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Abstract 
Here, we compared the intrinsic characteristics of 3-day-(newly germinated; 
“young”) and 8-week-old (“mature”) fronds of the aquatic plant Spirodela po-
lyrhiza and their sensitivity to paraquat, a toxic herbicide. Endpoints meas-
ured were frond area and fresh weight, root length, chlorophyll a and b con-
tents, and chlorophyll a fluorescence. Significant differences were detected in 
the intrinsic physiological traits between young and mature fronds. Young 
fronds showed higher root length, chlorophyll contents, maximum quantum 
yield (Fv/Fm), maximal relative electron transport rate (rETRmax) and saturat-
ing photon flux density (PFD), whereas mature fronds exhibited greater 
frond area and fresh weight. After a 72 h exposure to paraquat, root length 
and rETRmax were identified as the most sensitive endpoints of paraquat tox-
icity for both frond types, with EC50 values of 0.66 and 0.76 µg∙L−1 for young 
fronds, respectively, and 5.53 and 2.28 µg∙L−1 for mature fronds, respectively. 
Young fronds of S. polyrhiza showed significantly higher sensitivity to para-
quat than mature fronds. A survey of other studies on paraquat toxicity to 
Lemna species revealed that EC50 values of paraquat-induced inhibition of 
root regrowth and rETRmax in both stages were the lowest, indicating that 
these two endpoints were the most sensitive to paraquat. In addition, EC50 
values of both endpoints of mature fronds of S. polyrhiza appear to be similar 
to the current allowable concentrations in drinking water set by the World 
Health Organization (WHO), indicating that these values may have applica-
tion for the assessment of toxicity risk of paraquat in aquatic ecosystems. 
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1. Introduction 

Herbicides are a class of chemical pesticides that are widely used to remove or 
control nuisance plants in agriculture and horticulture [1]. Residues amounting 
to 99.7% of the applied load are dispersed and enter the aquatic environment 
through run-off and leaching with damaging consequences for ecosystem health 
[2]. 

Paraquat, N,N-dimethyl-4,4-bipyridinium dichloride, is one of the most 
widely used ionic herbicides for controlling the growth and spread of broad-
leaved weeds, grasses and aquatic weeds. Contamination of water courses and 
lakes leads to its rapid accumulation by aquatic organisms, and especially fish 
[3]. It is a systemic herbicide that is highly toxic to plants, as it diverts electrons 
away from the donor side of the photosystem I (PSI) complex by accepting elec-
trons from iron-sulphur (Fe-S) centres and/or ferredoxin, thus preventing elec-
tron transfer to NADP [4]. Oxidation of paraquat generates highly phytotoxic 
reactive oxygen species (ROS) such as superoxide anion (O− 

2 ), hydroxyl radicals 
(·OH), and hydrogen peroxide (H2O2) [5]. Paraquat is also potentially lethal to a 
wide variety of non-target organisms, particularly primary producers [6] [7]. 
There is growing concern over the exposure to small quantities of paraquat in 
the aquatic environment, as it may have negative impacts on the endocrine sys-
tems of humans and wildlife. Therefore, continued monitoring of the levels and 
persistence of paraquat in the environment is urgently needed [8]. Despite its 
use being prohibited in several countries (e.g. throughout Europe) it continues 
to be manufactured and exported to various nations, globally [9]. As weeds be-
come resistant to the world’s most popular weed killer, Roundup, paraquat has 
been marketed as an alternative, with seven million pounds of paraquat being 
used in the United States on nearly 15 million hectares  
(https://www.nytimes.com/2016/12/20/business/paraquat-weed-killer-pesticide.
html). A recent report suggests that paraquat be closely related to a less imme-
diately apparent effect—Parkinson’s disease [10]. 

Therefore, determination of the presence of paraquat is still important for 
conducting a risk assessment of aquatic ecosystems. Chemical analysis of the en-
vironmental matrix is the most direct approach to reveal the status of contami-
nation, of which reversed-phase high performance liquid chromatography (HPLC) 
with ultraviolet (UV) detection is considered a particularly sensitive technique 
for the determination of paraquat levels. However, conventional chemical ana-
lyses have several drawbacks, such as complex procedures of sample preparation 
and the need for expensive chemicals and equipment. In addition, most chemi-
cal analyses do not provide ecologically relevant information on the temporal 
changes or interactive effects of pollutants [11]. Moreover, paraquat is usually 
used in small quantities (1.0 - 5.0 ppm) and, therefore, the concentrations of pa-
raquat residues in water are extremely low [12]. 

