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Abstract 

Spirodela polyrhiza (L.) Schleiden, a free-floating aquatic species, reproduc-
es mainly vegetatively during its life span. This species produces active 
vegetative propagules (fronds) very rapidly under favorable environmental 
conditions, but switches to developing dormant vegetative propagules (turi-
ons) when growth conditions change unfavorable and thereby it can survive. 
This strategy is utilized in phytotoxiological testing of pollutants traditionally 
using active fronds and most recently turions as test objects. 
In this study effects of mercury (HgCl2 0-1 mg Hg l-1) on growth of S. polyrhiza 
was screened in controlled laboratory tests starting with either normal fronds 
or turions. Both test types were spanning for 7 days. Growth rate, capacity for 
turion formation and success of turion germination were investigated. Fur-
thermore, sensitivity of the two test types was also compared. 
The calculated EC20 and EC50 values of Hg reflected similar sensitivity of 
normal frond and turion-based tests, but effective concentrations were also 
endpoint-dependent. Based on our results frond area growth rate of normal 
fronds and frond number growth rate of turions proved to be the most sensi-
tive with 0.13-0.14 mg l-1 EC50. These results suggest that turions can also be 
used in phytotoxicity tests for characterizing the growth effects of toxic sub-
stances on S. polyrhiza. 
Besides growth inhibition, Hg also induced turion formation in active frond 
cultures in the 0.1-1 mg l-1 concentration range. 
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Introduction 

Due to the industrialization heavy metal contamination has become a 
global environmental issue. Although great efforts have been done to study 
their effects on biological processes there is still lack of knowledge concerning 
the toxicity of individual heavy metals. Mercury is one of the most dangerous 
pollutants, several anthropogenic activities result in accumulation and long 
persistence of Hg in terrestrial and aquatic ecosystems. Results regarding Hg 
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toxicity are mostly from animals and humans, but some studies confirm that 
Hg is also toxic for plants (Naumann et al., 2007). Hg-induced phytotoxicity is 
connected to damages of several components at cellular level: disruption of 
membranes, inactivation of enzymes, binding to proteins and DNA, destruc-
tion of antioxidant systems and disorders of physiological processes (photo-
synthesis, respiration and uptake and assimilation of nutrients) (Azevedo & 
Rodriguez, 2012). 

Like in case of other heavy metals use of standardized ecotoxicological 
tests can help to understand the toxic effects of Hg on plants. Duckweed 
species (Lemnaceae) are suggested as model organisms in these test systems 
(ISO 2004; OECD 2006) since they have small size, rapid vegetative repro-
duction and can be easily grown under controlled conditions (Dirilgen, 2011). 

Among duckweeds Lemna minor L. (lesser duckweed) and Lemna gibba L. 
(gibbous duckweed) (Environment Canada 2007; Baudo et al. 2015) have been 
used most traditionally in toxicity studies, but Spirodela polyrhiza (L.) Schleiden 
(giant duckweed) has also been proved to be an excellent test object over the 
last decades. Rapid growth and bioaccumulation capacity suite duckweeds 
potential candidates in bioremediation (Ziegler et al., 2016) too. 

Duckweeds prefer clonal reproduction and, depending on a variety of ex-
ternal factors, giant duckweed can produce vegetative propagules -so-called 
turions- instead of normal active fronds (Smart and Trewavas, 1983). The 
turions are modified fronds which have similar anatomy to normal fronds but 
have smaller size, smaller volume of aerenchyma, accumulate starch in high 
concentration thus can sink to the bottom of lakes after detachment from 
mother frond (Wang et al., 2014). After separation from mother frond turions 
are dormant and are not ready to germinate even if the environmental condi-
tions are favorable (Appenroth et al., 1989) but require cold conditions to 
break their dormancy (Ley et al., 1997). After shifting from dormant to non-
dormant stage turion germination could be initiated as a phytochrome-
mediated response similarly to seeds. Due to enhanced respiration using 
stored starch a CO2 bubble is formed and the buoyant turions rise to the wa-
ter surface (Newton et al., 1978). Activated meristems in the turions start to 
differentiate vegetative fronds within a few days and newly formed duckweed 
plants re-colonize the water surface. Under controlled experimental conditions 
S. polyrhiza can be forced to produce turions e.g. by low phosphorus supply 
(Appenroth, 2002) and turions can be stored in cold and dark very comforta-
bly until using for toxicity tests. 

Active fronds of giant duckweed are widely used for investigating mor-
phogenesis, life span, dormant state and the activation of vegetative buds and 
responses to environmental stresses (Newton et al., 1978; Chaloupková & 
Smart, 1994; Appenroth, 2002). However, very little information is available 
on the extent and conditions of turion production, responses of turions to 
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such pollutants as heavy metals (Srivastava & Jaiswal, 1989; Xyländer et al., 
1993; Oláh et al., 2015). 

