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Abstract

We have investigated the effects of the sulfonylurea herbicide Sekator OD 375 on common duckweed (Lemna minor L.)
and its potential to recover after the herbicide exposure. The plants were exposed to Sekator OD 375 for a 7-day period at
the concentrations ranging from 5 to 100 uL L™, equivalent to 0.005-0.1 of field application rate. The treated plants were
transferred to clean fresh growth medium for a 7-day period to observe the plants recovery. The exposure to herbicide sig-
nificantly reduced the growth rate and the biomass of common duckweeds (L. minor), lowered the content of photosynthetic
pigments and induced membrane lipid peroxidation. After the transfer to fresh, clean growth media, the plants exposed to
concentrations higher than 50 uL L~! of herbicide showed no potential to recover. L. minor exposed to relatively low levels
of herbicide (below 50 uL L~!) showed a potential to recover their new fronds production: the relative growth rate in the
recovery phase was higher than in the exposure period. However, after the recovery phase, the final biomass of the exposed
plants was below initial values. Exposure to the herbicide-induced membrane lipid peroxidation (measured as the concentra-
tion of malondialdehyde). Thus, plants failed to recover their membranes during the recovery phase and a further increase

in the concentrations of malondialdehyde was observed.
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Introduction

Sulfonylurea herbicides are widely used since their dis-
covery in 1975. As the main reasons for rapid commercial
acceptance of selective post-emergence sulfonylurea herbi-
cides are listed very low application level (10-15 g a.i. ha™"),
good weed control and crop selectivity, and relatively low
toxicity to animals (Brown and Cotterman 1994). The sulfo-
nylurea herbicides strongly inhibit the synthesis of acetolac-
tate synthase (ALS), i.e., the key enzyme of branched-chain
amino acid (valine, leucine and isoleucine) biosynthesis
(Schloss 1990). These herbicides can pose a risk to living
organisms even at very low concentrations. It was observed
that even herbicide application at a rate of 1% of the recom-
mended field dose might adversely affect non-target plants
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(Boutin et al. 2000). Amidosulfuron is a broad-spectrum
post-emergence herbicide used for broad-leaved weeds con-
trol in cereal crops (spring and winter wheat, barley and rye).
The effects of amidosulfuron on higher terrestrial plants are
quite well studied. It has been shown that it reduces plant
growth, affects morphology and reproduction, and reduces
the content of photosynthetic pigments (Kudsk and Mathi-
assen 2004; Zaltauskaité and Brazaityté 2013; Saja et al.
2016).

Following agricultural application herbicides can reach
adjacent surface waters through spray drift, leaching and sur-
face runoff. As sulfonylureas are highly water soluble (low
K., after agricultural application, they can easily reach
surface water bodies as well as leach to groundwater. Low
sulfonylurea herbicide levels (> 1 ng L™!) were recorded in
different surface waters (Battaglin et al. 2000; De Lafontaine
et al. 2014) and at concentrations in the range of uL L™! they
were reported to be highly toxic to algae and periphyton
(Degenhardt et al. 2010). Amidosulfuron and its degrada-
tion products were found in surface and drainage water (up
to 0.31 pg L' of amidosulfuron) after herbicide spraying
and 1 year after application in experimental barley plot in
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Norway (Almvik et al. 2011). The highest concentrations in
water were recorded at the first significant flow event after
application of herbicides. Amidosulfuron has been repeat-
edly detected in drainage water in Denmark (Kjer et al.
2007), catchments in Sweden (Kreuger et al. 2010) with a
maximum concentration of 0.11 pg L™,