Aquatic bioassays are an important means of assessing the quality of water 
containing pollutants (both mixtures of pollutants and unknown pollutants) and 
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are useful for providing safety standards for water management in an ecological 
context. Many different species of plants and protists have been used as test or-
ganisms, but primary producers are of paramount importance for monitoring 
the functioning and health of ecosystems. Since the 1940s, duckweed (Lemna-
ceae) has been extensively used as a model organism for conducting fundamen-
tal and applied research in environmental sciences, particularly phytotoxicity 
testing and bioremediation, and has also been used as a bioresource [13] [14] 
[15]. Duckweeds are commonly found in freshwater and brackish ecosystems in 
temperate climates and serve not only as an important food source for various 
water birds and fish, but also as habitats for small invertebrates. Most ecotox-
icological studies conducted to date focus on duckweeds belonging to the genus 
Lemna, and in particular L. gibba and L. minor [16]. 

Recently, a toxicity test based on growth (change in area) inhibition of 3 day-old 
Spirodela fronds germinated from turions has recently been proposed for the 
International Organization for Standardization (ISO 20227) [17]. During its 
life cycle, Spirodela produces turions (meaning “shoot”), a type of buds that 
come from modified shoot apices and are often rich in starch and sugar, so 
that they can act as storage organs (Figure 1). Turions are known to be pro-
duced in response to adverse conditions such as decreasing day length or fall-
ing temperature [18]. Turions sink to the bottom of a pond or lake and hiber-
nate when the water freezes, but rise again to germinate and grow into complete 
plants in spring. 

The Spirodela test had similar levels of sensitivity to the Lemna test (ISO 
20079) for nine herbicides, four inorganic and organic compounds and nine 
metals [17]. Results from a study by Oláh et al. [19] indicated differential sensi-
tivity of turions and mature fronds to three metals (cadmium (Cd), chromium 
(Cr) and nickel (Ni)), with higher tolerance levels for turions than normal 
fronds. Thus, further investigation of the relative sensitivity of plants of different 
ages and at different life stages is required. 
 

 
Figure 1. The lifecycle of Spirodela polyrhiza. This plant forms a dormant stage, turion, 
during the dormant phase (a); after artificial germination of the turion sank to the bottom 
(b); germinated turoin forms young fronds (c) and these are cultivated under optimal 
conditions (d); then they grow back in the mature stage (e) and repeat their lifecycle. 
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The appropriate selection of the assessed endpoints in (phyto) toxicity tests is 
the key factor for a successful and valid test result. Conventional toxicity testing 
methods (ISO20079) have employed numerous endpoints including: frond num-
ber, plant number, root number, dry or fresh biomass, root length, frond diame-
ter, carbon uptake and chlorophyll (Chl) content [20]. Chlorophyll a fluores-
cence of photosystem II (PS II) reaction centres, a rapid and sensitive tool for 
evaluating toxicity in algae and higher plants [21] [22], has also been successfully 
used in Lemna tests [23]. 

Recently, Park et al. [13] reported a well-defined toxicant concentration-de- 
pendent inhibition of root regrowth for three Lemna species. This method has 
several operational advantages over other conventional techniques (ISO20079); 
for example, it requires a shorter duration (72 h), smaller test solution volume 
(approximately 3.0 mL) and use of non-axenic plant material. 

