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Abstract: Heavy metal contamination of soil is a persistent environmental problem. 
One of the solution is soil phytoremediation – the ability of several plant species to clean the soil
from contaminants. Hemp (Cannabis sativa L.) for industrial use is a good candidate for this purpose 
due to multiple-use and tolerance to heavy metals. This experiment is focused on examining 
the phytotoxic effect of landfill leachate on growth and development of two cultivars of industrial 
hemp in the hydroponic culture. Length of roots and shoots, number of nodes, photosynthetic 
efficiency and overall viability of the plants were measured. Significant differences were found 
between the experimental groups. Results suggest that Cannabis sativa L. is indeed a heavy 
metal-tolerant plant species. Variety-related sensitivity to heavy metals is to be considered. 
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INTRODUCTION
Pollution of agriculturally used areas, especially by heavy metals is a persisting issue and still 

one of the major challenges for food production, environmental institutions and public health
(Linger et al. 2002, Jarup 2003). In recent years, phytoremediation has become one of a worldwide 
accepted solutions for cleaning up the soil in contaminated sites, thanks to the potential of several 
plant species to bioaccumulate contaminants (Prasad 2003).

Hemp (Cannabis sativa L.) is a multiple-use plant providing raw material for the production 
of natural fiber, insulating board, rope, oil, varnish and paper. It can be widely employed in many 
types of non-food industries, as it is suitable for growing in polluted regions thanks to high tolerance 
of contamination. Being a tall plant, growing fast and easily in dense stands and producing 
a high above ground biomass makes it also a good candidate for accumulation of heavy metals,
phytostabilization and soil phytoremediation. Unlike another plants used for phytoremediation, 
it provides additional end uses (Angelova et al. 2003, Citterio et al. 2003, Girdhar et al. 2014).

Hydroponic culture can be used extensively to determine the phytotoxic effects of trace metals, 
while plants should be grown in a dilute solution which mimics the soil solution to gather some 
reliable data on the relationship between growth depression and the concentration of the toxic metal 
in solution (Kopittke et al. 2010). 

This paper investigates the effect of landfill wastewater (leachate) on growth and development 
of two cultivars of industrial hemp in an experimental hydroponic culture. Plant viability, shoot length, 
number of stem nodes, photosynthetic efficiency and length of the roots were evaluated.
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MATERIALS AND METHODS

Setup of the experiment
Two hemp cultivars (Cannabis sativa L.) were chosen for this experiment – Bialobrzeskie, 

a Polish variety registered in 1968 and Monoica, a Hungarian variety registered 
in 2006 (Bjelková 2011). Seeds provided by institute Agritec Plant Research, Ltd., Šumperk, 
(Czech Republic) were sown into plastic trays with perlite (AGRO CS Inc., Czech Republic) 
and left to germinate with regular watering in the greenhouse. The photoperiod was set at 16 hours 
of light per day. After several days, about 2–3 cm big seedlings were transferred to an experimental 
hydroponic culture. The plantlets were put into small, conically shaped plastic tubes with gaps
for roots on the bottom. The roots were put through the gaps to be submerged into a solution. 
Tubes with plantlets were set within a tray on top of several opaque plastic boxes with a volume 
of 2 litres. Each box contained approximately eight plants. There were totally four experimental 
groups in thirty-two hydroponic boxes, while every group contained eight boxes – Monoica 
and Bialobrzeskie cultivars irrigated with standard nutrient solution in first two groups as a control, 
then the same two cultivars irrigated with leachate admixture in the second two contaminated groups.
Plants grew in a conditioned greenhouse during a prolonged photoperiod with 18 hours of light 
per day and with the temperature regime set not to fall below 25 °C. Total duration of the experiment 
was 7 weeks.

Nutrient solution composition and measured parameters
Standard water soluble fertlizer Peters Professional M-77 (Everris International B.V.) 

in a solution of 0.4 g/l was used to provide nutrition for hemp plants in control groups. 
For the contaminated groups, 15% of landfill leachate containing heavy metals from the location 
Zdounky-Kuchyňky (49.2490778N, 17.3121181E) was mixed with the original solution. 
In both groups, the solution was replaced with a fresh one every two weeks. 