In aquatic ecosystems the primary target of herbicide
action is primary producers. In most cases aquatic plants’
physiology and reproduction are adversely affected by the
sulfonylurea herbicides (Frankart et al. 2003; Eullaffroy et al.
2007). Duckweeds (Lemna sp.) are widespread, fast-growing
free-floating monocot macrophytes which are widely used as
standardised aquatic test organisms in toxicity testing. How-
ever, most studies were aimed to analyse herbicide-induced
toxic effects and only a few studies have examined Lemna sp.
recovery after exposure to heavy metals (Drost et al. 2007)
and pesticides (Brain et al. 2012; Teodorovi¢ et al. 2012).
Recovery is defined as the return of an impacted population
or community to its pre-disturbance state or range of control
systems (Gergs et al. 2016). The main determinants of recov-
ery potential are chemical toxic mode of action, duration
and magnitude of exposure, organism’s ability to metabolize
and detoxify the chemical, and species tolerance. Given that
herbicides are usually released to surface waters in pulses
varying in duration and magnitude between which recovery
can occur, it is important to understand the recovery poten-
tial of different species after their exposure to herbicides
to predict the viability of populations and possible changes
in communities’ structure. The aim of this research was to
evaluate herbicide Sekator OD impact on the growth and
physiology of common duckweed (Lemna minor L.) and
to determine the recovery potential of Lemna minor after
exposure to the herbicide.

Materials and methods

Common duckweed (Lemna minor L.) was originally col-
lected in the pond at Kaunas Botanical Garden and grown in
laboratory at Vytautas Magnus University. The stock culture
of L. minor was grown at 24 °C+2 °C (16:8 h light:dark
cycle) in a modified Steinberg medium (3.46 mM KNOj;,
1.25 mM Ca(NOs),, 0.66 mM KH,PO,, 0.072 mM K,HPO,,
0.41 mM MgSO,, 1.94 uM H;BO;, 0.63 uM ZnSO,, 0.18 uM
Na,MoO,, 0.91 uM MnCl,, 2.81 uM FeCl;, 4.03 uM EDTA
(ISO 20079).

Herbicide toxicity study was performed using a commer-
cially available Sekator OD 375 (Bayer CropScience) herbi-
cide. Sekator OD 375 is composed of two active compounds
[amidosulfuron (9%) and iodosulfuron methyl, sodium salt
(2.2%)] and herbicide safener mephenpyr diethyl (22%).
Both active compounds (amidosulfuron and iodosulfu-
ron methyl, sodium salt) act by inhibiting the synthesis of
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acetolactate synthase (ALS). The plants were exposed to
5, 10, 25, 50, 75, 100 uL L™" of herbicide (i.e., 0.005-0.1
field application rate) in the growth medium of L. minor.
The experiment was performed in three replicates per
concentration.

The bioassays with L. minor were conducted in accord-
ance with OECD Guideline 221 (2004); the experiment con-
sisted of 7 days of exposure phase and 7 days of recovery
phase. For the exposure phase, 40 double-fronded healthy
L. minor colonies were placed to each test beaker with dif-
ferent concentrations of herbicide. After the exposure phase
(7 days), 20 double-fronded L. minor colonies from each
beaker were transferred to new test beakers with fresh clean
Steinberg growth medium. The recovery phase lasted 7 days.
Both the exposure and the recovery phases were conducted
under static conditions (without medium renewal) and in the
same environmental conditions at 24 °C+2 °C with 16:8 h
light:dark cycle.

Herbicide toxicity to L. minor was evaluated using the
following endpoints: fronds number, dry weight, content of
photosynthetic pigments (chlorophyll a, b and carotenoids),
and lipid peroxidation. Fronds were counted every day,
counting all visible new fronds. All other parameters were
measured two times: at the end of the exposure (after 7 days)
and recovery phases (after 14 days). The plants were consid-
ered to have recovered when the values of endpoint reached
the level of the control.

The relative growth rate (during the exposure and recov-
ery phases) was calculated with measured fronds number
(N) at day ¢, (last day) and at day ¢, (start of the experiment)
according to the following equation:

IH(N,I) — 1n(N,0)

r

P—, ey

The relative growth rate was calculated for the expo-
sure and recovery phases (7 days duration), and day-to-day
growth rate (every 24 h) was calculated for the recovery
phase to investigate the fronds production dynamics.