Depending on the circumstances, fronds germinated from turions may be 
stored in the laboratory for a long time before testing. It is therefore important 
to ascertain whether frond samples retrieved from long-term storage are suitable 
material for tests. The prospective ERA for herbicides has for many years been 
based exclusively on Lemna sp. as the only aquatic macrophyte, although it has 
only relatively recently been extended to dicotyledonous submerged macro-
phytes such as Myriophyllum sp. The inclusion of new monocotyls such as Spi-
rodela as a test battery for herbicide toxicity may therefore not be an overpaid 
attempt. In this study, we aimed to: 1) compare the intrinsic physiological traits 
and paraquat sensitivity of 3-day-(young) and 8-week-old (mature) S. polyrhiza 
fronds germinated from turions, based on measurements of frond area and fresh 
biomass weight, root regrowth, pigment (Chl a and Chl b) content and Chl a 
fluorescence, 2) verify the inter-relationship between the tested endpoints in re-
sponse to paraquat exposure; 3) evaluate whether extremely low concentrations 
of paraquat in aquatic ecosystems exert toxicological action on S. polyrhiza; and 
4) evaluate whether the endpoints employed were sensitive enough to detect the 
toxic action of paraquat. 

2. Methods and Materials 
2.1. Sample Collection and Maintenance 

Mature plants of Spirodela polyrhiza (L.) Schleiden were collected from the Upo 
wetland located at Changnyeong-gun, Gyeongsangnam-do, Korea (35˚34'05''60N, 
128˚24'06''90E). Fronds were maintained in a 1.5 L glass tank containing Stein-
berg medium [24] at 25˚C under continuous white light (30 - 40 µmol photons 
m−2∙s−1) supplied by cool daylight fluorescence tubes (FL 20 SS/18D, Philips). 
The medium was replaced regularly at 7 day intervals, and its pH was adjusted to 
6.9 ± 0.2 using either 1 M hydrochloric acid (HCl) or 1 M sodium hydroxide 
(NaOH). 

To induce the production of turions, 1.0 L culture flasks were stored at 15˚C 
for 4 - 6 weeks. Upon induction, each turion was separated from its mother frond 
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[25]. All turions were then collected from the bottom of the flasks and trans-
ferred to 50 mL Falcon tubes containing Steinberg medium. The Falcon tubes 
were covered with foil, and the stock seed banks were stored at 4˚C until needed 
for tests. 

2.2. Toxicity Test 

Prior to the tests, turions were germinated in Petri dishes (85.6 mm × 12.6 mm) 
containing Steinberg medium at 25˚C under continuous light (photon irradiance 
of 90 - 100 µmol photons m−2∙s−1). Fronds germinated from turions were main-
tained under the same environmental conditions for either 3 days or 8 weeks. 
Just prior to experimentation, roots were cut from all fronds using stainless steel 
scissors and an individual rootless plant was added to each well of a 24-well plas-
tic plate (85.4 × 127.6 mm; well diameter, 15.6 mm; SPL, Seoul, Korea). There 
were 4 plants per paraquat concentration, 6 concentrations per plate and three 
replicate plates (n = 3). Different nominal concentrations of paraquat (Table 1) 
were prepared by diluting the original stock solutions (CAS No. 1910-42-5) with 
Steinberg medium. To perform the toxicity tests, a 3.0 mL test solution was 
added to each well. Tests were run for 72 h in an environmentally controlled 
chamber maintained at 25 ± 1˚C and continuous light (100 ± 10 µmol photons 
m−2∙s−1). Static tests were performed, i.e. the test solutions were not renewed 
during the period of exposure. A fully randomized design was used to account 
for any variability in environmental conditions within the culture chamber. 

2.3. Physiological Traits of Intrinsic Fronds and Responses to  
Paraquat Exposure 

2.3.1. Frond Area, Weight and Regrown Root Length 
Fronds maintained for 3 days or 8 weeks with no other experimental treatments 
were randomly selected for comparison of their intrinsic physiological traits. 
Following the 72 h exposure to different concentrations of paraquat, S. polyrhiza 
fronds with regrown roots were picked using tweezers and placed upside-down 
on a glass slide. Because the fronds are wet, roots could be easily straightened 
with a light touch. Photographs of the fronds with regrown roots were cap-
tured using image analyser (e.g. Image J); the length of the longest root was 
measured to evaluate the root regeneration ability of fronds following paraquat 
exposure. The justification for why only the longest root to measure was to see 
the response of the fronds that will regenerate their first root becoming longest.  
 
Table 1. Final concentration range and mode of action used for testing toxicity of para-
quat with 2 ages of Spirodela polyrhiza. 

