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11.1 Introduction

The use of lignite as a source of energy is still valid in many countries of the world. This
causes a lot of disturbances in the ecology of the natural environment caused by, among
others operation of open-cast mines. Open-cast mining works lead to significant geome-
chanical transformations, to degradation of: the natural structure of the soil profile and
the layers of the natural cover of humus. This contributes to the disruption of natural wa-
ter relations, the quality and quantity of surface waters also change. Water must not
interfere with the mining process; therefore, it is necessary to perform drainage of the
excavation so as to lower the water level to the pit of the excavation.

Lowering the water level causes drying of watercourses and ponds as well as water
falling in lakes and wells. The areas adjacent to the excavation are also subjected to
drying. Post-mining lands for long years are excluded from agricultural use. The func-
tioning of the open pit also plays an important role in anthropogenic changes occurring
in the soil, causing huge negative transformations in the natural environment. Topsoil
(soil cultivation layer) created for thousands of years disappears and the anthropogenic
infrastructure is fundamentally changing, many villages and farms disappear and
enterprises are shutdown (Ma�nkowski et al., 2014).

High emission of contamination, mainly due to the developed industrial activity, is
characteristic for some areas of Europe. The contamination results from the combus-
tion processes of liquid fuels, coal and gas as well as mechanical, chemical and thermal
processing of the obtained mineral raw materials. The pollutants come mainly from
emissions of gases and dust to the atmosphere, containing in their composition, among
others, carbon monoxide and dioxide, sulphur dioxide, nitrogen oxides, as well as
fluorine compounds, sulphides, phenol, aliphatic and aromatic hydrocarbons, etc.

Dust pollutants are mainly: fly ash, dolomite-lime powders, metallurgical dusts with
a high content of toxic heavy metals such as: lead, cadmium, zinc, copper, iron,
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manganese, nickel, chromium, mercury, etc. Industrial pollution emitted to the sur-
rounding atmosphere, they get into the soil relatively easily, along with atmospheric
precipitation and dust fall. In the next stage during vegetation they are taken to plant
organisms, where they can become a source of danger for the human body, especially
when their level exceeds the acceptable standards (Kozłowski et al., 1991).

Abandoned post-mining areas, without plant cover, excluded from agricultural use,
are exposed to wind erosion with all negative effects, including blowing out and
blowing mineral material.

Picture 11.1 Backfilling of an open-pit mine.

11.2 Key issues in recultivation of polluted lands

The intense economic development that could be observed from the 19th through the
20th century has left its mark (stigma) on the condition and quality of the natural envi-
ronment. The development of industry and the exploitation of natural resources have
largely contributed to the degradation of the soil environment and its pollution.

Locating industrial centres was dependent on many factors. The most important of
them are:

• raw material base and raw material availability (e.g. occurrence of deposits);
• access to water;
• sales markets and employee qualifications;
• technical infrastructure;
• relevant legal regulations.

The development of industry was possible due to the presence of raw materials
(e.g. mineral resources, such as: coal, brown coal, ore of: iron, sulphur, zinc, copper,
rock salt, potassium salt, crude oil and natural gas), as well as a well-developed
hydrographic network. Forming industrial districts have become specialized in the
production of specific products. Each industry is characterized by a specific spectrum
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of pollution and the level of exposure of natural resources, environmental components
to specific anthropogenic threats: physical, biological or chemical.

One of the problems associated with industrialization is the degradation of soils,
often used previously in agriculture, caused by the lignite mining industry. Coal is
extracted after removing the soil overburden, which is a layer of soil with a thickness
of several dozen metres of rock material along with infrastructure, flora and soil. After
mining, a lifeless excavation remains, which is constantly filled with material from soil
overburden. After levelling the terrain, the layer that was below the surface is located
in the arable part. Such top layer is characterized by a trace of humus content and does
not have fully developed soil, i.e. a biologically active surface layer.

The problem of developing post-mining areas is a global problem. Lignite is
extracted on a large scale in Europe, Australia and the United States (Table 11.1).

In Poland, the area of degraded land currently exceeds 60,000 ha, of which only a
small part is recultivated annually. The main direction of remediation is agricultural
remediation (Table 11.2).

Phytoremediation is defined as the process of removing or detoxifying pollutants
from the environment using so-called higher plants. This technology is based on the
ability of certain species and varieties to tolerate high concentrations of toxic
compounds, uptake, accumulation and metabolism of these compounds in large
quantities in their own organs or to convert them into non-toxic compounds.

Agricultural remediation (remediation) is carried out through cultivation of plants
in the polluted areas, which after harvesting are used industrially for energy, food or
fodder purposes. These plants are often subject to diseases and pests, which is why
they are not a wholesome food for both humans and animals. Plant yields are low,
which affects the profitability of the crop. Acquiring low quality crops from degraded
areas does not accelerate their remediation.

Table 11.1 The main producers of brown coal in the world (million tonnes).

Country 2012 2013 2014 2015 2016

Germany 185.4 182.7 178.2 178.1 171.5

United States 71.6 70.1 72.1 64.1 66.2

Russian Federation 77.3 73.7 68.9 73.2 73.7

Poland 64.3 65.8 63.9 63.1 60.2

Turkey 68.1 57.5 62.6 50.4 50.4

Australia 71.4 62.3 60.5 65.4 59.7

World total 887.2 834.7 815.7 807.4 783.3

Based on: Prof. dr hab. Eng. Zbigniew Kasztelewicz. Report on the condition of the brown coal industry in Poland and
Germany, together with a diagnosis of activities for the development of this sector in the first half of the 21st century.
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Picture 11.2 Areas before starting the remediation process.

Picture 11.3 Areas before starting the remediation process.

Table 11.2 Devastated and degraded land requiring remediation and development as well as
land reclaimed and developed in Poland in the years 2000e2016.

Specification

2000 2005 2010 2015 2016

In hectares

Devastated and degraded lands 71,473 64,978 61,161 63,374 64,651

Land reclaimed during the year 2,235 1,861 1,222 1,807 1,449

Including: For agricultural purposes 456 555 634 1,262 925

Forests 1,345 608 440 282 282

Land developed within a year 1,222 1,132 581 855 587

Including: For agricultural purposes 254 374 299 627 367

Forests 830 266 212 98 137

Based on: Data of the Polish Ministry of Agriculture and Rural Development.
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The second important problem is the pollution of post-industrial areas with heavy
metals. The content of trace elements in soil can be shaped both by natural and anthro-
pogenic factors. The concentration of heavy metals in soils is conditioned and corre-
lated with many parameters, including with the content of humic compounds, pH, or
oxidation-reduction potential.