A previous comparative study reported that turions of S. polyrhiza treated 
with heavy metals prior to their germination showed much higher tolerance to 
heavy metals than normal fronds (Oláh et al., 2015). Based on that study, a 
test procedure was elaborated to study germination traits of S. polyrhiza turions 
which potentially can be introduced into ecotoxicological testing (Oláh et al., 
2016). Baudo et al. (2015) also suggested using S. polyrhiza turions in the eco-
toxicology practice. Routine application of turions in ecotoxicological tests, 
however, requires further comparative studies on responses of turions and 
active fronds of S. polyrhiza to more heavy metals. From a stress-physiological 
point of view it is also an interesting question that which heavy metals can 
induce turion formation and to what extent they can influence the germina-
tion of turions. 

The aim of the present study was to compare the sensitivity of normal 
active fronds and germinating turions of S. polyrhiza to mercury treatments. 
The focus of the study was whether S. polyrhiza turion germination-based test 
endpoints could provide more sensitive and/or additional phytotoxicity in-
formation as compared to standard growth inhibition tests of this species. 
Using the formerly introduced test protocols and evaluation procedure of 
studied traits we expected that frond growth characteristics of germinating 
turions would have similar sensitivity to the applied toxicant as those in nor-
mal frond cultures.  

Material and methods 

Stock cultures of S. polyrhiza (L.) Schleiden (RDSC clone ID “5501”) were 
maintained axenically in modified Steinberg’s medium (pH 5.5±0.2) (Envi-
ronment Canada, 2007). 

Plants were grown in 300 cm3 Erlenmeyer flasks, under continuous illu-
mination by white light (GE Polylux F30W/ 830, PPFD: 80 ±10 µmol m-2 s-1) 
at constant temperature (22 ± 2 °C) and in sterile Steinberg medium (pH 
5.5 ± 0.2, Environment Canada, 2007; Oláh et al., 2016).  

Turion formation of S. polyrhiza fronds was triggered by nutrient limita-
tion, that is, cultures of plants were maintained in the same medium for 
6 weeks (Oláh et al., 2016). After 6 weeks sunken turions were collected from 
the bottom of vessel, transferred to freshly prepared axenic medium and 
stored at 6°C in the dark for at least 4 weeks before experiments in order to 
break their dormancy (Ley et al., 1997). 

Static phytotoxicological tests with both turions and normal fronds of S. 
polyrhiza were performed in 80 mm crystallizing dishes which contained 
100 ml freshly prepaired Steinberg test medium and were covered with plastic 
Petri dishes (Oláh et al., 2016). Hg was introduced into the test medium as 
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1g Hg l-1 stock solution prepared from HgCl2 salt (analytical grade, Spectrum-
3D Reanal, Hungary) in final concentrations of 0; 0.003; 0.01; 0.03; 0.1; 0.3 
and 1 mg l-1, respectively. Temperature and irradiation conditions during tests 
were identical to those of stock culture maintenance. 

Treatments with all concentrations of Hg were performed in four repli-
cate vessels during an experiment, and experiments with either normal fronds 
or turions were repeated twice with the same design. 

For normal frond growth tests 7-10 days-old subcultures were used. At 
the beginning of experiments, 8±2 randomly selected healthy fronds (2-3 
colonies), corresponding to 2.3 ± 0.4 cm2 total frond area were used to inocu-
late each test vessel. The duration of these tests was 7 days. 

Digital images of cultures in each vessel were taken on the 0th and 7th 
days of exposures. The images were processed using ImageJ image analysis 
software (Abramoff et al., 2004).  

For evaluation of Hg-induced phytotoxic effects the following parame-
ters were observed or calculated:  
Frond number, frond area and relative growth rate RGR: number of 
fronds and frond area of cultures per vessel were determined by using images 
and relative growth rates were calculated as test endpoints. Growth rates were 
calculated between the 0th and 7th days of normal frond tests according to the 
OECD (2006) guidelines. 
Turion formation induced by Hg: it was characterized by the relative ratio 
of turions to the total number of ramets (both active fronds and turions) in a 
vessel at the end of the tests: 

turion formation = (Nturion/(Nturion+Nfrond))*100 

Where: Nturion and Nfrond are the numbers of turions and normal fronds per vessel on the 7th day 
of tests, respectively. 