CAS No. Physiological site Molecular targets 
Concentrations range (µg∙L−1) 

Young Mature 

1910-42-5 Photosynthesis PSI* electron acception 0.09 - 1.563 3.125 - 50 

*Photosystem I. 
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Fronds were then dried on a paper towel and weighed to determine their fresh 
biomass. 

2.3.2. Chl Contents 
Chl a and b contents (μg∙mL−1) were calculated using the following equation 
[26]: 

( ) ( ) ( )1
66 5366Chl g mL 15.65 7.34a A A−µ ⋅ = × − ×  

( ) ( ) ( )665 66
1

3Chl g mL 27.05 11.2b A A−µ ⋅ = × − ×  

where A666 and A653 represent the absorbance at 666 and 653 nm. Based on the 
Chl content of the extract, the Chl content per gram of frond fresh biomass was 
calculated. 

2.3.3. Chl a Fluorescence 
Chl a fluorescence was measured using an Imaging PAM (Walz, Germany), as a 
proxy for photosynthetic performance. To measure Fv/Fm and rETRmax, samples 
were incubated in the dark for 10 - 15 min. Pulses (0.15 µmol photons m−2∙s−1) 
from light emitting diodes (LED) were used to determine the initial fluorescence 
yield (Fo), which denotes the fluorescence yield when all photosystem II (PSII) 
reaction centres are open, with fully oxidized plastoquinone A (QA). Then, a sa-
turation pulse of approximately 5000 µmol photons m−2∙s−1 emitted by an LED 
lamp was applied to produce the maximum fluorescence yield (Fm), which is in-
duced by a short saturating pulse of actinic light that reduces all QA molecules. 
The value of Fv/Fm was then calculated using the following equation:  

( )v m m o mF F F F F= −  

where Fv is the variable fluorescence. 
Rapid light curves were produced using 10s pulses of actinic light increased 

stepwise from 0 to 1517 μmol photons m−2∙s−1 [27]. Effective quantum yield (ΦPSII) 
was calculated using the following equation:  

( )PSII m mF F F′ ′Φ = −  

where mF ′  is the maximum light-acclimated fluorescence yield, and F is the 
light-acclimated fluorescence yield. 

The maximum electron transport rate (ETRmax) was calculated using the 
hyperbolic tangent equation adapted from Jassby and Platt [28]: 

( )max maxrETR ETR tanh ETRaI= ×  

where α and I indicate ETR and PFD, respectively, under light limiting condi-
tions. 

2.4. Statistical Analysis 

Data were analyzed using one-way analysis of variance (ANOVA) at a signific-
ance level of P < 0.05, after homogeneity test. To determine differences among 
treatments, post-hoc comparisons were performed using the least significant dif-
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ference (LSD) test. Toxicity test results were reported as EC50 values (effective 
concentration at which 50% inhibition occurs), with 95% confidence intervals 
estimated using the linear interpolation method (ToxCalc 5.0; Tidepool Science, 
California, USA). 

3. Results and Discussion 
3.1. Turion Germination 

Determination of the optimal conditions for turion germination is important 
since several environmental factors can simultaneously influence germination of 
the turions of S. polyrhiza [29], but standardization of optimal germination for 
toxicity testing has not yet been established [17]. The germination of S. polyrhiza 
under different photon irradiances, pH and temperatures is shown in Figure 1. 
Turions germinated in all light levels from 5 to 100 μmol photons m−2∙s−1 but not 
in the dark (Figure 2(a)); turion germination is light dependent normally [30]. 
The maximal germination was recorded at pH 5 and 7 but at pH 3 no germina-
tion was observed (Figure 2(b)). There was 100% germination of turions at 25˚C 
and 30˚C but there was no evidence of germination at either 5˚C or 15˚C (Figure 
2(c)). 

In nature, germination of Spirodela turions is controlled by temperature and 
light [31], although exposure to combinations of red and far-red light, long 
photoperiods, gibberellin and kinetin (plant hormones) can accelerate the ger-
mination process [32] [33] [34]. In laboratory studies, turion germination was 
found to be controlled by exposure to temperature and light of 22˚C - 25˚C and 
60 to 120 μmol photons m−2∙s−1 for 3 - 7 days [17] [19]. 