For the determination of the dry weight, the plants were
dried at 60 °C for 48 h up to a constant weight. The con-
tent of the photosynthetic pigments in plant tissue extract
(in 100% acetone) was measured spectrophotometrically
according to Von Wettstein (1957). Lipid peroxidation was
evaluated as the concentration of malondialdehyde (MDA),
the by-product of lipid peroxidation, and it was determined
according to Buege and Aust (1978).

A one-way ANOVA was used to assess the herbicide
concentration effect on estimated endpoints. Significant
differences between controls and herbicide treatments were
determined by the Dunnett’s test. The differences between
the treatments were determined by Student’s ¢ test. All the
differences were considered to be significant at p < 0.05.
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Effective concentrations (EC) values were calculated using
three parameter log-logistic dose—response model (Ritz and
Streibig 2005). Regression analysis was used to detect the
relationship between herbicide concentration and estimated
endpoints. R version 2.15.2 (R Development Core Team
2004) and Statistica software were used for the statistical
analysis.

Results

The control plants growth rate ranged from 0.275 to
0.314 day~! during the exposure and recovery phases, i.e.
the validity criteria was met. A highly significant effect of
the herbicide on the relative growth rate of L. minor was
observed (F=1123.95, p<0.001), and L. minor grew slower
in all the treatments with herbicide compared to control
plants (Dunnett’s test, p <0.01) (Fig. 1a). The exposure to
low levels of herbicide (5-10 uL L™!) resulted in 9.6-11.1%
lower growth rate of L. minor compared with the growth
of control plants (p <0.05). The increase in herbicide con-
centration up to 50 puL L™! evoked a very sharp decrease in
the growth rate compared to control (by 81.8%). An inverse
linear relationship between 7-day L. minor growth rate and
herbicide exposure concentration was detected (r=—0.96,
p<0.001). Estimated value of 7-day ECs, for growth rate
was 28.87+1.30 uL L',

After transferring L. minor fronds to the fresh growth
medium for recovery, recovery in new fronds production was
apparent in the treatments with 5-50 uL L~! of herbicide
(Fig. 1b). The plants pre-exposed to the highest levels of
tested herbicide (75-100 uL L™") produced no fronds indi-
cating irreversible toxicity to fronds production. Herbicide
had a significant effect on L. minor relative growth rate in
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the post-exposure period, i.e. recovery period (F=246.38,
p <0.01) and duckweeds in all the treatments grew slower
than in control (Dunnett’s test, p <0.01). The growth rate of
L. minor during the recovery phase significantly decreased
along with herbicide concentration to which the duckweeds
were exposed (R*=0.94, p<0.001).

When herbicide pre-exposed plants were transferred to
fresh medium, L. minor started to produce new fronds more
effectively than in the exposure phase. The growth rate of
L. minor previously treated with 5-50 uL L™! of herbicide
within the 7-day post-exposure period was by 4—63% higher
than during the exposure phase, though the significant dif-
ference was only observed in the treatment with 25 uL L™
(» <0.05). However, L. minor growth rate during the recov-
ery phase did not manage to reach the growth rate level of
control.

Seeking to examine the dynamics of fronds production
within the recovery period in more details, the day-to-day
growth rate—every day in comparison with the previous
day, i.e., for every 24 h, was analysed (Fig. 2). A significant
effect of the herbicide concentration during the exposure
phase on the day-to-day growth rate during the recovery
phase was found (F>7.70, p<0.01). The most intense
growth was observed at the second day of recovery period
(between 24 and 48 h), and this was apparent in all the
treatments. Thereafter, the growth rate began to decrease,
and the growth rate of L. minor exposed to low herbicide
concentration reached the level of the control. The big-
gest differences between the growth of control and herbi-
cide pre-exposed plants were observed at the beginning of
the recovery phase. During the first 48 h of the recovery
period, the relative day-to-day growth rate of control plants
exceeded the growth rate of plants pre-exposed to herbi-
cide, however, the differences were insignificant in the case
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Fig. 1 The relative growth rate of Lemna minor exposed to different concentrations of Sekator OD375 for 7 days (a) followed by a 7 day recov-
ery phase (b). The same letters indicate no significant difference between treatments
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Fig.2 The day-to-day growth rate (at 24 h intervals) of L. minor pre-
exposed to different concentrations of herbicide Sekator OD375

