to the experiment with leaf aqueous extracts.

during the 5-day experiment (CV = 4.3% to 17.9%).

2.2 | Allelopathic effects of leaf aqueous extracts

2.2.2 | Experiment no. 2: Allelopathic effects of
Ludwigia hexapetala and Mentha aquatica aqueous
extracts on Ludwigia hexapetala seed germination
ability

We chose to test the effects of natural leachates using leaf aqueous
extracts because water-soluble compounds have been shown to be
most involved in allelopathy (Fernandez et al., 2013; Gross, 2003).
Prior to the preparation of leaf aqueous extracts, five leaf sam-

Thirty capsules of L. hexapetala were dissected for each season and

ples, each weighing 10 g, were dried at 65°C for 48 hr to determine

a maximum of 25 seeds per capsule were retained for the experi-

their dry weight and estimate the leaf water content according to

ment. Seed external surface was sterilised by immersion in a sodium
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hypochlorite solution (5%) for 1 min and gently washed with distilled

scan negative mode or targeted fragmentation. The capillary voltage

water. The bottom of sterilised Petri dishes (90 mm diameter) was

was 2.9 kV, the cone voltage was 35 V, the source temperature was

covered with a layer of glass beads, a filter paper disc and 15 ml of

maintained at 150°C, the desolvation temperature was 400°C, and

distilled water. Twenty seeds were randomly distributed at regular

the desolvation gas flow was 800 L/h.

intervals per Petri dish and stored at 4°C in darkness for 15 days to

The total phenolic content (TPC) of leaves was also measured

break seed dormancy. Thereafter, seeds present in the Petri dishes

colorimetrically according to Santonja, Fernandez, Gauquelin, and

were watered with 15 ml of deionised water (control) or with 15 ml

Baldy (2015) using gallic acid for quantification. The leaf powder

of a leaf aqueous extract (0.25% or 1%) of either L. hexapetala or

sample (250 mg) was suspended in 20 ml of a 70% aqueous metha-

M. aquatica and then randomly distributed in a climate-controlled

nol, shaken for 1 hr and then filtered (0.45 lm filter). The filtered

room (Percival AR-41L3). The experiments were conducted in five

extract (0.25 ml) was mixed with 4 ml of distilled water, 0.5 ml of

replicates with extracts obtained from L. hexapeala and M. aquatica

saturated aqueous Na2CO3 and 0.25 ml of Folin–Ciocalteu reagent.

in spring, summer and autumn 2016 (two source species 9 two

After 60 min, TPC was determined at 765 nm on an UV/Vis spec-

extract concentrations plus control 9 three seasons 9 five repli-

trophotometer (Biomate 3; Thermo Electron Corporationâ) and

cates). The bioassays were conducted under controlled conditions

expressed as mg of gallic acid equivalent/g DW.

with a 12 hr:12 hr light:dark photoperiod and a 20°C:12°C light:dark
temperature over 5 weeks. Seed germination was monitored three
times a week.

2.4 | Allelopathic effects of pure compounds

A seed was considered to have germinated once the radicle pro-

To retrieve the compounds involved in the allelopathic effects, we

truded from the medium, after which it was removed from the Petri

tested the effects of the three main compounds identified in the leaf

dish. The water level was maintained throughout the duration of the

aqueous extracts of L. hexapetala: myricitrin (myricetin 3-O-rhamno-

experiment by adding distilled water. The final germination percent-

side), prunin (naringenin-7-O-glucoside) and quercitrin (quercetin-3-

age was calculated as (number of germinated seeds / the number of

O-rhamnoside) (Table 1) as pure compounds. The three tested com-

sown seeds) 9 100. Germination velocity was calculated using the

pounds were glycosides. Myricitrin and quercitrin were purchased

Kotowski velocity coefficient (Mazliak, 1982): Cv = 100 9 (ΣNi/

from Sigma-Aldrich (Saint-Quentin-Fallavier, France) and prunin from

ΣNiTi), where Ni is number of seeds germinated at time i, and Ti the

Extrasynthese (Genay, France).

number of days since the start of the experiment.