The first ones include, among others mineralogical composition of the parent rock
and the nature and development of soil-forming processes. Depending on the climate,
soil properties and geochemical properties of a given element, it undergoes leaching or
accumulation processes (Alloway, 1990; Kabata-Pendias and Pendias, 1999). Anthro-
pogenic factors that play the most important role in soil chemistry and their contami-
nation with heavy metals include industrial emissions and improper waste
management.

Anthropogenic emission of pollutants in relation to specific compounds is charac-
terized by a certain repeatability resulting from technological progress, widespread use
of specific technologies or installations. It is assumed, inter-alia, that the development
of certain industries fosters the emission and accumulation of specific types of pollut-
ants and substances that may cause pollution risks, including, among others, heavy
metals deposition.

Electroplating, production of dyes, batteries, accumulators, plastics and paints,
chemical industry, polymer stabilizers, production of plant protection chemicals, print-
ing, printing and graphic industries e they have an affinity to cadmium emission.

Production of dyes, accumulators, batteries, fertilizers, automotive, energy and
electrochemical industry, production of plant protection chemicals e contribute to
the emission increase of toxic products, including lead.

Emissions and soil pollution with chromium are accompanied by the functioning of
a galvanizing plant, tannery, wood impregnation plant, textile industry, printing and
printing companies as well as the production of dyes and plastics.

The metallurgical, dyeing and textile industries, as well as the production of plant
protection products and fertilizers, can be associated with increased copper contents in
soils.

Usually quicksilver emissions are associated with the production of batteries, phos-
phoric acid, caustic soda, the operation of pulp and paper mill, production of plant
protection products, production of metallic quicksilver, but also with hard coal-fired
combustion plants.

The production of fertilizers, paper industry, refineries, steel mills and galvanizing
plants can be a source of nickel emission to the ground.

Increased zinc contents in soil and ground are often correlated with the production
of batteries and paints, the textile industry, the production of plastics, polymer
stabilizers, graphic and printing plants.

Acidification of soils mobilizes and activates most heavy metals in the soil profile,
causing the activation of toxic trace elements, their leaching into waters and, as a
consequence, disturbance of the balance in the environment in the soil and water
environment (Kabata-Pendias and Pendias, 1993; Rosada, 2008). It is estimated that
in areas with increased industrial dust emission on average, 70%e90% of the metal
content in plants comes from atmosphere (Rosada et al., 1995; Siebielec, 2008).
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11.3 Methods of recultivation and remediation of
polluted lands

There are three main directions of remediation and development of degraded areas:

• agricultural; creation of arable land, permanent grassland for agricultural purposes,
meadows, pastures, orchards, shrub plantations,

• forestry; afforestation of reclaimed areas that have a production or protective function
(e.g. soil protection or water protection),

• special; water, recreational, ecological or aesthetic e protective management (Karczewska,
2008).

At the Institute of Natural Fibers and Medicinal Plants in Pozna�n, Poland a project
related to the agricultural remediation of post-mining sites was implemented: LIFE11
ENV/PL/445, Acronim: EKOHEMPKON, Remediation of degraded land in the region
of Lignite Mine Konin by cultivation of industrial hemp (2012e18). Remediation was
carried out in the area of 25 ha. Cultivated crops selected in the developed method
were fibrous hemp and alfalfa. All organic matter produced fell into the soil by
mowing and ploughing. A combination in the crop rotation of hemp; producing a
lot of lignocellulosic biomass with the predominant composition of cellulose contain-
ing carbon, oxygen and hydrogen with alfalfa growing rich in nitrogen content and
leaving organic matter as a green manure, created a specific biological ‘composite’
in the soil that facilitates the relatively rapid formation of humus, increased soil
nutrient abundance, improved water and air conditions and created conditions for
the multiplication of soil microorganisms beneficial for the fertility of soil.

Hemp is an annual plant, the height of which is up to 3e4 m, yielding a very high
yield of dry matter, which in agricultural conditions is about 10 tons/ha. In addition,
hemp has a well-developed root system of the pile type with a depth of about
1.0e1.5 m, the root system produces natural, organic channels, drains, allowing access
of air and the flow of water and soil gases. Under such conditions, the development of
soil microorganisms having basic meaning in the formation of humus occurs. In the
remediation implemented, a Polish cultivar of fibrous hemp Białobrzeskie was used.
It is a variety bred by the Institute of Natural Fibres (Ma�nkowski et al., 2017a,b).

Picture 11.4 Hemp grown in reclaimed areas.
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The second one used in the remediation of plants was alfalfa, which unlike hemp is
a perennial plant. Alfalfa is also characterized by a large yield of green mass and a deep
root system. An important feature of alfalfa as a legume plant is its ability to symbiosis
with rhizobia-type rhizobia bacteria with the ability to bind molecular nitrogen. Bound
nitrogen serves the plant for the synthesis of proteins. In addition, significant amounts
of nitrogen compounds get into the soil and serve as a source of nitrogen for other
plants growing simultaneously or afterwards in crop rotation. This is very important
in post-mining areas where nitrogen in the soil occurs in trace amounts and is an
essential element for the creation of plant proteins and soil microorganisms.

Picture 11.5 Alfalfa grown in reclaimed areas.

Agrotechnical works were carried out in order to prepare areas recultivated for the
sowing of selected plants, including hemp Cannabis sativa L. sowing and alfalfa.
The following works were performed: sowing hemp and alfalfa, care treatments,
harvesting and ploughing of biomass obtained.

The main agrotechnical activities included: disking fields, deep ploughing, drying
and pre-seeding soil tillage, fertilizing, sowing, mowing, spraying with preparations to
accelerate humification and ploughing of biomass. Biomass of hemp and alfalfa,
thanks to the fact that it remained in the soil, provided organic matter to accelerate
the restoration of the humus layer. Dead parts of plants and microorganisms undergo-
ing humification contributed to the formation of such an important part of the soil as
humus.