It has been observed that turions float to the water surface by formation of in-
ternal oxygen bubbles prior to their germination [30] [35]. Photosynthetic activ-
ities thus appear to be involved in the germination process since turion surfacing 
may be geared by photosynthetic O2 production, which is also affected by bicar-
bonate concentrations as a major aquatic carbon source [31]. In this respect, 
temperature and pH would be influential factors for initiation of germination 
since the amount of carbon (as CO2 or H2CO3) in the water is dependent on these  
 

 
Figure 2. Effects of photon flux density (PFD) (a); pH (b) and temperature (c) on the 
germination of turion in Spirodela polyrhiza. The bar denotes mean values and error bar 
indicates the standard deviation. LSD shows the least significant difference at the 5% lev-
el. No bar indicates no germination. 
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parameters. It is therefore interesting to note that germination reaches its max-
imum at pH 7 where the availability of H2CO3 is at its greatest. 

3.2. Standard Conditions 

Environmental factors influence growth and photosynthetic activity of aquatic 
plants, with pH, light and temperature being probably the most important pa-
rameters. It has been shown that these parameters also modify the toxic effects of 
chemical pollutants in aquatic plants [36]. Thus, it is important that the culture 
conditions under which toxicity tests are carried out are fully reported/disclosed 
and that the tests are, preferably, carried out under standardized conditions for a 
particular species and endpoints to be measured. For this reason, we first deter-
mined the optimal conditions for growth of fronds and roots of S. polyrhiza 
(Figure 3 and Figure 4). The maximal growth of both frond and root was record-
ed at 100 μmol photons m−2∙s−1 and 25˚C while no significant difference was ob-
served in the range of pH between 4 and 10. It is interesting to note that there 
was some growth at low temperatures despite the lack of germination at these 
temperatures. Also, no growth was detected at temperatures lower than 10˚C. 
All these data appear to imply the existence of different control mechanisms for 
turion germination, frond growth and root regrowth. 
 

 
Figure 3. Effects of photon flux density (PFD) (a); pH (b) and temperature (c) on the rel-
ative growth rate (%, d−1) of germinated fronds in Spirodela polyrhiza. The bar denotes 
mean values and error var indicates the standard deviation. LSD shows the least signifi-
cant difference at the 5% level. No bar indicates that all samples are dead. 
 

 
Figure 4. Effects of photon flux density (PFD) (a); pH (b) and temperature (c) on the 
root regrowth length (mm) of germinated fronds in Spirodela polyrhiza. The bar denotes 
mean values and error var indicates the standard deviation. LSD shows the least signifi-
cant difference at the 5% level. No bar indicates that all samples are dead. 
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3.3. Intrinsic Physiological Traits of Young and Mature Fronds in  
S. polyrhiza 

Different aged fronds (3 days and 8 weeks old) showed intrinsic differences in 
physiological traits (Table 2). The area and fresh weight of young fronds were 
approximately 19.06% and 29.35% that of mature fronds. However, roots of 
young fronds (17.58 ± 2.98 mm) were longer than those of mature fronds (11.98 
± 3.23 mm). No statistically significant differences were detected in Chl a and Chl 
b contents between young and mature fronds. When Spirodela fronds become 
mature, there are enlargements in the mesophyll cells with prominent intercel-
lular spaces and air chambers in the abaxial surface of maturing fronds [37]. 
Morphological changes in the internal structure of fronds during development 
may explain the significantly larger frond area and weight in mature fronds than 
in newly germinated fronds. 

Spirodela plants have simple, short and thin roots that lack branches and hairs 
[38], although the root systems of young and mature fronds have not been com-
pared. Roots appear to serve an important role in balancing and maintaining the 
floating body in a stable and upright position [38]. Differences in root length 
between young and mature fronds might be explained by the higher photosyn-
thetic capacity of young fronds. Thus, in young plants photosynthetic products 
are re-directed in favor of root production that provides the smaller and lighter 
floating fronds stable positioning. 