Concentrations tested were according to the content obtained in
the leaf aqueous extract of the summer of 2016 (Table 1). These

2.3 | Chemical analyses of leaves and leaf aqueous
extracts

concentrations were highest in the L. hexapetala extract. The tested
aqueous extracts (stock solution) were prepared by soaking 460 lg
of myricitrin, or 160 lg of prunin, or 160 lg of quercitrin in

Samples of leaves (collected in the field) and leaf aqueous extracts

1,000 ml of deionised water. The solutions were then filtered

(prepared for experiments no. 1 and no. 2) were freeze-dried and

through a filter paper (Whatman #1) and a part was diluted at 25%

ground into powder prior to chemical analysis (Hashoum et al.,

from stock solution (corresponding to concentrations of 115 lg of

2017). The leaves and leaf aqueous extracts of L. hexapetala and

myricitrin, or 40 lg of prunin, or 40 lg of quercitrin/l deionised

M. aquatica were first analysed using liquid chromatography coupled

water), stored at 4°C.

to mass spectrometry (LCMS). Ten mg of the powder was mixed
with 1 ml of methanol acidified with 1% formic acid and ultra-sonicated in a bath for 5 min. The sample was centrifuged (2000 g for
5 min) and 900 ll of the supernatant was filtered using a PTFE
13 mm 0.45 lm filter. The methanol extract was stored in a glass

2.4.1 | Experiment no. 3: Allelopathic effects of
pure compounds on phytoplankton photosynthetic
activity

vial at 4°C until 2 ll was injected onto the chromatographic column

The experiment was performed following the same procedure used

for flavonol quantification. The reversed phase column (Waters

in Experiment no. 1. Solutions of each pure compound (myricitrin or

Acquity C18 BEH, 2.1 9 150 mm, 1.7 lm) was maintained at 30°C.

prunin or quercitrin) or deionised water for control were applied in

The solvents used for the binary gradient were as follows: A: ultra-

five replicates per treatment. Cultures were grown at 20°C,

pure water with 0.1% formic acid and B: acetonitrile with 0.1% for-

60 lmol m2 s1 PAR, and a 14 hr:10 hr light:dark photoperiod

mic acid. The flow rate was 0.4 ml/min. The 25 min gradient applied

over 5 days.

was 97% A to 91% in 3 min, then 84% A in 5 min, 68% A in 7 min,
10% A in 3 min, a 3 min isocratic step, 2 min to 97% A and a 2 min
isocratic step to re-equilibrate the column prior to a new sample.
Flavonols were detected at 350 nm, by photo diode array. External
quantification was conducted with mono glycosylated flavonols and

2.4.2 | Experiment no. 4: Allelopathic effects of
pure compounds on Ludwigia hexapetala seed
germination

hydroxycinnamic acid standards. The identity or structure of flavo-

The experiment was performed following the same procedure used

nols was confirmed with the triple quadrupole mass detector in full

in Experiment no. 2. At the start of the experiment, each Petri dish
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T A B L E 1 Mean concentrations (SE; n = 3) of the major chemical compounds found in the leaf aqueous extracts of Ludwigia hexapetala and
Mentha aquatica in spring, summer and autumn. Leaf aqueous extracts were prepared by soaking 10 g of leaves in 1,000 ml of deionised water
for 12 hr. Mean concentrations are expressed as µg/L. One-way ANOVAs were performed for differences among seasons for each chemical
compound and for each plant separately. F-values and associated p-values are indicated. Different letters within a row denote significant
differences between the three seasons with a < b < c (post hoc Tukey tests results after One-way ANOVA). df = Degree of freedom
Spring