of the lowest concentrations (5-10 uL L™") (Dunnett’s test,
p>0.05). The 24 h and 48 h day-to-day growth rate of duck-
weeds previously exposed to 25 and 50 uL L~! was lower by
36.00-64.12 and 86.30-91.45%, respectively, as compared
with the control plants. The differences between the day-to-
day growth rates of control and pre-exposed plants declined
with the increasing duration of the recovery period, and
no statistical differences were observed after 120 h of the
recovery period (p > 0.05). Such a trend indicated a recovery
potential.

Lemna minor exposure to low herbicide concentrations
(5-25 pL L7Y) led to a slight increase in dry biomass dur-
ing the exposure phase (Fig. 3), although the changes were
statistically insignificant (p > 0.05). Our observations indi-
cate that L. minor exposed to low herbicide concentrations
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produced fewer fronds, although they were of higher bio-
mass. A further increase in herbicide concentration resulted
in a decrease in dry biomass of L. minor, the highest tested
concentration frond biomass being by 17.87% lower than in
the control.

During the recovery phase, it was observed that the bio-
mass of pre-exposed L. minor remained lower than the bio-
mass of control plants (p <0.05), excluding the lowest con-
centration treatment. Moreover, at the end of the recovery
period, the weight of plants pre-exposed to 10—-100 pL L™
of herbicide was significantly lower than the weight after
the exposure. So, after transferring the colonies to fresh
medium, a further decrease in biomass was observed despite
the recovery of new fronds production (Fig. 1). Addition-
ally, dry biomass of L. minor decreased along with herbi-
cide concentration (R*=0.66, p <0.001) during the recovery
phase and the biomass of L. minor pre-exposed to the high-
est tested concentration (100 pL L~!) was twofold lower that
of the control plants.

Herbicide treatment significantly affected the content
of chlorophyll a (ANOVA, F=19.22, p<0.05) (Fig. 4).
Low herbicide concentrations (5-25 pL L~ induced
a slight increase in the content of chlorophyll a, while a
sharp decrease in chlorophyll a content was recorded in the
treatments 50—-100 pL L=, The content of chlorophyll a
in L. minor exposed to 100 pL L~! herbicide decreased by
38.55% compared to the control level. Chlorophyll a con-
tent decreased along with the concentration of herbicide
(R*=0.80, p<0.001).

The changes in the content of chlorophyll a during the
recovery phase were in the same manner as in the expo-
sure phase (Fig. 4). There was a highly significant effect of
herbicide concentration on the chlorophyll a content dur-
ing the post-exposure period (F=62.79, p <0.001), and
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Fig.3 The dry weight of L. minor exposed to different concentrations of Sekator OD375 for 7 days (a) followed by a 7 day recovery phase (b).

The same letters indicate no significant difference between treatments
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Fig.4 Content of photosynthetic pigments in L. minor exposed to different concentrations of herbicide Sekator OD375 for 7 days followed by a
7-day recovery phase. The same letters indicate no significant difference between treatments

Table1 Content of MDA in L. minor exposed to different concen-
trations of herbicide amidosulfuron for 7 days followed by a 7 days
recovery phase

Herbicide concentration MDA concentration (nmol g‘1 FW)

(LL™
Exposure phase Recovery phase

Control 18.20+1.75 20.69+0.51

5 15.02+0.21 20.60+0.65

10 17.56+0.93 17.70+0.02
25 17.67+1.09 19.37+0.52
50 18.41+0.47 28.16+2.41*
75 19.39+0.16 34.80+2.18*
100 21.75+1.32 35.39+2.11*

*Significant differences (p <0.05) between the treatment and the con-
trol (Dunnett’s test)

the chlorophyll a content decreased as a function of her-
bicide concentration during the exposure phase (R>=0.83,
p <0.001). In addition, after the entire recovery phase, the
chlorophyll a content in herbicide pre-exposed plants was
lower than that during the exposure period. These findings
indicate that L. minor did not fully recover chlorophyll a
content within 7 days after the exposure period had ended.