On the other hand, we found significantly higher Chl a and Chl b content in 
young than in mature fronds, which was similar to the report made by Kim [39]. 
As the chlorophyll contents were calculated on a fresh weight basis, lower chlo-
rophyll in mature fronds may be ascribed to higher proportion of non-photosynthetic 
structures such as intracellular spaces and air chambers. 

Values of Fv/Fm, rETRmax and IK of young fronds (0.752 ± 0.034, 20.58 ± 8.28 
and 122.34 ± 47.64 µmol photons m−2∙s−1, respectively) were significantly higher 
than those of mature fronds (0.491 ± 0.160, 12.18 ± 6.355 and 71.22 ± 26.28 µmol  
 
Table 2. Physiological traits of young and mature fronds of S. polyrhiza. 

Parameters 
Young Mature Mean 

difference 
t-value P 

Mean SD Mean SD 

FA (mm2) 13.49 5.38 70.78 14.37 −57.29 −12.934 0.000** 

FW (mg) 4.52 1.29 15.40 5.57 −10.88 −6.592 0.000** 

RL (mm) 17.58 2.98 11.98 3.23 5.6 4.414 0.000** 

Chl a (mg∙g−1 FW) 1.29 0.22 1.16 0.19 0.137 1.662 0.111 

Chl b (mg∙g−1 FW) 1.40 0.32 1.16 0.27 0.235 1.920 0.068 

Fv/Fm 0.75 0.03 0.49 0.16 0.26 5.518 0.000 

rETRmax 20.58 8.28 12.18 6.36 8.407 2.789 0.011* 

FA; relative growth rate of frond area, FW; fresh weight, RL; root regrowth length, Chl a; chlorophyll a 
content, Chl b; chlorophyll b content, Fv/Fm; Optimal quantum yield, rETRmax; the maximum electron 
transport rate, SD; standard deviation. **P < 0.001; *P < 0.05. 
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photons m−2∙s−1, respectively). However, alpha values were similar between the 
two frond types (0.168 for young and 0.160 for mature fronds). 

The maximum quantum yield of PSII chemistry (Fv/Fm) is an estimate of the 
photochemical conversion efficiency of PSII in the dark. Higher values of Fv/Fm 
indicate higher light utilization efficiency and greater ability to adapt to low light 
conditions [40]. Lemna spp. typically have Fv/Fm maxima of about 0.68 - 0.73 
[11] [13]. Compared with Lemna spp., young fronds of S. polyrhiza were found 
to have similar Fv/Fm, but mature fronds showed lower Fv/Fm. Fv/Fm values ap-
pear to be in line with chlorophyll contents in that Fv/Fm was greater in young 
fronds with higher Chl a and Chl b than in mature fronds. 

rETR is an empirical estimate of the rate of flow of electrons through the elec-
tron transport chain and rETRmax is defined as the maximum rETR at saturating 
irradiance [40]. Higher rETRmax in young fronds means that there is higher 
probability of a photochemical event resulting in more active and effective elec-
tron transport upon absorption of a photon by the antennae of PS II. The initial 
slope of a P vs I curve represents the light-limited phase of photosynthesis, and 
its gradient is affected by the efficiency with which the plant can absorb the li-
mited light available [41]. Saturation irradiance (Ik) is defined as the point at 
which the extrapolated initial slope crosses rETRmax. Comparison of rETRmax, 
alpha and Ik showed that the number of photosynthetic units (PSUs) but not the 
size of PSUs differed between young and mature fronds of S. polyrhiza since 
ETRmax and Ik values were higher while alpha values were the same [41]. Young 
fronds seem to have more PSUs than mature ones, and hence the higher rETRmax 
and Ik values. 