Summer

Autumn

df

F-value

p-value

Ludwigia hexapetala
Myricitrin

88.0 (9.1) a

452.7 (3.8) c

334.4 (9.2) b

2

569.77

<0.0001

Prunin

56.6 (0.6) a

128.3 (0.8) b

121.5 (3.4) b

2

362.03

<0.0001

Quercitrin

97.7 (1.7) a

132.1 (1.0) b

141.9 (4.1) b

2

76.18

<0.0001

Caffeic acid

4.6 (0.7) a

14.4 (0.7) c

10.7 (0.6) b

2

56.12

0.0001

Chlorogenic acid

3.3 (0.2) a

6.0 (0.1) c

4.7 (0.1) b

2

124.76

<0.0001

4.1 (0.1) a

Mentha aquatica

p-Coumaric acid

4.3 (0.2) a

8.9 (0.5) b

2

67.52

<0.0001

Rosmarinic acid

302.2 (39.8) a

942.1 (16.6) b

1,656.3 (25.8) c

2

547.57

<0.0001

91.6 (4.0) a

186.5 (3.6) b

272.6 (5.7) c

2

399.26

<0.0001

2.3 (0.1) a

4.3 (0.2) c

3.4 (0.2) b

2

43.58

0.0003

Eriocitrin
Eriodictyol

of the five replicates per treatment was watered with either 15 ml
of deionised water or with an aqueous extract of each pure compound (myricitrin or prunin or quercitrin) and then randomly distributed in a climate-controlled room (Percival AR-41L3). The
bioassays were conducted under controlled conditions with a

3 | RESULTS
3.1 | Allelopathic effects of leaf aqueous extracts
on phytoplankton photosynthetic activity

12 hr:12 hr light:dark photoperiod and a 20°C:12°C light:dark tem-

The photosynthetic activity of S. communis was higher in autumn

perature over 5 weeks.

than in spring or summer (Table 2). The photosynthetic activity of
the toxic M. aeruginosa decreased from spring to summer to

2.5 | Statistical analyses

autumn (Table 2), whereas the photosynthetic activity of the nontoxic M. aeruginosa was not affected by the season (Table 2). As

Statistical analyses were performed with the R software (version

indicated by the significant interaction of extract concentra-

3.3.3). Significance was assumed at p < 0.05. The normality and

tion 9 season (Table 2), the allelopathic effects on phytoplankton

homoscedasticity of the data showed that the data distributions met

photosynthetic activity strongly depended on the season. Indeed,

the requirements for use of parametric statistical analyses (using the

the photosynthetic activity of S. communis increased in the pres-

Ryan-Joiner and Levene tests, respectively).

ence of leaf aqueous extract only in autumn (Figure 1a), the pho-

For experiment no. 1, the two-way ANOVAs, followed by

tosynthetic activity of the non-toxic M. aeruginosa decreased

Tukey HSD (honest significant difference) test for post hoc pair-

according to the increase in extract concentration in spring and

wise comparisons, were used to test concentration dependent

autumn (Figure 1b), and the photosynthetic activity of toxic

effects (0%, 0.25% and 1.0%) and the season (spring, summer and

M. aeruginosa increased in the presence of leaf aqueous extract

autumn) on the photosynthetic activity of each phytoplankton

only in spring (Figure 1c). Finally, the three phytoplankton strains

strains separately (non-toxic M. aeruginosa, toxic M. aeruginosa and

showed a similar trend in summer with no effect when the

S. communis). For experiment no. 2, three-way ANOVAs, followed

extract concentration was low and a strong decrease in their pho-

by Tukey HSD test for post hoc pairwise comparisons, were used

tosynthetic activities when the extract concentration was high

to test for the effects of source species (L. hexapetala and

(Figure 1).

M. aquatica), extract concentration (0%, 0.25% and 1%) and season
(spring, summer and autumn) on germination rate and velocity of
L. hexapetala seeds. For experiments no. 3 and no. 4, one-way
ANOVAs, followed by Tukey HSD test for post hoc pairwise com-

3.2 | Allelopathic effects of leaf aqueous extracts
on Ludwigia hexapetala seed germination

parisons, were used to test for effects of the three pure com-

The germination rate was strongly affected by the season, with a

pounds (myricitrin, prunin and quercitrin) on photosynthetic activity

higher germination rate in summer than in spring and autumn

of the three phytoplankton strains (non-toxic M. aeruginosa, toxic

(Table 3). The germination rate of L. hexapetala increased with

M. aeruginosa and S. communis) and on germination rate and veloc-

extract concentration and was similarly affected by M. aquatica

ity of L. hexapetala seeds.

and L. hexapetala leaf aqueous extracts (Table 3). However, the
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T A B L E 2 Analysis of variance to test for the effects of extract concentration (0 %, 0.25 % and 1.0 %) and season (spring, summer and
autumn) on the photosynthetic activity of the three phytoplankton strains (Scenedesmus communis, non-toxic Microcystis aeruginosa and toxic
Microcystis aeruginosa). df = degrees of freedom, % SS = percentage sums of squares. F-values and associated p-values are indicated
S. communis
df