Remediation was carried out over a 6-year period. The reclaimed area was divided
in half for hemp cultivation and alfalfa cultivation. Hemp as an annual plant was sown
annually. The sowing of alfalfa due to long-term cultivation was repeated after 3 years.
Alfalfa was sown every year only in the places where its cultivation was interrupted.
After 3 years, the crop rotation was carried out. In the field after hemp, alfalfa was
sown and Cannabis sativa L. seeds were sown in the fields after alfalfa cultivation.
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Lime fertilization was used only in the first year of remediation. Calcium oxide
so-called oxide lime was sown in the amount of 6 tons/ha. Every year in April, fertil-
izers were sown, in the following doses: nitrogen (N) under hemp in the quantity
150 kg N/ha, while nitrogen fertilization is not used for alfalfa. The cultivation of
hemp and alfalfa was fertilized with phosphorus (P2O5) in the amount 150 kg/ha, as
well as with potassium (K2O) in the amount 215 kg/ha.

In case of alfalfa, there were mowing operations to limit the growth of weeds,
mainly white hepatica (Chenopodium album L.). The growing weeds could lead to
the suffocation of the sown alfalfa. The problem of the appearance of weeds in
hemp was not observed.

Every year in September, treatments related to mowing hemp and alfalfa were
carried out. Hemp was mowed using a mower equipped with three cutting bars that
cut the stalks in three places. Such cutting facilitated the subsequent ploughing of
biomass. After mowing, cut biomass was sprayed with EM (Effective Microorgan-
isms) to accelerate its decomposition and enrich the soil microflora. Immediately after
the spraying, stubble disking was performed in order to improve the effectiveness of
the microorganisms. The last annual agrotechnical operation performed in November
was a deep tillage, to cover the cut biomass (Ma�nkowski et al., 2017a,b).

The degradation of soils is influenced not only by lignite open-cast mines but also
by the presence of heavy metals, mainly from emissions of dust, fumes, as well as from
the sewage and industrial waste. Additional contamination of agricultural areas along
roads is caused by motorization. It should be emphasized that there is a significant
amount (zones around industrial centres, stripes along communication routes), which
are not formally excluded from agricultural use, and create a significant threat to
human health in the case of cultivation of consumer plants on them.

Methods for the remediation of heavily contaminated soils are based on two main
methods. The method of immobilization of metals in soil and the method of extracting
metals and removing from soil (Karczewska, 2008) (Table 11.3).

The development of a number of industries related to energy processes, causing
emissions into the air, affects the soil environment both directly and indirectly.
Presented factors degrading the natural environment occur in varying degrees of
severity in each industrialized area.

The most toxic elements are: mercury (quicksilver), cadmium, lead, copper and
zinc. Heavy metals that pollute the environment pose a serious toxicological problem,
and hazards to human are caused mainly due to the consumption of contaminated food.
Cereals, vegetables and fruits are plant products that are a source of human food. For
this reason, the presence of heavy metals in them, especially if their amount exceeds
the acceptable standards, can become a danger to the human body.

The dynamically developing industry and automotive industry adversely affect
components of the biosphere, i.e. water, air and soil, causing systematic degradation
of the natural environment. The negative influence of human activity factors on the
soil is very long-lasting and often irreversible. The above phenomenon causes a quick
loss of land used for agriculture.
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Table 11.3 Potential soil pollution by various industries.

No. Branch of the industry
Potential contamination of soil and
ground with substances

1 Oil refineries, installations for the
production of petroleum lubricants,

Installations for gasification and
liquefaction of coal or bituminous
shale, plants

Mining of hydrocarbon extraction with
boreholes, coking plants

Aliphatic hydrocarbons, polycyclic
aromatic hydrocarbons,

Phenols, cresols

2 Seaports and port installations for
handling crude oil and products

Petroleum and other chemical cargoes
and metal ores

Hydrocarbons
Aliphatic, gasoline;
Polycyclic aromatic hydrocarbons,
pesticides and other impurities

Organic, heavy metals

3 Chemical plants that produce organic
products from chemical processing

Coal

Aliphatic hydrocarbons, polycyclic
hydrocarbons

Aromatic, phenols, cresols, cyanides

4 Plastic plants, adhesives, resin and
polymer production

Phthalates,
Phenols, cyclohexane, chlorinated
hydrocarbons

5 Production of paints, solvents and
varnishes

Aromatic hydrocarbons,
Chlorinated hydrocarbons, zinc, lead,
chromium and barium

6 Substations and power substations Polychlorinated biphenyls

7 Conventional power plants, combined
heat and power plants and other
combustion installations

Polycyclic aromatic hydrocarbons,
heavy metals

8 Smelting plants for pig iron and steel and
production of non-ferrous metals,

Heavy metals, cyanides, phenols,
aliphatic hydrocarbons, polycyclic
hydrocarbons

Aromatic hydrocarbons

9 Ceramic plants Cadmium, lead

10 Plants related to the production of lamps
and measuring devices

Mercury

11 Galvanizing plants, plants producing and
coating wire and cables

Heavy metals
And cyanides

12 Investments related to the use or disposal
of waste

Dangerous and related to the thermal
treatment of waste

Pesticides, aliphatic and aromatic
hydrocarbons, polycyclic
hydrocarbons

Aromatic hydrocarbons, heavy metals

Continued
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Depending on the nature and degree of identified pollution, remediation methods
are set individually for a specific site. However, the remediation process is always
very expensive. In highly contaminated areas, physical and chemical methods of
soil cleaning are preferred. In addition to the phytotoxicity of pollutants, this is prob-
ably also supported by the fact that pollution of ground or underground water often
appears after soil contamination.

Remediation activities (physical and chemical methods) can therefore be applied
comprehensively with respect to the soil and water in a more controlled manner and
provide faster results. However, the possibility of bioremediation as supporting
conventional remediation processes e should not be excluded.

Chemical and physical methods besides generating high costs can also irreversibly
affect soil properties, destroying their biological life, biodiversity and making them
useless as an environment of plant growth (Padmavathiamma and Li, 2007).

Table 11.3 Continued

No. Branch of the industry
Potential contamination of soil and
ground with substances

13 Chemical plants for the production of
pesticides, pesticide warehouses and
burial sites

Pesticides

14 Rubber production Lead, tetrahydrofuran

15 Tanneries Chromium, mineral salts, organic
sewage

16 Produkcja styropianu
Production of expanded polystyrene

Styren styrene

17 Liquid fuel stations, transport bases, large
vehicle service stations, parking lots

Car or parking lots

Aliphatic hydrocarbons e oils
Mineral, gasoline, polycyclic aromatic
hydrocarbons

18 Construction and repair facilities for
‘aircraft’, production and repair
facilities

Railway equipment, production plants for
vehicles or equipment

Mechanical and engine production

Aliphatic hydrocarbons,
Polycyclic aromatic hydrocarbons,
heavy metals

Based on: Stuczy�nski, T., Siebielec, G., Maliszewska-Kordybach, B., Smreczak, B., Gawrysiak L., 2004. Wyznaczanie
obszar�ow, na kt�orych przekroczone są standardy jako�sci gleb, poradnik metodyczny dla administracji. Biblioteka
Monitoringu �Srodowiska, Warszawa.
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11.4 The results

11.4.1 Results of reclamation work

In each year of the project related to the reclamation of lignite open-cast mine areas,
soil analysis was conducted to determine the progress in reclamation. Analyzing the
soil, the content of nutrients such as nitrogen, phosphorus, potassium, magnesium,
manganese, zinc, copper, boron, sulphur as well as and the pH of the soil was deter-
mined. All tests were carried out in accordance with the applicable standards. Below, a
comparison of data before reclamation and derived from studies from the last year of
work.