The data of the concentrations of chlorophyll » and
carotenoids after the plants treatment with herbicide were
very scattered and there was no clear dependence on the
herbicide concentration (ANOVA, chlorophyll b F=16.28,
carotenoids F=4.10, p <0.05) (Fig. 4). The content of chlo-
rophyll b and carotenoids during the recovery phase reached
the level of untreated plants, which indicated a considerable
recovery.

Membrane lipid peroxidation was evoked due to plants’
exposure to herbicide (Table 1). A significant effect of herbi-
cide on MDA concentration was found (F=4.06, p <0.05),
and MDA concentration in plant tissues increased along
with herbicide concentration (R*=0.56, p <0.05). During
the recovery phase, the MDA concentration further signifi-
cantly increased (by 1.7-fold) indicating irreversible changes
in membranes. Moreover, the significant increase in MDA

level within the recovery period implies that harmful reac-
tive oxygen species are present in the cells. Induced oxida-
tive damage may lead to the reduction of growth, biomass,
productivity or may evoke the death of plants. A signifi-
cant relationship was detected between MDA content in
the tissues and dry weight of L. minor both for exposure
(r=-0.78, p<0.05) and recovery (r=—0.75, p<0.05)
phases suggesting that induced oxidative stress inhibits plant
growth and may lead to reduced reproduction or yield.

Discussion

Common duckweed (L. minor L.) showed a strong response
after the treatment with herbicide Sekator OD375. The expo-
sure to herbicide significantly reduced L. minor growth rate,
plant biomass and the content of photosynthetic pigments.
New fronds production (as growth rate) was the most sen-
sitive endpoint. Amidosulfuron (the main component of
Sekator OD375) toxicity towards aquatic plants is very high;
EFSA reported 7-days ECs for relative growth rate and
the biomass of L. gibba to be at 9.2 ug L™! (EFSA 2007).
Reported ECs, for relative growth rate for iodosulfuron
methyl, sodium salt was even lower, i.e., 1.34 ug L' (EFSA
2016). However, the sensitivity of L. minor and L. gibba to
these compounds may differ as these species exhibit differ-
ent sensitivity to other herbicides. L. gibba showed higher
sensitivity to urea herbicide diuron than L. minor (Burns
et al. 2015). Our data suggest that formulated Sekator OD
is only slightly less toxic than its active substances. Com-
parison of aquatic toxicity of ten different technical and for-
mulated herbicides, showed that herbicide formulation did
not enhance their toxicity to aquatic plants by more than a
factor of approximately two (Cedergreen and Streibig 2005).

Common duckweeds pre-exposed to low levels of her-
bicide showed a potential to recover, however, their growth
rate has not reached the control’s growth rate. In general,
the plants need more time to recover with higher exposure
concentrations or a longer exposure period. As the day-to-
day growth rates after 5 days of the post exposure (recovery)
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period were close to that of control plants (Fig. 2), it clearly
indicates the evident recovery of new fronds production.
However, at the end of the recovery phase, the relative day-
to-day growth rate slightly decreased, which may be related
to the increased L. minor density (Driever et al. 2005). We
may presume that a 7-day recovery period is insufficient to
fully recover the production of new fronds and the plants
need more time to recover their physiology. It was reported
that exposure to higher sulfonylurea herbicides concentra-
tions (continuous or pulse) have caused longer lag periods
for recovery of new fronds production (Mohammad et al.
2006, 2010; Rosenkratz et al. 2013). Burns et al. (2015)
observed that L. minor and L. gibba were able to restore their
new fronds production and biomass after the exposure to low
levels of diuron. However, even after a relatively short term
of exposure, plants need a more prolonged period to recover
their growth. It was recorded that L. minor plants exposed
for 10 days to herbicide norflurazon recovered their growth
rates (10-500 ug L™}, 6-day ECs524.9+4.1 ng L) only
after 28 days (Wilson and Koch 2013).