Non-toxic M. aeruginosa

%SS

F-value

p-value

df

Toxic M. aeruginosa

%SS

F-value

p-value

df

%SS

F-value

p-value

Concentration

2

8.95

4.44

0.0188

2

83.81

126.92

<0.0001

2

5.87

11.76

0.0001

Season

2

16.42

8.15

0.0012

2

0.09

0.13

0.8785

2

66.08

132.39

<0.0001

4

38.36

9.52

<0.0001

4

4.22

3.19

0.0241

4

19.06

19.09

<0.0001

36

36.26

36

11.89

36

8.98

Concentration 9 season
Residuals

Scenedesmus PA

0.70

(a)

Control

Low

M. aquatica and L. hexapetala leaf aqueous extracts (Table 3).

High

0.68

b

0.66

b

b
a

0.64

b

However, the extent to which the extract concentration affected
the germination velocity varied according to the season (interac-

a

tion of extract concentration 9 season, Table 3). It was not
affected in spring, increased in summer, and increased only when

0.62

the extract concentration was high in autumn (Figure 2b).

0.60

Non-toxic Mycrocyss PA

Spring

0.40

Summer

3.3 | Chemical analyses of leaves and leaf aqueous
extracts

(b)

0.30

c

a

0.20

c

b

b

b

b

The UPLC-PDA-ESI-TQD analysis of L. hexapetala extracts revealed
a

a

0.10

tion Table S1) and in the leaf aqueous extracts (Table 1). The UPLC-

0.00
0.25

(c)

Summer

Autumn

glycosylated phenols (chlorogenic acid and rosmarinic acid) and two

b
a

flavonoids (eriocitrin and eriodictyol) as the major compounds of the
b

b

0.10

PDA-ESI-TQD analysis of M. aquatica extracts revealed the presence
of two simple phenols (caffeic acid and p-coumaric acid), two simple

c

0.20
0.15

the presence of three flavonoid glycosides (myricitrin, prunin and
quercitrin) as major compounds of the leaves (Supporting Informa-

Spring

Toxic Microcyss PA

Autumn

leaves (Supporting Information Table S1) and the leaf aqueous
extracts (Table 1).

a

0.05

Compound concentrations in leaf aqueous extracts showed a

0.00
Spring

Summer

Autumn

F I G U R E 1 Mean values (SE; n = 5) of photosynthetic activity
PA of Scenedesmus communis (a), the non-toxic Microcystis aeruginosa
(b) and the toxic Microcystis aeruginosa (c) according to the
interaction of extract concentration 9 season. Mean PA values are
expressed as optimum quantum efficiencies of PSII (Fv/Fm). The yaxis scales vary among panels. Different letters denote significant
differences between treatments with a < b < c (post hoc Tukey
tests)

clear seasonal pattern with the lowest concentrations being found
in spring (Table 1) and the highest concentrations being found in
summer for several compounds (myricitrin, caffeic acid, chlorogenic
acid, p-coumaric acid, eriodictyol; Table 1). For two compounds
found in the L. hexapetala leaf aqueous extracts (prunin and quercitrin), we observed the same level of concentration in the summer and the autumn (Table 1). For two compounds found in the
M. aquatica leaf aqueous extracts (rosmarinic acid and eriocitrin),
we observed an increase in concentration according to the leaf’s
phenological stage (i.e. increasing from spring to summer to

allelopathic effects

on the germination rate

varied strongly

depending on the season (interaction of extract concentra-

autumn; Table 1).
The total phenolic content (TPC) was two times higher in the
than

in

the

M. aquatica

leaves

(F1,18 = 878.77,

tion 9 season, Table 3). Indeed, the germination rate increased at

L. hexapetala

high concentration of extracts in spring, while it increased at low

p < 0.0001), at 135.5  5.0 and 53.5  1.9 mg/g DW, respectively.

concentration in autumn (Figure 2a).