Before starting the reclamation, the content of boron in the recultivated fields was
low. As a result of the reclamation (remediation), the level of boron increased to
medium. The copper content was on an average level throughout the reclamation
period. Similarly, the iron and manganese content was on an average level. The content
of zinc as a result of reclamation increased the level of potassium on reclamation sites
before the start of work varied from low to medium (Figs 11.1e11.9, based on the
IWNiRZ research).

As a result of the reclamation, the potassium content in the soil increased to very
high level. Before reclamation, the magnesium content varied widely (from medium
to very high). As a result of reclamation, it stabilized at a very high level. The phos-
phorus level increased from very low to very high. The sulphur content in the soil was
at a very high level. Recultivated areas were characterized by alkaline pH of the soil.

Both in the case of fibrous hemp and alfalfa there was noticed and reported a
significant increase in the biomass yield. In 2016, when in Poland drought occurred,
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Figure 11.1 pH of soil from recultivated areas, 2013 and 2018.
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Figure 11.7 Copper (Cu) content (mg/1000 g) of soil from recultivated areas, 2013 and 2018.
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fibrous hemp and alfalfa which are characterized by a well-developed deep root
system, perfectly coped with unfavourable weather conditions. In 2016, the field
rotation was applied. It was the first year of alfalfa cultivation on the fields after fibrous
hemp, cultivation, hence the lower yield of alfalfa plant were noticed. However, this
yield was higher than alfalfa yield in the first year of reclamation.

In 2017, hemp crop suffered due to long-lasting intense rainfall. A large amount of
precipitation in the period immediately after emergence led to the loss of many plants.
Due to the compact, impermeable recultivated layer, even slight rainfall led to the
formation of large water stalls. The standing water displaced oxygen from the soil
which led to the suffocation of many plants (Table 11.4).

The recultivation carried out using the agricultural method of cultivation, applying
the fibrous hemp and alfalfa crop rotation and subsequent ploughing of plant biomass
resulted in an increase in the level of humus on the reclaimed site during the 6-year
research period (Ma�nkowski. et al., 2018) (Table 11.5).
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Figure 11.8 Zinc (Zn) content (mg/1000 g) of soil from recultivated areas, 2013 and 2018.
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Picture 11.6 The root system of fibrous hemp (1) and alfalfa (2) cultivated in reclaimed areas.

Table 11.4 Average amount of biomass obtained from reclamation areas (kg/ha).

Plant
Stanowisko
Habitat

Years

2013 2014 2015 2016 2017 2018

Fibrous hemp Small field (9 ha) 2500 2300 6300 6800 5000 6900

Big field (16 ha) 1800 1600 5300 5900 3500 6300

alfalfa Small field (9 ha) 1040 4800 5600 2500 6600 7200

Big field (16 ha) 840 4200 5500 2400 6550 7000

Table 11.5 The maximum and minimum level of humus specified in the areas reclaimed from
2013 to 2018.

Field Sample

Level of humus (%)

2013 (before
remediation) 2014 2015 2016 2017

After project
termination

1 Min. 1.30 1.91 1.10 3.10 1.03 2.41

Max. 1.51 2.16 2.20 3.20 2.41 2.41

2 Min. 0.76 0.75 0.80 0.60 1.90 2.24

Max. 1.49 1.77 1.20 1.20 2.93 2.59
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The roots of hemp and alfalfa overgrown to a depth of over 100 cm, have expanded
to a large extent and ventilated, aerated and scarified the recultivated soil.

There was noticed a significant difference in the behaviour of the root system of
fibrous hemp grown in the post-mining areas in relation to agricultural areas. Hemp
having a pile type root system, in agricultural areas has grown deeper than in
post-mining lands, where the roots, due to the compact layer of the soil, formed a larger
mass in the topsoil.

a-Proteobacteria is a fairly diverse group of microorganisms. Most of them are
Gram-negative bacteria. The microorganisms classified in the genus Rhizobium and
Bradyrhizobium are of particular importance from the agricultural point of view,
symbiotic bacteria (with legumes e including alfalfa) capable of assimilating atmo-
spheric nitrogen. The presence of the proper host plant in the field habitats is an
element strongly stimulating the increase in the population size of the relevant
microsymbionts present in the soil. The increase in the number of this group of bacteria
was observed at all sites covered by reclamation according to the developed method
(Figs 11.10e11.15).

b-Proteobacteria covers a range of groups of aerobic or facultatively aerobic
bacteria. They differ quite significantly in the scope of organic matter decomposition,
but many of them are important in the processes of assimilating atmospheric nitrogen
by several agricultural crops (e.g. Nitrosomonas). On the examined objects in the last
3 years of the field experiment, the number of this group of microorganisms increased
the most in all the habitats of the large field (initially much poorer compared to the
small field).

The reversal of the unfavourable trend of limiting the population of this group of
microorganisms, observed in previous years, may be gratifying. This is particularly
evident in the large field (PD) sites, which are characterized by less homogeneous
soil-forming processes compared to the small fields (PM), where the agrotechnical
reclamation was carried out even before the start of the research.
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Figure 11.10 Population of a-Proteobacteria population in 2015 and 2018 at field sites.
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Figure 11.11 The size of the b-Proteobacteria population in 2015 and 2018 at field sites.
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Figure 11.12 Population of the Actinobacteria population in 2015 and 2018 in field positions.
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Figure 11.13 The population numbers of Firmicutes in 2015 and 2018 in field positions.
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The proportion of two successive analyzed groups of microorganisms i.e. Actino-
bacteria (actinomyces) and Firmicutes, was significantly higher than that of Proteo-
bacteria and reached 30% or even over 50% (PD_hemp site) and the total pool
of bacteria. Actinomycete are prokaryotic organisms that form a row of Gram-
positive bacteria whose main location is soil. They are characterized by very good
adaptability to the prevailing environmental conditions. They also occur in the roots
of plants, fallen leaves and even in desert sand.