Mohammad et al. (2008) examined Lemna sp. ability to
recover their growth rate after the treatment with herbicides
with different modes of action. They found that sulfonylu-
reas showed the highest toxicity among other herbicides
(such as triazine, urea, thiocarbamate, etc.), but plants
recover more quickly than from other types of herbicides.
Boxall et al. (2013) found that pulsed (2 and 4 days) and con-
tinuous (42 days) L. minor exposure to metsulfuron-methyl
resulted in a very similar effect, while pulse exposure to
isoproturon (photosystem II(PSII)-inhibiting herbicide) had
a less adverse effect than the continuous ones. This phenom-
enon was explained by the fact that the restoration of amino
acid synthesis and cell division (the targets of sulfonylu-
reas) needs a lag period while the recovery of plants from
PSII-inhibiting herbicides is relatively rapid. A very simi-
lar L. minor growth rate response to 3 h pulsed and 4-day
metsulfuron-methyl exposure was recorded by Cedergreen
et al. (2005), the recovery L. minor after pulsed exposure
being observed only after 4 days. Despite a relatively slow
L. minor growth rate recovery after the exposure to ALS
inhibitors, it can be presumed that after a longer recovery
period, herbicide pre-exposed L. minor could show growth
rates close to control level.

The changes in the biomass and other endpoints during
the post-exposure period were in different manner than that
of the growth rate. After transferring the colonies to fresh
medium, a further decrease in biomass was observed. This
indicates that after the exposure to herbicide Sekator OD375
L. minor did not manage to gain their biomass and recover,
despite a slight recovery of new fronds production. L. minor
plants were shown to be able to recover their biomass after
short (3 days) and longer (7 days) exposure to atrazine, and a
recovery was recorded after the 6 days of the recovery period
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(Teodorovi¢ et al. 2012). Sulfosulfuron (0-10 pL L") had
mostly no significant effect on Glyceria maxima, Lagarosi-
phon major and Myriophyllum spicatum dry weight meas-
ured 70 days after the exposure period had ended (Davies
et al. 2003). The studies with terrestrial non-crop plants
showed that plants were able to recover their biomass after
the treatment with herbicides, although the recovery poten-
tial was species, development stage and environmental con-
ditions dependent (Riemens et al. 2009).