We also found an increase in TPC according to the phenological

Similar to the germination rate, the germination velocity was

stage in both species (F2,18 = 20.42, p = 0.0001), with higher TPC in

strongly affected by the season with an increase in germination

summer and autumn (144.2  3.6 and 56.9  1.3 mg/g DW for

velocity according to the gradient from spring to summer to

L. hexapetala

and

M. aquatica,

respectively)

than

in

spring

autumn (Table 3). The germination velocity increased according to

(118.3  4.0 and 46.8  1.0 mg/g DW for L. hexapetala and

the extract concentration (Table 3) and was similarly affected by

M. aquatica, respectively).
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T A B L E 3 Analysis of variance to test for the effects of plant source species (Ludwigia hexapetala and Mentha aquatica), extract
concentration (0 %, 0.25 % and 1 %) and season (spring, summer and autumn) on germination rate and germination velocity of L. hexapetala
seeds. df = degrees of freedom, % SS = percentage sums of squares. F-values and associated p-values are indicated
Germination rate
df

Germination velocity

%SS

F-value

p-value

df

%SS

F-value

p-value

Species

1

0.02

0.10

0.7626

1

0.03

0.06

0.8074

Concentration

2

6.77

12.49

<0.0001

2

8.51

9.29

0.0003

Season

2

57.56

106.13

<0.0001

2

47.52

51.93

<0.0001

Species 9 concentration

2

1.27

2.34

0.1034

2

0.27

0.29

0.7481

Species 9 season

2

2.05

3.78

0.0276

2

0.46

0.50

0.6101

Concentration 9 season

4

9.31

8.59

<0.0001

4

12.54

6.85

0.0001

4

3.49

3.21

0.0175

4

1.39

0.76

0.5546

72

19.53

64

29.28

Species 9 concentration 9 season
Residuals

Ludwigia GR

50.0

b

(a)

40.0

a

b

30.0

a

20.0

Control
Low
High

ab

4 | DISCUSSION

0.0
Spring

Ludwigia GV

20.0

b) and they were not affected by the presence of quercitrin

a

a

10.0

when the compound concentration was low (Table 4; Figures 4a,
(Table 4; Figures 4a, b).

b

a

also on average two times higher in the presence of prunin only

Summer

Autumn

4.1 | Allelopathic effects of leaf aqueous extracts
on phytoplankton

b

(b)

15.0

c
10.0

b

a

a

The allelopathic activity of L. hexapetala towards phytoplankton was

a

demonstrated by both negative and positive effects of leaf aqueous
extracts on phytoplankton photosynthetic activity (as a proxy of

5.0

phytoplankton primary production). Ludwigia hexapetala strongly

0.0
Spring

Summer

repressed the non-toxic M. aeruginosa strain photosynthetic activity

Autumn

and, on the contrary, stimulated toxic M. aeruginosa in spring and
F I G U R E 2 Mean values (SE; n = 5) of germination rate GR (a)
and germination velocity GV (b) of Ludwigia hexapetala seeds
according the interaction of extract concentration 9 season. Mean
GR values are expressed as percentage of seeds that germinated.
Different letters denote significant differences between treatments
with a < b < c (post hoc Tukey tests)

S. communis strains in autumn. These differential effects are in line
with the general consensus that allelopathic effects can be highly
€rner &
species-specific (Gross, Hilt, Lombardo, & Mulderij, 2007; Ko
Nicklisch, 2002; Le Rouzic et al., 2016; van Donk & van de Bund,
2002). The allelopathic effect on S. communis was low with only 2%
stimulation, in agreement with previous studies that also reported
Scenedesmus as relatively insensitive to macrophyte allelochemicals

3.4 | Allelopathic effects of pure compounds

€rner & Nicklisch, 2002; Lu
€rling,
(Hilt & Gross, 2008; Jasser, 1995; Ko

The photosynthetic activity of S. communis was higher in the pres-

van Geest, & Scheffer, 2006). Oxidative damage has been considered

ence of prunin, quercitrin and, to a lesser extent, myricitrin than in

as one of the important allelopathic and toxicological mechanisms of

allelochemical-free controls (Table 4; Figure 3a). The photosynthetic

allelochemicals (Gniazdowska & Bogatek, 2005; Mohamed, 2017). A

activity of the non-toxic M. aeruginosa was lower in the presence

differential

of prunin compared with the control treatment (Table 4; Fig-

cyanobacteria against such induced oxidative stress may explain their

ure 3b). Contrastingly, the photosynthetic activity of the toxic

relative survival capacity (Le Rouzic et al., 2016; Zhang, Wang, He, &

M. aeruginosa was higher in the presence of myricitrin and, to a

Zhang, 2011).