Both groups (Actinobacteria and Firmicutes) contribute to the decomposition of
plant and animal residues, polysaccharides and hardly decomposable compounds,
such as cellulose, chitin, higher fatty acids and aromatic compounds. On the objects
studied, a clearly beneficial effect of reclamation on the share of the population of these
two groups in the total pool of bacteria was observed regardless of the plant cultivated.
Particular attention is paid to a significant increase in the number of actinoblasts

1.00E+12

1.00E+11

1.00E+10

1.00E+09

1.00E+08

1.00E+07

1.00E+06

1.00E+05
PD_ctr PD_alfa PD_hemp PM_alfa PM_hemp PM_ctr

2015
2018

Figure 11.14 Population of the Bacteroidetes population in 2015 and 2018 at field sites.
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Figure 11.15 Total number of bacterial populations in 2015 and 2018 at field sites.
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(Actinobacteria) on less recultivated PD fields. This may indicate that the effect of the
organic matter introduced systematically on the number of population capable of
decomposing plant remains has been stimulated after 6 years of project activities.

The next analyzed group, with the highest percentage share in the bacterial pool,
were microorganisms classified within the Bacteroidetes area. This group is gram
negative, often anaerobic bacteria. This is also a diverse taxon encompassing microor-
ganisms that inhabit very different locality from soil and sewage sludge to seawater
and animal digestive tracts.

Such a large representation of the bacteria belonging to this group in the studied
objects indicates the continuing difficult air-water relations on the analyzed sites
and the excessive anaerobic conditions with the availability of nutrients coming
from the introduced organic matter already in comparison with control objects.

The graph above shows changes in the population size of soil microflora on the
investigated sites. The increase in the number of bacteria observed on all reclaimed
objects indicates the unambiguously beneficial effect of cultivation and conducted
tillage procedures on the recultivated sites for the total number of soil microorganisms
and the structure of their population in comparison with the control. The general
beneficial effect of cultivation was more clearly visible on the initially less reclaimed
large field facilities, however, the beneficial effect of the cultivation operations was
also noted at small field sites (PM) (Pudełko et al., 2014).

Remediation results of contaminated soils.
The highest concentrations of heavy metal impurities in soils usually show a humus

level, which is related to the affinity of these elements to organic matter (Kabata-
Pendias and Pendias, 1993; Motowicka-Terelak and Terelak, 2002; Maciejewska,
2003; Rosada, 2008). From among the whole range of possible contaminants, the
most investigated and the most popular form of applying plants in phytoremediation
processes is the extraction of heavy metals from the substrate, the so-called
phytoextraction.

Due to the special features of hemp (Kumar et al., 1995) i.e. high ability to accu-
mulate metals in aboveground parts of the plant, rapid biomass growth, local origin,
resistance to diseases, pests and weather whims, the possibility of growth on contam-
inated and degraded areas and the possibility of collecting more than one trace element
from the soil, Antonkiewicz (2013) recommends fibrous hemp Cannabis sativa L. as
one of the plants recommended for phytoremediation of soils.

Comparative studies of the phytoremediation potential of plants performed at the
end of the 1990s (Grzebisz et al., 1998) confirmed that the content of heavy metals
in hemp depended on the analyzed element. Cadmium accumulated in aboveground
parts of hemp in an amount almost three times greater than in roots. In addition,
hemp showed a much greater affinity to pick up lead and copper from the ground.
Analyzes of the Pb and Cu contents extracted from the contaminated soil with biomass
gave the basis for the conclusion that among bast plants Cannabis sativa L. can play a
significant and key role in phytoremediation processes of heavily contaminated soil
(Antonkiewicz and Jasiewicz, 2002).

A study published in 2009 regarding the impact of cadmium soil contamination on
biomass growth including the roots of industrial plants (Gangrong and Qingsheng,
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2009) showed that at low concentrations of Cd (50 mg/kg) no reduction in root growth
was observed for all tested plants, including hemp. Soil treatment with a dose of
100 mg/kg Cd suppressed root growth in six out of eight experimental crops.
The exception was rapeseed and hemp. High doses of Cd (200 mg/kg) resulted in signif-
icantly reduced root growth of all species of studied plants (the most sunflower e
by 47%, hemp e by 43%, flax e by 32%). Under the same conditions, the content of
Cd in soil (200 mg/kg) in all tested plant species, with the exception of cannabis, the
shoot length decreased with a gradual increase in the Cd concentration in the soil.
At the Cd concentration limit of 200 mg/kg, the reduction in shoot length was also
observed in flax (35%) and then in hemp (43%) (49% for soybeans) and peanut (58%).

Hemp to a certain point is characterized by tolerance to cadmium content. Only
high concentrations of this element lead to impairment of the plant growth process
and to the decrease of biomass production.

The research conducted at the Institute of Natural Fibres and Medicinal Plants
(IWNiRZ) showed that fibrous hemp compared to the cultivation of legume plants
shortened the reclamation carried out by half, and the content of heavy metal ions
in reclamation soil decreased by 80% after 3 years of reclamation.

The research concerned agricultural development of contaminated areas through
the cultivation of industrial plants. The introduction of fibrous plants for technical pur-
poses into areas contaminated by civilization factors has led to their gradual remedia-
tion and restoration of the agricultural nature of their utilization.

The non-food nature of crop rotation has eliminated heavy metals from the human
food chain and the obtained biomass of fibrous plants could be used in ecological pro-
duction by the textile, pulp and paper, chemical or fuel-energy industry.

The research showed that the plants were growing properly, did not get sick, and the
presence of heavy metals in the soil did not adversely affect the yield (Table 11.6).

The obtained results show that the highest concentrations of metals, and therefore
their strongest extraction, were found in hemp. Also for flax and oil flax the level of
extraction is higher than for the compared crop plants. The high biomass of fibrous
hemp yield accumulates significant amounts of heavy metals (Table 11.7).

The introduction of fibrous plants devoted for technical purposes into areas contam-
inated by civilization factors leads to their gradual remediation. The selected plant is
fibrous hemp Cannabis sativa L., which is not negatively influenced by the presence
of heavy metals in the soil. Plants on such soils do not get sick and develop properly
(Baraniecki et al., 1995; Kozłowski et al., 1993).

