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Abstract: Effective application of phytoremediation practices requires understanding of physiological 
responses of various plant species to heavy metal contamination in different environments. Hemp 
(Cannabis sativa L.) as a multipurpose crop is a good model to study these processes thanks to it’s 
economical value and sturdiness. Two cultivars of industrial hemp exposed to landfill leachate 
containing heavy metals were grown in hydroculture during a time period of four weeks. 
Morphological characteristics, photosynthesis and content of pigments were evaluated. Both hemp 
cultivars seem to present a suitable plant species for phytoremediation practices, at least over a short 
time period and as long as leachate concentration stays low. 
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INTRODUCTION 
With an increasing focus on phyto-remediation options for landfill leachate, it is important to 

understand the responses of plant systems to landfill leachate stress. It is especially important to study 
the tolerant mechanisms of plant systems (Sang et al. 2010). The plants used in phytoremediation are 
generally annual herbs which don't have any economic value, but do have a very high extraction 
potential, namely hyperaccumulators (Linger et al. 2002). Selecting suitable plants tolerant to heavy 
metals and producing products of economic value may be a key factor in promoting the practical 
application of phytoremediation in polluted soils (Yang et al. 2017). 

Hemp (Cannabis sativa L.), a multipurpose annual herbaceous plant species which has wide 
range of applications has the potential to serve as phytoremedial agent for removal of toxic metals 
from contaminated sites as well as yields high biomass (Kumar et al. 2017).  The present study aimed 
to evaluate the response of two hemp cultivars to leachates of industrial solid waste in terms of root 
and shoot morphology, leaf area, photosynthetic efficiency and total content of chlorophyll and 
carotenoids. Plants were grown in an experimental hydroponic culture. 

MATERIAL AND METHODS 

Experimental setup 
Two cultivars of industrial hemp (Cannabis sativa L.) were used in this experiment: Monoica, 

a Hungarian cultivar registered in 2006 and Bialobrzeskie, a Polish cultivar registered in 1968 
(Bjelková 2011). Seed material was acquired from Agritec Plant Research, Ltd., Šumperk, Czech 
Republic. Firstly, sowing into separate plastic trays with perlite (Perlit Ltd., Czech Republic) took 
place, then hemp cultivars were left to germinate under standard conditions (16 hours of light per day, 
temperature 20–25 °C), with regular moistening of substrate included. After few days, 2–3 cm tall 
seedlings were uprooted from perlite and set into conically shaped plastic tubes that were placed in 
circular holes of a tray, which was on top of dark plastic boxes as a cover. Each box contained six 
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plantlets and the root system was put through the gaps on the bottom of tubes to be submerged into 
a nutrient solution. Four experimental groups in twenty-eight hydroponic boxes (seven boxes per 
group) were prepared this way for hydroponic cultivation: Bialobrzeskie and Monoica cultivars grown 
in Knop’s nutrient solution (Hradilík 1998) in first two experimental groups as a control, then the 
same two cultivars grown in Knop’s solution with 15% landfill leachate admixture, forming the 
second two, contaminated experimental groups. In addition, aeration of nutrient solution in every box 
was provided via system of air pumps, tubing and air stones, to ensure that the environment was 
aerobic enough. During experimental period of four weeks, plants were cultivated in a grow box (tent) 
under controlled conditions. with prolonged photoperiod (18 hours of light per day), humidity control, 
ventilation, air circulation and temperature regime set between 20–27 °C.  

Data acquisition and evaluation 
Shoot length was measured with a common millimeter scale, counting number of fully 

developed stem nodes was done as well. For these variables, data from three measurement points were 
taken: first one took place right at the beginning of an experiment as a zero state. The second 
measurement took place after two weeks of growth, and finally the third was done at the end of 
experimental period, four weeks from zero state. 

Overall root length, surface area and volume of root system, average diameter, total number of 
root forks and leaf area was measured at the same dates as shoot length. For these variables, 
destructive methods were used, so there was an objective selection of four plants well representing 
every trial group at every measurement point. Root parameters were evaluated via scanning device 
Epson Perfection V700 (Epson Inc., Japan) connected to a computer with WinRHIZO software 
(Regent Instruments Inc., Canada). Leaf area was recorded by using a scanner UMAX Astra 4700 
(UMAX Ltd., Germany), then the acquired images were evaluated by software Quick PHOTO 
MICRO 3.2 (PROMICRA Ltd., Czech Republic), leaf area expressed as a percentage of scanned 
surface. 

Photosynthetic efficiency expressed as a quantum yield of electron transport in Photosystem II 
was measured by FlourPen FP 100 (Photon Systems Instruments Ltd., Czech Republic). This variable 
was measured only twice, after two weeks and at the end of the experiment. 