lesser

extent,

quercitrin

than

in

allelochemical-free

controls

physiological

response

between

chlorophyte

and

Our results demonstrated different effects between the two
strains of M. aeruginosa. Non-toxic M. aeruginosa was strongly inhib-

(Table 4; Figure 3c).
of

ited (49%), in agreement with a recent study highlighting the strong

L. hexapetala seeds were on average two times higher in the pres-

inhibitory effect of L. hexapetala aqueous extracts on the cyanobac-

ence of myricitrin when compared to the control treatment

terium Dolichospermum flos-aquae (Grutters et al., 2017). Surprisingly,

(Table 4; Figures 4a, b). These two germination parameters were

and in contrast with previous studies (Mulderij et al., 2005; Takeda

The

germination

rate

and

the

germination

velocity

1168

|

SANTONJA

ET AL.

T A B L E 4 Analysis of variance to test for the effects of the three pure compounds (myricitrin, prunin and quercitrin) on the photosynthetic
activity of the three phytoplankton strains (Scenedesmus communis, non-toxic Microcystis aeruginosa and toxic Microcystis aeruginosa) and on the
germination of Ludwigia hexapetala seeds (germination rate and velocity). F-values and associated p-values are indicated
S. communis
F-value

Prunin
Quercitrin

Scenedesmus PA

0.70

Toxic M. aeruginosa

Germination rate

Germination velocity

F-value

p-value

F-value

p-value

F-value

p-value

F-value

p-value

5.16

0.0241

0.07

0.9368

11.29

0.0017

17.71

0.0003

21.53

0.0001

14.06

0.0007

18.88

0.0002

1.17

0.3424

6.63

0.0115

11.91

0.0014

4.85

0.0286

1.25

0.3242

6.94

0.0100

0.07

0.9290

1.73

0.2182

Control
Low
High

(a)

0.68
0.66
0.64

a

ab

b

a

b

b

b

a

b

0.62

50.0

Ludwigia GR

Myricitrin

p-value

NT M. aeruginosa

0.60
0.40

Prunin

c

0.25

a

0.20
Myricitrin

Toxic Microcyss PA

b

Quercitrin

(c)

0.15
0.10

Prunin

b

b
a

a

b

a

0.05

b

a

a

a

10.0

20.0

0.30

b

30.0

Myricitrin

(b)

0.35

0.20

40.0

20.0

Control
Low
High

b

0.0

Quercitrin

Ludwigia GV

Non-toxic Mycrocyss PA

Myricitrin

(a)

Quercitrin

(b)

15.0
10.0

Prunin

b

b
b

a

a
a

5.0
0.0
Myricitrin

Prunin

Quercitrin

F I G U R E 4 Mean values (SE) of germination rate GR (a) and
germination velocity GV (b) of Ludwigia hexapetala seeds treated
with three pure compounds (myricitrin, prunin and quercitrin). Mean
GR values are expressed as percentage of seeds that germinated.
Different letters denote significant differences between treatments
with a < b < c (post hoc Tukey tests)

0.00
Myricitrin

Prunin

Quercitrin

also reported a seasonal pattern of allelopathic interactions (Bauer
F I G U R E 3 Mean values (SE; n = 5) of photosynthetic activity
PA of Scenedesmus communis (a), non-toxic Microcystis aeruginosa (b)
and toxic Microcystis aeruginosa (c) treated with three pure
compounds (myricitrin, prunin and quercitrin). Mean PA values are
expressed as optimum quantum efficiencies of PSII (Fv/Fm). The yaxis scales vary among panels. Different letters denote significant
differences between treatments with a < b < c (post hoc Tukey
tests)

et al., 2009; Hilt, Ghobrial, & Gross, 2006; Lombardo et al., 2013).
Bauer et al. (2009) reported a maximum inhibitory effect of Myriophyllum verticillatum on the cyanobacterium Anabaena variabilis in
May and June (i.e. spring), while Lombardo et al. (2013) reported an
inhibitory effect of Ceratophyllum demersum on the cyanobacterium
Synechococcus leopoliensis from June to August but not in September. The seasonal dependence of biotic interactions has been poorly
studied, and here, we point to the necessity to take this into account