Table 11.6 The content of Cu. Pb. Zn and Cd in seeds in mg/kg s.m.

Element Hemp Fibrous flax Linseed Triticale Oat

Cu 26.2 15.9 10.0 5.7 3.5

Pb 1.7 1.0 0.1 2.8 1.0

Zn 77.0 74.7 77.0 18.3 19.0

Cd 0.20 0.30 0.40 0.05 0.10
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11.5 Future trends

The process of phytoremediation of soils with the use of hemp can allow, on the one
hand, extraction of harmful substances from the soil and parallel use of plants for
energy purposes, e.g. for the production of bioethanol, biogas or possibly oil produc-
tion for energy purposes from oil varieties (Kabata-Pendias and Pendias, 1993).
Phytoremediation is considered a relatively new method of soil cleaning, and sewage
sludge in situ.

Studies on the assimilation of lead and cadmium in the phytoremediation process
using hemp sowing showed an increase in the amount of trace elements extracted
while supporting the remediation process with appropriate doses of urea and EDTA
(acidum edeticum). The best effects of the extraction of elements were obtained using
(in the reported experiments) the ratio of Urea e 2.500 ppm with EDTA e 100 ppm
(increased values of T4 urea). The study showed greater plant growth, increased
biomass production and much more effective uptake of Pb and Cd by various parts
of the plant (Astel et al., 2014).

Genetic studies carried out by scientists in Pakistan using fibrous hemp (Ahmad
et al., 2015) have shown that the level of accumulation of metallic elements in a plant
(Cu, Cd, Ni) correlates with the presence of specific genes responsible for the tolerance
level of stress in the plant. This discovery brings a new light for the further develop-
ment and improvement of the phyto-accumulative and extraction capabilities of hemp.
Therefore, interference with the genetic code of a plant is not excluded, as a result of
which a variety resistant to very high concentrations of heavy metals in soil or ground
will be created, and, at the same time, it will allow the growth of phytoremediation
potential of new industrial hemp varieties.

The work carried out by Sonia Campbell et al. (2002) on an attempt to remedy soil
contaminated with polycyclic aromatic hydrocarbons (PAHs) also showed that hemp
may also be useful in phytoremediation of PAHs. The growth rate of hemp in soils
contaminated with chrysene and benzopyrene in concentrations from 25 to 200 mg/g
was satisfactory, and PAH pollution was reduced.

Research is being carried out on the resistance of some plants, including hemp
for cultivation on saline soils e.g. the HaloSYS project e ‘Integrated system of
bioremediation e biorefinering using halophyte species’ is being implemented at
IWNiRZ. Due to the increase in population and industrialization in the world, the
reclamation of soils with biological methods will become more and more important.

Table 11.7 The content of metals in plant stems.

Element Hemp Fibrous flax Linseed Triticale Oat

Cu 72.6 4.1 5.7 20.9 7.8

Pb 20.0 2.0 1.0 12.9 7.4

Zn 64.9 27.3 23.7 12.4 7.3

Cd 0.3 0.6 0.4 0.1 0.1
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11.6 Conclusion

The phenomena of soil degradation and contamination have a spatial dimension, and
should therefore be documented and analyzed in a quantitative way using appropriate
databases, models and algorithms that interact with geographic information systems
(Stuczy�nski et al., 2004).

Soil-forming processes are very long-lasting; they last for at least several hundred
years. Experiments carried out in just a few years, conducting remediation of
post-mining areas, showed a positive effect of hemp and alfalfa cultivation on the initi-
ation of soil-forming processes and a gradual improvement of the fertility of the initial
substrate. Hemp also proved to be a plant capable of absorbing heavy metals from
degraded soils.

High resistance of plants to diversified weather condition, diseases and pathogens,
reasonable agrotechnical and fertilizing requirements, relatively low maintenance
costs of phytoremediation Cannabis sativa L. plantation, and finally the possibility
of industrial biomass use create hemp a leader in phytoremediation among domestic
industrial plants e.g. in Poland.

The presence of heavy metals in the soil does not adversely affect the development
and yield of fibrous plants. The content and distribution of heavy metals in particular
parts of plant varies and depends mainly on the plant species and the concentration of
heavy metals in the soil. The highest concentration of Cu was found in the seeds,
whereas Pb in the stems and then in the fibre.
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Abstract: The accumulation of anthropogenic heavy metals in soil is a major form of pollution. Such
potentially toxic elements are nonbiodegradable and persist for many years as threats to human and
environmental health. Traditional forms of remediation are costly and potentially damaging to the
land. An alternative strategy is phytoremediation, where plants are used to capture metals from
the environment. Industrial hemp (Cannabis sativa) is a promising candidate for phytoremediation.
Hemp has deep roots and is tolerant to the accumulation of different metals. In addition, the crop
biomass has many potential commercial uses after harvesting is completed. Furthermore, the recent
availability of an annotated genome sequence provides a powerful tool for the bioengineering of
C. sativa for better phytoremediation.
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1. Introduction

Heavy metals have a wide variety of industrial applications, but their intensive pro-
duction and use come at a price: adverse effects on human health and on the vast lands
producing the crops that feed the world [1–3]. The relevance and urgency of the aforemen-
tioned problem increase as modern industry increasingly relies on advanced technologies
for sustainability, and many of these technologies require potentially toxic metals. For
instance, cadmium (Cd), lead (Pb), and nickel (Ni) are used in renewable technologies
such as battery cells, solar cells, and electric-car batteries [2]. Furthermore, as the human
population continues to grow, so does our dire need for more fertile land to grow crops.
Metals from the mining and smelting of metalliferous ores and downwash from power
lines, municipal wastes, fertilizers, pesticides, and sewage have left much land too toxic to
cultivate crops [1,2]. Metals do not degrade; they can only be altered from one oxidation
state or organic complex to another [4]. Typical strategies to remediate polluted soils are
expensive and environmentally damaging. Examples include the excavation and burial of
polluted soil at hazardous waste sites, the chemical processing of soil to immobilize metals,
and using acid solutions to desorb and leach metals from soil taken from a waste site and
returning the clean soil residue to the site.

Phytoremediation is a feasible, economical, and sustainable alternative for cleaning
polluted soil. Phytoremediation is the use of green plants to remove metal pollutants from
soil or render them harmless [5–8]. Many plants are known to accumulate metal pollutants,
and the ability to accumulate metal varies significantly between species and between
cultivars within a species. Most metal-accumulating plants are small shrubs with shallow
roots requiring specific growing conditions [9–13]. To be effective at soil remediation, more
than just the top layer of soil needs to be cleaned of pollutants. Hemp’s ability to extract
metals from soil with its deep roots, combined with its commercial prospects, make it an
ideal candidate as a profit-yielding crop when used for phytoremediation purposes.