On the first day of every week, the stem length and number of nodes in plants were measured 
with a common millimetre scale. Overall root length was measured every two weeks 
as well as photosynthetic efficiency – quantum yield of photosystem II was measured by FlourPen 
FP 100 (Photon Systems Instruments Ltd.).

Data of all the parameters were evaluated in Microsoft Excel software, statistical differences 
were tested by one-way ANOVA „F“ 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.

RESULTS AND DISCUSSION
According to expectations, the plant growth in groups treated with wastewater was severely 

inhibited, at least during the first five weeks of the experiment. Lesser average root and shoot length 
in both hemp cultivars can be observed (Figure 1). In some previous bioassays in soil, heavy metals 
were reported to adversely affect the plants growth, both for roots and shoots (Amin et al. 2013). 

Figure 1 Growth curves of morphological parameters for both cultivars of hemp

Legend: a) average stem length for every week, b) overall length of the roots
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Interestingly, Bialobrzeskie cultivar started to exhibit different behaviour in terms of growth 
response to stress in the sixth week of the experiment. It seems that the shoot growth was not anymore 
inhibited by heavy metals contained in the leachate. During the seventh week, average stem length 
in this group got close to the levels of healthy, non-contaminated Bialobrzeskie group and was even 
significantly higher compared to Monoica cultivar in the leachate (P = 0.0407). During the fifth week 
of measurement, average shoot length was significantly lower in the groups with leachate 
for Monoica (P = 9.82 × 10-11) as well as for Bialobrzeskie (P = 3.76 × 10-10).

Regarding the length of roots, no statistically significant differences were found between 
the experimental groups. Similar behaviour of hemp roots subjected to cadmium, nickel and chromium 
was observed in a study by Citterio et al. (2003), although the experiment took place in a soil,  
not in a solution culture and heavy metal concentrations were few orders higher. 

Of course, it is important to note that the data for contaminated groups do not represent 
all the plants from the original setup, because in both cultivars there was a high mortality rate, most
likely due to other, potentially toxic chemicals contained in the leachate. Aside from heavy metals, 
considerable amounts of ammonia, chlorides and phenolic compounds are commonly reported 
in leachates from landfill sites and municipal waste (Osada et al. 2011, Silva et al. 2015). Ubiquitous 
contaminants, for example bisphenol A is known to interfere with nitrogen nutrition in the roots 
of legumes (Sun et al. 2013). For the control groups with nutrient solution, none or negligible 
mortality was observed, more likely to be attributed to the competition for nutrients. Again, the results 
are more interesting in contaminated groups, where in case of Bialobrzeskie variety 56% of the plants 
from the original setup survived in the end of the experiment, while there were only 39% surviving
within Monoica variety (Table 1).

Table 1 Comparison of viability between hemp cultivars in leachate

Cultivar
Bialobrzeskie Monoica

Weeks Healthy plants 
(%)

Plants withered 
(%)

Healthy plants 
(%)

Plants withered 
(%)

1 100 0 100 0
2 94 6 98 2
3 74 26 83 17
4 71 29 61 39
5 69 31 52 48
6 59 41 41 59
7 56 44 39 61

This together with the data for shoot length (Figure 1) can be considered another parameter 
suggesting the variety-given sensitivity to heavy metal contamination. In ecotoxicological bioassays 
including the effect of heavy metals on root length, differential sensitivity scale often occurs among 
not just species but cultivars (Crini et al. 2017).

High percentage of dead plants in this experiment may be related to the high 
concentration of heavy metals in the chosen solution and conditions, or other unknown compound.
However, also the oxygen availability, salinity and concentration of ions in the mixture of fertilizer 
solution with 15% of landfill leachate, which was used for the contaminated groups in this experiment 
is more likely to be considered. Previous analysis of undiluted leachate 
from Zdounky–Kuchyňky landfill used in this experiment reported the content of several heavy metals, 
mostly zinc (472.3 ± 3.3 μg/l), nickel (155 ± 8.84 μg/l), chromium (108.19 ± 22.3 μg/l),  
lead (15.26 ± 0.82 μg/l), trace amounts of arsenic (4.5 ± 1.27 μg/l), mercury (3.93 ± 2 × 10-4 μg/l)
and cadmium (0.518 ± 0.17 μg/l) in the samples (Vaverková et al. 2017). 