et al., 2011), the toxic M. aeruginosa was strongly stimulated (35%)

to better understand macrophyte–phytoplankton interactions. In

leading to a totally opposite response between these two Microcystis

addition to the shifts in released allelochemicals according to the

strains in spring. These differences in sensitivity at intraspecific

plant life stages highlighted in this study, other factors such as plant

levels could be attributed to differences in the attached microbial

biomass, plant growth, resources (e.g. light or nutrients), temperature

biofilm, energy allocation, cell wall properties, uptake mechanisms or

and hydrodynamics across seasons could also influence the outcome

sensitivity to induced oxidative stress (Casamatta & Wickstrom,

of biotic interactions in the field (Gross, 2003; Hilt et al., 2006; Lom-

2000; Mulderij et al., 2005).

bardo et al., 2013). Here, we provide evidence that the presence of

However, we observed a strong seasonal effect of allelopathic

L. hexapetala would be expected to result in phytoplankton commu-

interactions. As expected, the allelochemical composition of the leaf

nities with higher dominance of toxic cyanobacteria than non-toxic

aqueous extracts varied according to the life stages of L. hexapetala

ones in spring and autumn. Moreover, by stimulating toxic cyanobac-

and thus exhibited distinct allelopathic effects. Previous studies have

teria in spring and inhibiting this strain in summer, L. hexapetala can
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respectively favour and reduce toxic cyanobacteria bloom leading to

identified Ludwigia species as macrophytes with a high allelopathic

drastic changes in the functioning of invaded ponds.

potential. The main secondary compounds released by L. hexapetala
are three flavonoid glycosides belonging to the group of polyphenols
that are known to play a substantial role in allelopathic interactions.

4.2 | Allelopathic effects of leaf aqueous extracts
on seed germination

For example, Huang et al. (2015) recently reported strong negative
effects of three flavonoids (5, 40 -dihydroxyflavone, apigenin and lute-

Seed germination is one of the main life stages usually affected by

olin) on the photosynthetic activity and the cell integrity of M. aerug-

allelochemicals by inhibition of seed germination (Dandelot et al.,

inosa. Nakai, Inoue, Hosomi, and Murakami (2000) showed that

2008; Fernandez et al., 2013) or delaying of germination (Fernandez

ellagic, gallic and pyrogallic acids and catechin inhibited the growth

et al., 2013; Hashoum et al., 2017), impairing nutrient uptake, mem-

of M. aeruginosa. In this study, for the first time, we reported the

brane permeability, or cell division and morphology (Inderjit & Duke,

allelopathic effects of myricitrin, prunin and quercitrin against

2003; Rice, 1984).

M. aeruginosa. Prunin inhibited the photosynthetic activity of a non-

Previous experiments focused on interspecific plant–plant inter-

toxic M. aeruginosa strain. In contrast, myricitrin and quercitrin stimu-

actions and tested the allelopathic effect of Ludwigia spp. on germi-

lated the photosynthetic activity of a toxic M. aeruginosa strain. This

nation and seedling growth of other target species (Dandelot et al.,

important finding suggests that aquatic plants releasing such pheno-

2008; Sakpere, Oziegbe, & Bilesanmi, 2010). However, when allelo-

lics would favour toxic M. aeruginosa strains at the expense of non-

chemicals are released into the environment, a plant species could

toxic ones. In line with our experiment with leaf aqueous extracts,

also stimulate its own germination, as shown for Pennisetum glaucum

the three flavonoids slightly stimulated the photosynthetic activity of

and four Chenopodiaceae species (Jefferson & Pennacchio, 2003;

S. communis, suggesting they could all be involved in this positive

Saxena, Singh, & Joshi, 1996). Here, we observed a strong stimula-

allelopathic effect. However, the individual effect of such three com-

tion of L. hexapetala seed germination by L. hexapetala leaf aqueous

pounds cannot fully explain the results obtained in the experiment

extracts, suggesting that L. hexapetala could promote their own pop-

using the leaf aqueous extracts, especially the strong inhibiting effect

ulation persistence. Contrary to the expectations, L. hexapetala seed

observed in summer. As previously observed by Wu et al. (2009),

germination also was stimulated by M. aquatica leaf aqueous

phenolic compounds could exert synergetic effects on phytoplankton

extracts. This stimulation by M. aquatica is all the more surprising

growth.

since this plant releases allelochemicals, such as gallic acid and p-

The seed germination of L. hexapetala was stimulated by the

coumaric acids, known to be strong inhibitors of seed germination

myricitrin and prunin that are released in its leaf aqueous extracts.