Industrial hemp (Cannabis sativa) is a naturally dioecious, flowering plant, where the
male and female reproductive organs are located on separate plants [14]. Monoecious
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cultivars also exist, where the male and female organs are carried on the same plant. Hemp
grows best at temperatures ranging from 16 to 27 ◦C [15]. Hemp is a short-day plant,
requiring less than 12 to 14 h of sunlight to flower [16]. The plants are tall (~6 m) and have
deep roots (45–90 cm) [15]. The flowers take 10 to 16 weeks to mature, and fiber production
is at its highest at the full-flowering stage [17]. At full flowering, fiber maturation at higher
internodes is more advanced and fiber is more homogenous.

Hemp has very good prospects as a phytoremediator: not only can it be grown on
contaminated sites, but it also produces marketable products used for bioenergy production,
timber fiber, pulp, and fodder [18–21]. Hemp is used to clean up metals, pesticides,
solvents, explosives, crude oil, polyaromatic hydrocarbons, and toxins. Hemp harvested
from remediation sites can be safely distilled into ethanol for use as a biofuel [19–21].
The conversion of biomass to biofuels and chemicals has traditionally been from food
crops such as corn, wheat, sugar beets, and sugar cane, but lignocellulosic biomass has
generated much interest as a promising, renewable source of bioethanol because of its
wide availability and low cost of feedstocks [19]. A comparative cost analysis indicated
that hemp is a profitable commodity crop for producing both biofuels and value-added
products [22].

The fact that hemp accumulates potentially toxic metals in all plant parts limits its
use as a raw material in clothing and the food chain. Several processes can remove metals
from leaves and stems that have high concentrations of cadmium, lead, or nickel. One
method uses thermochemical pretreatment prior to enzymatic hydrolysis for the biocon-
version of hemp biomass into succinic acid [23]. Succinic acid is used as a precursor for
biodegradable polymers, food, fine chemicals, green solvents, and pharmaceuticals [24].
Hemp-hurd biomass along with Ralstonia eutropha are utilized for the production of poly-
3-hydroxybutyrate [25]. The high quality of hemp fibers and hurds is not affected by
metal contamination, allowing them to be used in products such as composite materials.
Following the harvest of pollutant-enriched plants, contaminated material is either com-
posted, disposed of as hazardous material, or (more economically interesting) used for
metal recovery [26]. Furthermore, hemp fibers can be used in sustainable polymer matrix
composites because they are renewable [27–29]. The December 1941 edition of Popular
Mechanics Magazine reported that hemp fibers were used in resin matrix composites for
the bodywork of Henry Ford’s car, which was claimed to have an “impact strength 10 times
greater than steel”.

2. Phytoremediation
2.1. Phytoremediation Process

Potentially toxic metals first interact with plants at the roots, where they are taken
up by mass flow and diffusion. These metal pollutants are made bioavailable for plants
through root secretion of metal-chelating molecules into the surrounding rhizosphere [30],
metal reductase in the plasma membrane, and proton extrusion from roots [26]. Several
mechanisms of phytoremediation exist [2,9,31,32]. In phytoextraction, soil contaminants
are taken up through the roots and accumulate in the shoots [33,34]. In general, higher
concentrations of metal in the growth environment result in higher accumulations in plant
tissue [35–40]. Then, the contaminated shoot tissues are processed using a variety of
disposal methods, such as heat and extraction treatments [41]. For instance, the tissues
may be harvested and incinerated as hazardous waste, with the ash being discarded in
landfills [42,43], or utilized for the re-extraction of trace elements [44,45]. The harvested
biomass can alternatively be used as feedstock for bioenergy production or pyrolyzed
to form biochar [46–49]. Phytostabilization is a process in which metallic contaminants
are immobilized through root adsorption and metal precipitation and stabilized through
complex formation or reduction [50]. The immobilization and stabilization of metals to a
nontoxic form within the plant prevents interference with cellular metabolism [51]. Phyto-
volatilization converts potentially toxic metals to more-volatile forms that are removed to
the atmosphere through transpiration [44].
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2.2. Hemp as a Phytoremediator

Hemp grows quickly and has deep, wide roots [15]. It can adapt to different soil
conditions and grows in a variety of climates [36]. Many studies showed that hemp has
a high tolerance to metals [52]. Industrial hemp can often take up metals and store them
in different parts of the plant, with no detriment to the plant itself (Table 1) [36,53,54].
When employed for phytoremediation purposes, toxins can accumulate in the roots, leaves,
and stalks [35]. Therefore, the leaves are not harvested for food or used for personal care;
however, the stalks can be utilized for building materials, paper, cloth, and biofuel [55].
Since 1998, hemp has been successfully used to remove soil contaminants from agricultural
lands that were heavily contaminated by the 1986 Chernobyl nuclear disaster [56]. In 2008,
in an Italian farming region contaminated by a nearby steel plant, hemp was grown to
leach pollutants, such as dioxin, from the soil [57]. Dioxins are considered toxic as they
cause cancer, affect reproduction and development, damage the immune system, and
interfere with hormones. Once remediation is complete, plant material containing dioxins
can be used to produce energy. Beyond cleaning soil, research is being conducted on using
hemp fibers to create absorption material capable of filtering out metals from contaminated
water [58].

Table 1. Heavy-metal concentrations in hemp. Listed tissues represent those with the highest
concentration of metal as reported from each of the studies.

Metal Tissue Concentration (mg kg−1) Reference

Cr root 6.2–100 [36,38,59,60]

Zn
flower 78.6 [35]

root 5029.8 [39]
shoot 43.9 [59]

Cu
flower 10.2 [35]

root 1530 [52]
shoot 29 [59]

Se shoot 1300 [40]

Cd
flower 1.22 [35]

leaf 0.38–23.2 [37,52,53]
root 1362 [36]

Ni
leaf 1.5–123 [37,52,53]
root 13.6–321.8 [36,59]

2.3. Chromium Phytoremediation

In hemp, chromium (Cr) is absorbed passively with other essential metals [61]. Chromium
accumulates significantly in the root system (for both seed and fiber varieties of hemp) and
less so in the stems, leaves, and seeds [36,38,59,60]. As observed in other plants, hemp’s
ability to immobilize Cr in the vacuoles of root cells may explain its high accumulation in
the roots of the plant [61,62]. A higher amount of Cr in the roots of hemp from contaminated
sites leads to significantly higher proline accumulation and an increase in the phenolics
content. Both proline and phenolics accumulation prevent oxidative injury in plants. At
the same time, when Cr accumulates in root systems, chlorophyll, carotenoids, and dry
biomass decrease significantly [60].