This would imply much lower resulting heavy metal concentration in the chosen 15% leachate 
solution. A study by Girdhar et al. (2014) has proven the high capability of Cannabis sativa L. 
for hyperaccumulation (up to 44 μg/g for zinc, 11 μg/g for nickel and 15 μg/g for chromium in shoots).
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But it is still necessary to bear in mind that phytotoxic effects on the same plant species may be vastly 
different depending on the contaminated environment, pH, interaction with other compounds 
and whether the roots are in a soil or an aquatic solution (Baker and Walker 1989).

For the nodal proliferation (number of stem nodes created), the results were mostly correlating 
with the data for shoot length. In the leachate groups, during the last week of measurement, 
significantly higher number of stem nodes was recorded in case of Bialobrzeskie cultivar 
when compared to Monoica (data not shown). Polish variety seemed to have a tendency to create more 
nodes generally also within control groups. Again, control groups overall exhibited significantly 
higher number of nodes compared to groups in landfill leachate. The inhibitory effect on stem nodes 
in the presence of lead in concentration of 50 mg/l was observed in one study on seagrass 
(Ambo-Rappe et al. 2011). Interestingly, completely contradictory results were found in a greenhouse 
experiment on potato conducted by Marofi et al. (2013), where the plants were in the soil 
and concentration of lead in wastewater used for irrigation was much lower (60 μg/l), but still higher 
than compared to current experiment with hemp. More likely, other factors than heavy metals play 
the role in this case.

The obtained results for photosynthetic efficiency appeared to be fluctuating during the weeks, 
but statistically significant differences in quantum yield of photosystem II (QY PS II) between 
the cultivars were found only during the very last week (Figure 2).

Figure 2 Quantum yield of photosystem II in different experimental groups of hemp

Legend: grey columns – Monoica control group, striped columns – Monoica leachate, white columns – Bialobrzeskie control, 
dotted columns – Bialobrzeskie leachate; Capital letters represent the statistical differences within the Monoica cultivar, 
while lower case letters represent the differences within Bialobrzeskie

On the other hand, only in the very first measurement week both varieties within the contro l 
group exhibited significantly higher QY PS II when compared to contaminated groups. Statistical 
significance was evaluated always only within given measurement week, between the cultivars 
and also between the solutions. It would seem that hemp plants in contaminated groups adjusted 
to the conditions without sacrificing the photosynthetic ability. Higher photosynthetic efficiency 
of Monoica cultivar during the last measurement may not have a necessary correlation with heavy 
metals, as it was also observed in control groups. It could be a result of other factors, 
such as genotype-specific traits related to senescence or nutrient requirements. On several occasions, 
lower concentration of heavy metals, especially cadmium was observed to actually increase 
the chlorophyll content in hemp, thus having a possible influence on photosynthesis, as observed 
in a study by Linger et al. (2005). 
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CONCLUSION
Phytotoxic effect of landfill leachate containing heavy metals on growth and development 

of two cultivars of industrial hemp was observed in an experimental hydroponic culture.
Morphological parameters, viability of plants and influence on photosynthesis were studied. 
Significant differences were found between the solutions and also between cultivars. Obtained results 
suggest, that cultivar Bialobrzeskie had a higher tolerance to the leachate, thus may be better suited 
for possible field application, but more comparable experiments are needed for validation. 
Furthermore, it seems that not only plant species, but also cultivars could be considered 
before the phytoremediation practices. In the future, more detailed and extensive experiments
in both hydroponic culture and soil, supported with the chemical analysis of heavy metals absorbed 
in plant tissue (roots and shoots) should be conducted to determine the real potential of hemp cultivars
for hyperaccumulation of heavy metals.
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