For all turion germination tests the same batch of non-dormant turions was 
used. 12±5 turions per vessel (~4 mg fresh mass) were inoculated in each test 
vessel and transferred to culturing conditions in order to induce their germina-
tion. The duration of these tests was 7 days. For evaluation of Hg effects the 
following parameters were observed or calculated (Oláh et al., 2016): 

Floating up of turions (%): percentage of floated turions after 2, 4 and 
7 days of Hg treatments under germinating conditions. 

Relative growth rate (RGR): Digital images of cultures in each vessel 
were taken on the 4th and 7th days of exposures and frond number and frond 
area RGRs were calculated identically to those in normal frond experiments.  

Growth inhibiting effect of different Hg concentrations was compared 
by one-way analysis of variance (ANOVA) and post-hoc Tukey test by means 
of Past 3.0 statistical software (Hammer et al., 2001). The differences were 
considered to be significant at p<0.05 level. 



XII. KÁRPÁT-MEDENCEI KÖRNYEZETTUDOMÁNYI KONFERENCIA 
2016. június 1–4. Beregszász, Ukrajna  

98 

 

 Concentration-RGR response relationships were assessed by non-linear 
regression method fitting three-parameter logistic function to individual repli-
cate data (n=42 per turion or normal frond experiments) by means of Systat 
Sigmaplot 11.0 (Systat Software Inc.). The sensitivity of active frond and turi-
on tests were compared by the calculated Hg-concentrations which resulted in 
20 and 50% growth inhibition (EC20, EC50), respectively. 

Results 

Effects of Hg on Growth Rate and Turion Formation in Normal Frond 
Cultures  

In growth inhibition tests with normal S. polyrhiza fronds both frond 
number and area of control cultures doubled in less than 2 days (area 
RGR=0.360±0.008 day-1 and frond RGR=0.346±0.013 day-1). 
Hg did not induce significant 
growth inhibition below 0.03 
mg l-1 in neither parameter 
(Figure 1). Starting from 0.03 
mg l-1 concentration Hg 
induced significant inhibition 
of both frond number and 
frond area RGRs. Tolerance 
of the two growth parameters 
to Hg became different and 
frond area proved to be more 
sensitive endpoint as 
compared to frond number 
(Figure 1). As a result the 
calculated EC20 and EC50 
values were lower for the 
frond area RGR (Table 1).  

 
Figure 1. Effects of 7 days-long Hg treatments on frond 

number and frond area relative growth rates (RGR) and on 
turion formation of S. polyrhiza normal fronds. Symbols are 
means of n=8 replicates relative to respective control mean. 

Asterisks denote significant (p<0.05) difference from 
respective control. Bars are means±SD (n=8). 

Hg induced formation of turions by the 7th day in the normal frond test cul-
tures. S. polyrhiza produced turions in the 0.1-1 mg l-1 concentration range 
where Hg also resulted in simultaneous strong inhibition in growth rate of 
active fronds. While at 0.1 mg Hg l-1 turions consisted of only 1.8% of all 
ramets, at higher concentrations (0.3-1 mg Hg l-1) this ratio increased to 6.4-
7% (Figure 1).  

Effects of Hg on Germination and Frond Production of Turions 

One of the traits indicative for the start of germination is the floating up 
of turions to the growth medium surface. This parameter was recorded daily 
during the Hg treatment. In control cultures floating up of turions was trig-
gered within 1 day after transferring them to germination-inducing conditions 
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(corresponding to those of culturing) and was complete within 2 days. In the 
presence of Hg the floating up of turions was retained. Within 4 days floating 
up of turions normalized to 100 % with the exception of 1 mg l-1 Hg concen-
tration. The inhibition effect on floating up by 1 mg Hg l-1 was still observed 
after 7 days when 16% of the treated turions was still not capable to rise and 
thus could be considered as non-viable (Figure 2). 

In control cultures turions started to form new fronds very soon after  
reaching the surface of test 
medium and successive fronds 
followed the first one at high 
rate: the calculated growth rates 
for the frond number and 
frond area in the control cul-
tures were 0.339±0.053 day-1 
and 0.415±0.030 day-1, respec-
tively. Growth-inhibiting effect 
of Hg after germination of 
turions manifested in reduction 
of frond number RGR 
(p<0.001) even at 0.1 mg Hg l-1 
but the area based RGR de-
creased significantly only at 
0.3 mg l-1 Hg (p=0.039) com-
pared to control. 