(Reigosa & Pazos-Malvido, 2007). Indeed, these positive allelopathic

Myricitrin and prunin, as well as their aglycones (i.e. myricetin and

interactions

to

naringenin), have previously been reported as feeding deterrents

L. hexapetala with cascading consequences on the structure and

could

give

a

strong

competitive

advantage

against herbivore insects, toxic compounds against microorganisms

composition of the plant community.

and allelopathic compounds inhibiting plant growth (Deng, Aoki, &

We also observed a strong seasonal effect of the seed germina-

Yogo, 2004; Iwashina, 2003; Nicollier & Thompson, 1983). Surpris-

tion stimulation, in accordance with previous studies. For example,

ingly, for the first time, we report a seed germination stimulation

Dandelot et al. (2008) showed that L. hexapetala inhibited the germi-

by these two compounds. However, as their effect on the seed

nation rate of Nasturtium officinale only in summer. In our experi-

germination and the physiological processes involved are unknown,

ments, we observed a higher seed germination stimulation in

further studies are required to better understand this stimulatory

summer compared with spring and autumn. As warmer conditions

effect.

are favourable for increasing germination rate (Gillard, Grewell,

Despite the fact that we did not directly test the compounds

baut, 2017), improving seed germination sucFutrell, Deleu, & Thie

released by M. aquatica, we identified the main phenolics released in

cess during summer could give a strong competitive advantage to

its leaf aqueous extracts. Compounds such as caffeic acid (Nakai,

L. hexapetala.

Inoue, & Hosomi, 2001; Wang et al., 2013) or p-coumaric acid
(Nakai et al., 2001; Zhang, Zheng, Hu, Xu, & Wang, 2010) are known

4.3 | Allelopathic effects of pure compounds

to be strong growth inhibitors of both toxic and non-toxic cyanobacteria. Release of such phenolics by the native M. aquatica could limit

Phenolic compounds are currently the compounds most consistently

cyanobacteria growth and maintain a clear water state in a freshwa-

related to allelopathic interactions in freshwater ecosystems (Gross,

ter pond. As allelochemicals released by L. hexapetala could stimulate

2003; Iason, Dicke, & Hartley, 2012; Leu, Krieger-Liszkay, Goussias,

toxic cyanobacteria, the outcome of the competition between these

& Gross, 2002), including the induction of allelopathic effects by

two macrophytes would have major consequences for the function-

aquatic plants against phytoplankton (Bauer et al., 2009; Gross et al.,

ing of freshwater ecosystems in the invaded areas.

2007; Grutters et al., 2017) or between aquatic plant species (Dan-

To conclude, our study pointed out complex interactions

delot et al., 2008; Elakovitch & Wooten, 1989). The total phenolic

between native and non-native invasive macrophytes and different

content (TPC) of L. hexapetala leaves observed in this study is very

phytoplankton species depending on macrophyte life stage. The seed

close to the TPC recently observed by Grutters et al. (2017) that

germination of L. hexapetala was stimulated by both L. hexapetala
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and M. aquatica, suggesting a strong competitive advantage in favour
of the invasive macrophyte with potential cascading consequences
on the structure and composition of the plant community. Here, we
also provided clear evidence that the presence of L. hexapetala
would be expected to result in phytoplankton communities with
higher dominance of toxic cyanobacteria than non-toxic ones in
spring and autumn. By stimulating toxic cyanobacteria in spring and
inhibiting this strain in summer, L. hexapetala can respectively favour
and reduce toxic cyanobacteria bloom leading to drastic changes in
the functioning of invaded ponds. Regardless, our findings confirm
prior studies that recommend the development of an effective management (possibly eradication) of L. hexapetala in invaded areas.
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