Notwithstanding that sulfonylureas are ALS inhibitors,
and photosystem is not primary site of their action, her-
bicide significantly affected the content of photosynthetic
pigments during the exposure phase (Fig. 4). Low Sekator
OD concentrations induced some increase in chlorophyll a
concentrations and it might be explained by the hormetic
response. Induction of hormesis by sulfonylureas in L. minor
was recorded by Cedergreen et al. (2007), though the fre-
quency and magnitude of hormesis is species, endpoint- and
contaminant-dependent (Calabrese and Blain 2005). Chlo-
rophyll a exhibited the highest sensitivity to Sekator OD
compared to chlorophyll b and carotenoids, and L. minor did
not recover chlorophyll a content during the post-exposure
period. In contrast, chlorophyll » and carotenoids content
during the recovery phase reached the level of untreated
plants, which shows that a considerable recovery process
was taking place. A different pattern of the chlorophyll a
and b recovery might be explained by the reactions of the
chlorophyll cycle (Riidiger 2002). The decrease in chloro-
phyll content in Lemna spp. exposed to various herbicides
was recorded in numerous studies (Geoffroy et al. 2004;
Olette et al. 2008). The data on the impact of ALS inhibi-
tors on the content of photosynthetic pigments in plants are
very controversial. Cedergreen et al. (2004) reported that
chlorophyll a content in aquatic plants was not impaired by
metsulfuron-methyl. Turgut et al. (2003) reported that four
different sulfonylureas herbicides had reduced the content of
chlorophyll a, b and carotenoids in Myriophyllum aquaticum
plants. Chlorophyll a content was also adversely affected
in the submerged macrophytes C. demersum, V. natans
and E. nuttallii after their exposure to bensulfuron-methyl
(Huiyun et al. 2009). Wheat Triticum aestivum treatment
with chlorimuron-ethyl caused significant damage to chlo-
rophyll accumulation in seedlings (Wang and Zhou 2006).
The impact of ALS inhibitors on the photosystem could be
explained by the fact that these compounds induce soluble
carbohydrates and starch accumulation which in turn inhib-
its photosynthesis via sugar feedback mechanism (Zabalza
et al. 2013). However, the effect of ALS inhibitors on the
photosynthesis could only be seen within several days (Cobb
and Reade 2010). Our results support the data of other stud-
ies reporting that the exposure to ALS inhibitors severely
reduces the growth rate of L. minor, whose recovery is long,
though the impact on the content of photosynthetic pigments
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is less pronounced and the recovery is quite fast (Ceder-
green et al. 2005). As most studies analyzing the recovery
of Lemna spp. from herbicides exposure focus only on the
recovery of new frond production or biomass, we cannot
compare them to our results regarding the changes in pho-
tosynthetic pigments concentrations. However, Wilson et al.
(2006) examined norflurazon effect on aquatic macrophyte
Vallisneria americana and reported the restoration of leaf
greenness to control levels, which indicates that a recovery
process was in progress. As no clear recovery in chloro-
phyll a (except for the low concentrations) was observed,
it is consistent with the results of biomass, which did not
recover either. The recovery in chlorophyll a in the treatment
with the lowest level of herbicide was translated to biomass
growth. However, a slight recovery in photosynthetic activ-
ity in other concentrations was insufficient to recover the
biomass.

During the 7-day recovery phase, a further increase in
MDA content was observed. MDA is a breakdown product
from membrane’s lipid peroxidation induced by reactive
oxygen species (ROS). Thus, the increase in MDA level
in L. minor tissues might indicate the presence of harmful
reactive oxygen species and oxidative damage. An evoked
oxidative stress may lead to the reduction of the growth rate,
biomass, reproduction or may cause the death of plants. This
was proved by a significant relationship between MDA con-
tent and L. minor dry weight.

Our results indicate that different endpoints have a diverse
potential to recover. Sobrero et al. (2007) reported that after
the treatment with glyphosate, L. gibba recovered its growth
rate, though the effects on the other parameters (frond
growth, frond number per colony, root length and total chlo-
rophyll content) remained the same or even decreased. Thus,
the measurement of potential recovery cannot be based on a
single particular endpoint.

Conclusions

The study examined the herbicides’ impact and recovery
potential of non-target aquatic macrophyte Lemna minor.
The herbicide exposure reduced the growth rate (measured
as frond number) and dry weight of L. minor, impaired the
content of photosynthetic pigments and induced lipid peroxi-
dation. Our results indicate that duckweeds exposed to low
levels of herbicide have a potential to recover their new frond
production, although the growth rate did not fully reach the
control level during the 7-day post-exposure period. The
results demonstrate that the recovery of the growth rate was
initiated, and after a more prolonged recovery period the
growth rate may reach the growth rate of untreated plants.
After the treatment with herbicide L. minor plants did not
manage to recover their biomass and lipid peroxidation. The

response of photosynthetic pigments was different—the
content of chlorophyll @ was not recovered, although the
chlorophyll b and carotenoids showed a moderate recovery.
However, in this study the time needed for a full recovery
was not determined.

The study shows that aquatic plants potential to recover
from the herbicides exposure should be studied deeper. A
further analysis in the impact of ALS inhibitors on the oxi-
dative stress and recovery patterns, in terms of the length
of exposure and recovery phases, might be very useful for a
more realistic environmental hazard assessment. The results
show that recovery studies could help to predict more accu-
rately possible ecological effects. As well, the recovery stud-
ies could be included in an environmental risk assessment.
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