3.4. Comparative Sensitivity of Young and Mature Fronds to  
Paraquat 

Paraquat sensitivity of S. polyrhiza fronds at both stages was dependent on the 
endpoints. After a 72 h exposure to paraquat, the most sensitive paraquat toxici-
ty endpoints were root length and rETRmax in both frond types, with EC50 values 
of 0.66 ± 0.03 and 0.76 ± 0.09 µg∙L−1, respectively, in young fronds and 5.53 ± 1.5 
and 2.28 ± 0.39 µg∙L−1, respectively, in mature fronds (Table 3). Coefficients of 
variation for root re-growth and rETRmax were 4.55% and 11.84%, respectively, 
for young fronds and 27.12% and 17.11%, respectively, for mature fronds (Table 
3). Paraquat was reported to be one of the most toxic herbicides for Lemna spp. 
with EC50 values of 7.1 - 10.6 µg∙L−1 for root regrowth and 6.6 - 8.0 µg∙L−1 for 
rETRmax [13]. The paraquat sensitivity of Spirodela was higher in young fronds 
and similar in mature fronds to that of Lemna spp. 

It is notable that there was statistically significant difference in the sensitivity 
to paraquat toxicity between young and mature fronds, which would bring to 
question as to which stages, young or mature fronds would then be more suit-
able for toxicity testing. Sensitivity of bioassay methods is important for deter-
mination of whether to use them or not for water quality risk assessment. Effec-
tive bioassays should produce results within the relevant environmental ranges.  

https://doi.org/10.4236/ajps.2020.117072


J. Park et al. 
 

 

DOI: 10.4236/ajps.2020.117072 1018 American Journal of Plant Sciences 
 

Table 3. EC50 and CV values for inhibition of various parameters in two different ages 
(young and mature) of S. polyrhiza exposed to different concentrations of paraquat. Mean ± 
standard deviation are shown (n = 3 plates, 24 plants per plate with 4 plants per each 
concentration). 

Age after 
germination 

Toxic 
units 

Comparative sensitivities between young and mature 
fronds in various parameters 

FA FW RL Chl a Chl b Fv/Fm rETRmax 

young 

EC50 
(μg∙L−1) 

>1.56 >1.56 0.66 ± 0.03 >1.56 >1.56 >1.56 0.76 ± 0.09 

CV (%) NA NA 4.55 NA NA NA 11.84 

mature 

EC50 
(μg∙L−1) 

>50 >50 5.53 ± 1.5 42.86 ± 1.53 38.41 ± 1.78 12.67 ± 4.32 2.28 ± 0.39 

CV (%) NA NA 27.12 3.57 4.63 34.1 17.11 

FA; relative growth rate of frond area, FW; fresh weight, RL; root regrowth length, Chl a; chlorophyll a 
content, Chl b; chlorophyll b content, Fv/Fm; Optimal quantum yield, rETRmax; the maximum electron 
transport rate, EC50; the effective concentration at which 50% inhibition occurs, CV; coefficient of values, 
NA; not applicable. 

 
A current guideline for the allowable concentrations in drinking waters set by 
WHO is 10 µg∙L−1 for paraquat. This study shows that endpoints of root length 
and rETRmax in both young and mature frond of S. polyrhiza are sensitive enough 
to detect toxic impacts of water samples containing paraquat in excess of allowa-
ble guidelines. However, the sensitivity of young fronds is almost over 10 times 
the permissible levels of paraquat in drinking water, and unless even a slightest 
presence of paraquat should be monitored and prevented, mature fronds would 
more successfully be employed for management decisions. Spirodela methods 
also show a high level of precision and reproducibility which are essential for 
adoption of toxicity testing methods. A desirable level of repeatability expressed 
by CVs is 30% or less according to Environment Canada (2007) [42]. For young 
and mature fronds with the endpoints of root length and rETRmax CVs for EC50 
values were found to lie within this acceptable range (Table 3). 

The ultimate goal of bioassay testing is to provide representative and inclusive 
criteria of exposure conditions, thereby improving risk assessment and water 
quality management. In this respect, multiple rather than single endpoint assays 
may have greater potential for a more comprehensive risk assessment of tox-
icants. Such an approach allows to gain important insights into the mechanisms 
of toxicity and to obtain information on the relative sensitivity of measured 
endpoints to toxicity concentration and/or exposure duration, thereby identify-
ing specific endpoints that can effectively detect interferences caused by certain 
phytotoxics [43]. In the past, little attention has been paid to the roots in Lemna 
since it was generally considered that root fragility made their handling for mea-
surements difficult and that it was impractical to obtain sufficient numbers of 
individual plants with identical root lengths to initiate tests. However, more re-
cently the ecotoxicological significance of the root endpoint has been re-evaluated 
and root length is now considered to be a sensitive, precise and ecologically sig-
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nificant endpoint in comparison with more traditional frond growth and bio-
mass endpoints [36] [44]. 