 

Figure 2. Percentage of floated turions on the 2nd, 4th 
and 7th days of Hg-treatments during germination tests 

(means±SD, n=8)   

 

Table 1. Calculated effective Hg concentrations resulting in 20 and 50% growth inhibition 
(EC20 and EC50, respectively) after 7 days of treatments in tests started by normal fronds and 

turions of S. polyrhiza 

  EC20 (mg Hg l-1) EC50 (mg Hg l-1) 

normal fronds 
frond area RGR 0.030 0.137 

frond number RGR 0.042 0.273 

    

turions 
frond area RGR 0.145 0.796 

frond number RGR 0.014 0.131 

 

At 0.1 mg l-1 Hg concentration frond number RGRs showed 60% reduction in 
contrast with frond area RGR which was inhibited only by 22% as compared 
to respective controls (Figure 3). Different sensitivity of parameters was simi-
larly obvious at 0.3 mg Hg l-1 at which concentration the calculated growth 
rate of frond number was 0.062±0.029 day-1 while that of frond surfaces was 
considerably higher, 0.292±0.082 day- 1. 
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Figure 3. Effects of Hg treatments on frond number and 
frond area based relative growth rates (RGR) after ger-
mination of  turions between the 4th and 7th days of tests. 
Symbols are means of n=8 replicates relative to respective 

control mean. Asterisks denote significant (p<0.05) 
difference from respective control 

 
 
The highest Hg concen-
tration (1 mg l-1) resulted 
in similar growth inhibi-
tion (55-62%) of both 
parameters as compared 
to the respective control 
(Figure 3). EC20 and EC50 

values indicated larger 
differences for the two 
RGRs as compared to 
the tests started with 
normal fronds (Table 1). 
 
 
 

Discussion 

Results of this present study revealed comparable sensitivity of 
S. polyrhiza to mercury in turion- and normal frond-based duckweed growth 
tests and confirmed results of former studies with Hg and other heavy metals. 
Baudo et al. (2015) compared EC50 of various heavy metals and herbicides 
obtained by L. minor growth tests and S. polyrhiza turion tests and found that 
the latter test method had similar responsiveness in 3 days-long treatments 
than the former one in 7 days-long treatments. Despite these similarities they 
reported 1.52 mg l-1 EC50 for Hg in their turion ‘microbiotest’ which consider-
ably exceeded EC50 obtained in our study most possibly because of the shorter 
exposure. Oláh et al. (2016) had also found that turion-based tests showed 
similar or even higher sensitivity to Cd-treatments as compared to normal 
fronds of the same S. polyrhiza clone. 

Concerning the growth inhibition the calculated EC20 and EC50 values 
indicated differences in sensitivity between frond number and frond area 
RGRs but it also depended on the test object being used. While frond number 
RGR was less responsive to Hg exposure in tests with normal fronds, this 
growth trait was 6 times more sensitive than frond area RGR in tests started 
with turions. In turion tests, however, both growth rate-based endpoints 
showed considerably higher sensitivity to Hg treatments as compared to 
floating up. 

Although the sensitivity to Hg was test object-dependent both test types 
confirmed phytotoxicity of Hg with very similar EC50 (0.13 and 0.14 mg l-1 for 
the more sensitive endpoints. 
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The calculated EC50s in our normal frond growth tests were lower than that 
calculated by Naumann et al. (2007) who found 0.683 mg Hg l-1 EC50 as based 
on frond number changes in Lemna minor-tests conducted according to the 
ISO (2004) protocol. Fresh weight-based RGR used by Dirilgen (2011) in L. 
minor cultures also resulted in higher EC50 (0.48 mg l-1) as compared to our 
results. 

Turion development of aquatic plants is induced by the adverse envi-
ronmental conditions for ensuring the population survival. Although toxic 
heavy metals can induce growth and physiological disorders resulting in death 
even at very low concentration their impact on turion formation is less 
known, the available information from different studies are rather controver-
sial. Induction of turion formation seems to have metal-specific occurrence. 
Oláh et al. (2015) observed that of the three applied heavy metals (Cd, Cr, Ni) 
only cadmium induced turion formation in S. polyrhiza cultures, which also 
confirmed earlier findings by Srivastava and Jaiswal (1989) on Cd. However, 
in contrast, Xyländer et al. (1993) found that turion formation was inhibited 
by Ni above 30 µM concentration. Based on controversial results of inde-
pendent studies we can speculate that turion formation as a response to a 
given heavy metal in S. polyrhiza might have clonal dependence as it was thor-
oughly described concerning the response to temperature in a survey covering 
27 clones of this species with different geographical origin (Kuehdorf et al., 
2011). 

Conclusions  

• The calculated EC20 and EC50 values of Hg were similar for both RGRs as 
test endpoints in normal frond tests and showed comparable sensitivity to 
ECs for frond number RGR in turion germination tests. 

• Germinating turions can be used as test objects in growth tests for charac-
terizing the effects of toxic substances on S. polyrhiza. 

• Besides growth inhibition, Hg also induced turion formation in tests start-
ed with normal fronds in the 0.1-1 mg l-1 concentration range. 
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