The chlorophyll and carotenoid content in the leaves was determined only at the end of 
experiment. Fresh leaf samples (0.5 g) were homogenized using liquid nitrogen in a mortar and pestle, 
then acetone was added for extraction. The suspension was filtered using Morton filter system. The 
obtained filtrate was used to measure chlorophyll a, chlorophyll b and carotenoids with the 
spectrophotometer Spectronic 20 Genesys (Thermo Scientific). Three replicates were conducted for 
each variant and the level of chlorophylls and carotenoids was calculated from equations presented by 
Arnon (1949):  

Chl a = 12.70 A663 - 2.69 A645  
Chl b  = 22.90 A645 - 4.68 A663  
Car = 4.968 A440 - 0.268 . (ca + cb) 

where A is absorption of the solution at 663, 645 nm and 440 nm, Chl a is the concentration of 
chlorophyll a (mg/l), Chl b of chlorophyll b (mg/l), Car is the concentration of carotenoids (mg/l) and 
the total content of chlorophylls was calculated as the sum of chlorophyll a and chlorophyll b (mg/l). 
The results were expressed as mg/g FW (fresh weight). 

Data of all the parameters were statistically evaluated via software STATISTICA 12 (StatSoft 
Inc., USA). Significant differences were tested by one-way ANOVA and Tukey’s Post-hoc test or 
Kruskal-Wallis test at the level of significance α = 0.05. 

Results and outputs of this research were processed in the facilities and by instrumentation 
financed by project OP VaVpI CZ 1.05/4.1.00/04.0135. 
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RESULTS AND DISCUSSION 

Morphological parameters 
During the measurement after two weeks, it was clear that the average leaf area in contaminated 

groups is significantly smaller when compared to untreated control groups for both hemp cultivars. 
However, during the last measurement taken after four weeks, for Bialobrzeskie cultivar there was no 
significant difference between control and contaminated group (Figure 1). The very same pattern was 
observed for root length (Figure 1) and root surface (data not shown), which is known to have a stable 
correlation with leaf area under stressful conditions and mostly stays unaffected by availability of 
resources in the environment (Sadras et al. 1989, Cheng et al. 2016). 

Figure 1 Morphological parameters of hemp cultivars in control and contaminated groups 

Legend: a) leaf area; b) length of the roots. Capital letters represent the statistical differences among experimental groups 
for both parameters at the end of experimental period, while lower case letters represent the differences after two weeks, 
during the first measurement 

For other evaluated root variables, significant inhibition of root branching in Monoica cultivar 
exposed to leachate was observed at the end of experimental period. On the other hand, for 
contaminated group of cultivar Bialobrzeskie there was a significantly lower volume of root system 
compared to untreated control group (data not shown). Heavy metals contained in landfill leachate 
tend to primarily reduce the growth of root tip (main root), to lesser extent they reduce the lateral root 
zone and this may be even modified by presence and concentration of salts, as observed in an 
extensive study on maize (Zea mays L.) (Ivanov et al. 2003). Also various plant species and 
developmental phases respond differently to the presence of landfill leachate. Stimulation of root 
growth by lower concentrations of leachate, but severe inhibition by high concentration compared to 
control was recorded in a study on maize (Zea mays L.) (Sang et al. 2010) and cowpea (Vigna 
unguiculata (L.) Walp.) (Arunbabu et al. 2017). 

Also in case of stem length, the general observed pattern was that shoot growth was inhibited in 
presence of landfill leachate. Again, in this case for cultivar Monoica, significant differences were not 
observed at the end of experiment anymore (data not shown). General trend is in accordance with 
results of Vaverková et al. (2017), where landfill leachate containing heavy metals significantly 
inhibited growth of hemp seedlings. Different behaviour of Monoica cultivar can be explained by 
better adaptation, as previous studies testing phytoremediation potential show that industrial hemp is 
showing really variable biological responses depending on cultivar, as well as pollutants studied (Di 
Candito et al. 2004, Girdhar et al. 2014).  

Photosynthetic ability and content of pigments 
Results for quantum yield of electron transport in Photosystem II (ΦPSII) show that 

photosynthetic activity was mainly unaffected in the presence of leachate, with unusual observation at 
the end of experiment, where the QY of PS II for Bialobrzeskie cultivar was actually significantly 
higher in contaminated group than in untreated control (Table 1).  
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Table 1 Quantum yield of electron transport in Photosystem II for all experimental groups of hemp 
Experimental group ΦPSII ± SE 

First measurement Second measurement 
Bialobrzeskie control 0.719 ± 0.038 a 0.646 ± 0.027 b,c 
Bialobrzeskie leachate 0.639 ± 0.058 a 0.757 ± 0.014 a 
Monoica control 0.758 ± 0.006 a 0.691 ± 0.023 a, b 
Monoica leachate 0.671 ± 0.028 a 0.672 ± 0.026 a, b 
Legend: Values are expressed as relative numbers without units, they represent a ratio of fixed CO2 concentration to 
concentration of absorbed photons. Numbers are stated as the mean of the group with standard error of the mean (SE). 
Letters assigned to numbers stand for statistically significant differences between groups. 