One of the most frequently used methods for monitoring the status of the 
photosynthetic apparatus in plants is in vivo chlorophyll a fluorescence, a non- 
destructive, straightforward and rapid technique that is applicable in both labor-
atory and field studies. It is used as a potential indicator of exposure to envi-
ronmental and chemical stresses, including herbicides. The impact of certain 
herbicides, such as commonly used ones like diuron, atrazine and simazine, on 
the photochemical activity of PSII has long been recognized [45] [46] [47] [48]. 
Such PSII inhibitors restrict photosynthetic activity through their binding to the 
D1 protein in thylakoids and blocking electron transport through the PSII reac-
tion center with effects being manifested by changes in various chlorophyll fluo-
rescence parameters [49]. Frond area, fresh weight, root length, chlorophylls and 
chlorophyll a fluorescence have never been measured simultaneously as end-
points. Figure S1 shows correlative relationships between two different end-
points. There was a strong relationship between the frond area and weight and 
between Chl a and Chl b to a lesser degree in both young and mature fronds. It 
was notable that root length rather than frond growth was highly correlated with 
photosynthetic performance. Photosynthetic electron transport events support 
the biochemical reactions needed for plant growth since the electron transport 
rate is closely related to the photosynthetic activity including oxygen evolution 
or CO2 uptake [50]. Therefore, a direct or an indirect effect of a pollutant on pho-
tosynthetic processes is observed prior to an effect on the growth process [51]. 
Little relationship between PSII inhibition and frond growth may indicate possi-
ble detoxification of cells and recovery of growth, thereby the inhibition of PSII 
inhibition no longer reflecting the inhibition of growth [52]. In contrast, the 
close relationship between PSII inhibition and root re-growth may imply a direct 
or an indirect effect of a pollutant on photosynthetic processes observed prior to 
an effect on the root growth process [51]. 

4. Conclusion 

We found intrinsic physiological traits difference between young and mature 
frond of S. polyrhiza: young fronds invest more photosynthetic products to de-
velop root elongation and chlorophylls which might be an adaptive strategy for 
future development via active photosynthesis and stabilization of the body posi-
tioning using longer roots, whereas mature fronds tilt to increase frond area and 
weight via structural development. For organic xenobiotics in particular, such as 
paraquat and other artificial toxicants, there is evidence that some standardised 
endpoints, such as total growth, fresh or dry weight or number of individuals, 
may under- or overestimate the actual risk level, especially if the doses of the 
toxic compounds are sublethal. In many cases there are other valuable endpoints 
such as more detailed analyses of stress responses at the subcellular and bio-
chemical levels, but these assessments are still quite expensive because of the 
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probes and detection systems or laboratory equipment required and are not in-
cluded in standardised toxicity tests. In this respect, our Spirodela root test with 
either turion germinated or mature fronds would be a valuable asset for the risk 
assessment of paraquat, as it is a technique that allows toxicity to be assessed 
more quickly and easily, but without loss of sensitivity. 
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Supplement 
 

 
Figure S1. Matrix view of Pearson’s correlations for different parameters in young (a) 
and mature (b) Spirodela polyrhiza. The color and size of the circles indicate the strength 
of the correlation. The color bar on the right provides a scale of the correlation coeffi-
cients. Light blue, blue and navy colors mean the correlation coefficients are over 0.5, 0.7, 
and 0.9, respectively, while the light pink, orange and red color indicates correlation coef-
ficients < 0.5. The lable within the circle refers to the correlation coefficients values. An 
asterisk (*) refers to the statistical significance at the 5% level. Note that for clear presen-
tation, all matrix views show only the upper portion of the matrix to avoid duplication. 
FA; relative growth rate of frond area, FW; fresh weight, RL; root regrowth length, Chl a; 
chlorophyll a content, Chl b; chlorophyll b content, Fv/Fm; Optimal quantum yield, rETRmax; 
the maximum electron transport rate.  
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