That represents a seemingly contradicting behaviour, as it is known that heavy metals contained 
in landfill leachate have a proven inhibitory effect on electron transport processes and energy 
transformation in Photosystem II in a lot of plant species (Paunov et al. 2018). However, concentration 
of pollutants is crucial, and photosynthetic efficiency of hemp can remain unaffected if exposed to 
heavy metals in low concentration. It was also observed that ΦPSII oscillated during exposure, 
especially in relation with chlorophyll fluorescence (Linger et al. 2005). This can be attributed to 
a multitude of factors, as the leachate represents a potent mixture of chemicals (ammonia, carbon, 
humic acids, heavy metals, polychlorinated biphenyls), where adverse effects can be balanced by 
providing extra nutrition (Morozesk et al. 2017). It is especially worth noting, that control group of 
Bialobrzeskie cultivar exhibited signs of leaf chlorosis at the end of experiment, most likely due to 
nutrient deficiency, heat stress and reaching growth limits in given conditions, as on average this 
cultivar had significantly higher stem length than Monoica cultivar (data not shown). 

The effect of leachate treatment after four weeks on pigment content of hemp plants in 
hydroponic culture is shown in Figure 2. The result showed an increased in the chlorophyll a, 
chlorophyll b, total chlorophyll and carotenoid contents, except for chlorophyll a of Monoica cultivar. 
In case of Bialobrzeskie cultivar the chlorophyll a, chlorophyll b, total chlorophyll contents are up to 
2.5 times higher of leachate treated plants and carotenoid contents is up to 2 times higher. 

Figure 2 Content of pigments in hemp leaves after four weeks of leachate treatment 

Legend: a) content of chlorophyll ‘a’ and chlorophyll ‘b’; b) total content of chlorophyll and carotenoids. Capital letters 
represent the statistical differences among experimental groups for chlorophyll ‘b’ and carotenoids, while lower case letters 
represent the differences for chlorophyll ‘a’ and total chlorophyll 

Similarly, high chlorophyll content (213 and 230%) was reported in 30–40% leachate treatment in pot 
experiment of bread wheat (Triticum aestivum L.) as compared to control (Mor et al. 2013). The 
increase in the level of chlorophyll and carotenoid pigments was also showed in 5–20% leachate in pot 
experiment of pea (Pisum sativum L.) (Vishnoi et al. 2013). The increase in chlorophyll content at 
relatively low concentration of leachate and relatively short time period may be explained by hormetic 
effect, manifested as an overcompensation due to disruption of homeostatsis, which was described in 
relation to several chemicals. This effect was recorded in studies with peppermint (Calabresci 1999) 
and cucumber (Cargnelutti et al. 2006). The chlorophyll content in maize (Zea mays L.) seedlings 
varied as functions of leachate concentrations and exposure time. Furthermore, chlorophyll content 
inhibition occurred after long exposure times or high concentrations of leachate and might result from 
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the damaged defence system and consequent unbalanced metabolism (Sang et al. 2010). Similarly, the 
tested municipal solid waste leachate in wheat seedlings showed that at lower concentration levels 
supports chlorophyll synthesis, but at higher levels of contaminants, it reduced the biosynthesis of 
chlorophyll. Thus the physiological responses of wheat seedlings to the test sample could reveal the 
capability of plant systems to tolerate the environmental pressure from leachate (Awasthi et al. 2017). 
Further the effect of different concentrations of leachate on chlorophyll a, b and carotenoid contents in 
cowpea (Vigna unguiculata (L.) Walp.) was investigated and chlorophyll a and b exhibited a similar 
trend, where 0.5–5% leachate was stimulation, but at 25% leachate was inhibition on the chlorophyll a 
and b contents. Similar to chlorophyll, the carotenoid contents showed a gradual increase from 0.5–5% 
leachate treatment and may be attributed to the ability of the plant to counteract the toxic effect of free 
radicals generated under stress (Arunbabu et al. 2017). 

CONCLUSION 
Morphological characteristics (stem length and leaf area, root length, root surface and volume), 

photosynthetic activity and content of pigments (chlorophyll and carotenoids) were evaluated during 
experimental period of four weeks in two cultivars of industrial hemp grown in hydroculture affected 
by landfill leachate. Statistically significant effects for both hemp cultivars, in almost all measured 
variables were observed in groups contaminated by leachate. Physiological responses, adaptability and 
coping mechanisms with landfill leachate show considerable variability between hemp cultivars when 
considering morphological parameters, although results suggest that Bialobrzeskie cultivar is less 
directly affected by leachate overall. In general, hemp tolerates lower concentrations of landfill 
leachate well without sacrificing photosynthetic efficiency or production of pigments. Current results 
don’t provide definite answers to heavy metal tolerance and accumulation in hemp for a given 
experimental design, as other substances in leachate come into play. In the future, various 
concentrations of leachate and more hemp cultivars should be tested. 
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