2.4. Zinc Phytoremediation

Hemp can tolerate high concentrations of zinc (Zn), and most of the Zn absorbed
by hemp was retained in the roots [39]. Zn shoot restriction means minimal damage to
photosynthetic activity and healthy plant growth. Low concentrations of Zn are also found
in seeds, making them suitable for alimentary use [52,63]. In contrast, Malik et al. found
that Zn accumulates at higher levels in shoots than in roots [59]. Angelova et al. reported Zn
concentrations in the following order: flower > seeds > roots > stems > leaves > fiber [35].
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2.5. Copper Phytoremediation

In hemp, copper (Cu) accumulates in the leaves but not in the fibers [64]. Glutathione-
disulfide reductase (GSR) and phospholipase D-α (PLDα) are major antioxidant enzymes
that protect plant cells against oxidative damage caused by reactive oxygen species (ROS)
produced under metal-stress conditions. The expressions of GSR and PLDα were found to
be induced in hemp that have accumulated high concentrations of Cu [52]. Other studies
have reported an increase in aldo-keto reductase, an NAD(P)H-dependent enzyme, in
hemp grown under Cu stress [65,66]. This reductase is involved in the detoxification
process by improving the scavenging capacity of the cell [67]. Authors proposed that this
protein reduces ions, making them available for interaction with other proteins, such as
phytochelatins, that can transport them to the vacuole [65]. Although photosynthesis was
not affected in that study, Cu treatment resulted in a significant reduction in the aerial
parts of the plant as well as the root-system architecture. Angelova et al. reported Cu
concentrations in the following order: flower > seeds > roots > stems > leaves > fiber [35].

2.6. Selenium Phytoremediation

Hemp can grow in selenium (Se)-laden soil and accumulates selenomethionine and
methylselenocysteine in seed embryos [40]. This means that the seeds can be used as a Se
supplement for humans as well as livestock. Se is also present in other above-ground parts.
Se found in the flower (where CBD and terpenes are produced and extracted) and stems
(where fiber is produced) has no negative effect on the yield of such metabolites or on fiber
quality. Se in the leaves can be applied as fertilizer for crops growing in low-Se soil.

2.7. Cadmium, Nickel, and Lead Phytoremediation

Hemp can take up high concentrations of cadmium, nickel, and lead from metal-
contaminated environments, such as soil from abandoned mines [37]. For each of these
metals, their concentration was highest in the leaves. In another study with the same metal
contamination, the quality of fibers and hurds was not affected, which allowed them to be
used in products like composite materials [53]. Growing in soil with high concentrations of
Cd has no negative effect on hemp germination, but as the plants mature, they accumulate
Cd in aerial parts, negatively influencing photosynthesis and inhibiting plant growth [35].
Surprisingly, Cd accumulation was highest in the roots, but root growth was not inhibited.
Ahmad et al. also demonstrated that Pb accumulated mainly in the leaves [52], although
Angelova et al. reported Pb concentrations in the following order: flower > roots > stems >
leaves > seeds > fiber [35].

3. Bioengineering
3.1. Genome

The C. sativa genome sequence is now available. This plant has a diploid genome
(2n = 20) composed of nine autosomes and a pair of sex chromosomes (X and Y). The
updated genome assembly reports that the wild-type variety, C. sativa, genome is approx-
imately 808 Mb, with over 38,000 protein-coding genes functionally annotated [68]. The
genome sequence lays the foundation for the elucidation of molecular pathways involved in
metal tolerance and will, therefore, prove invaluable for engineering hemp plants that grow
better on land contaminated by potentially toxic metals. For example, proteomic studies
combining ionomics and genomics approaches revealed mechanisms used by hemp to
tolerate Cu [65,66]. This wealth of genomic data is vital in directing the genetic engineering
of hemp plants.

3.2. Transgenic Plants

Bioengineering transgenic plants to improve their ability to remediate metal pollution
in the field is a promising strategy [69,70]. The creation of transgenic plants involves the
transfer and insertion of a desirable gene from a foreign source into a plant of interest [71].
After DNA recombination occurs, the foreign gene becomes heritable and confers improved
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traits on the plant. For example, metal stress leads to the production of ROS, resulting in
oxidative stress; therefore, one strategy to enhance metal tolerance is to overexpress genes
involved in antioxidant machinery [72]. In order to improve the capacity to accumulate met-
als, genes involved in uptake, translocation, and sequestration can be overexpressed [73,74].
Only a few metals, such as Zn and Cd, exist as soluble components in soil and are readily
available for absorption by plants. To target metals with low bioavailability, plants can be
engineered to improve the innate ability of roots to secrete compounds that mobilize ions
by lowering soil pH or creating complexes with metals. Another strategy is to increase the
translocation of metals by overexpressing chelators that facilitate movement from the roots
to the shoots and mediate intracellular sequestration into vacuoles [75].

3.3. Mutagenesis

Transgenic approaches raise concerns, such as accidental gene flow from foreign
species to close relatives, which is why such plants are scrutinized by regulatory agencies
and may be spurned by consumers [76,77]. An alternative approach is the application of
mutagenesis, which induces random mutations into the plant genome [78,79]. Two widely
known mutagens that have been used for crop improvement are ethyl methanesulfonate
(EMS) and fast neutron (FN) bombardment [80,81]. The most-used plant material is seed.
EMS is less destructive, causing point mutations, base insertions, and small deletions
in DNA, whereas FN bombardment causes translocations, chromosome loss, and large
deletions [78,82–85]. One disadvantage of the mutagenesis strategy is that deleterious
modifications are possible because the method does not use a targeted approach [86].

3.4. Genome Editing

The advent of genome editing technologies such as transcription-activator-like effector
nucleases, zinc-finger nuclease, and CRISPR/Cas-mediated gene mutation via nonhomolo-
gous end joining are revolutionary and precise tools for genetically engineering desired
mutations in plants [2,87–90]. These methods modify the genome through insertions and
deletions. A variant of the CRISPR/Cas assembly, the base-editing system, can generate
single-base changes or single-nucleotide polymorphisms [91,92]. These genome editing
technologies allow for a level of precision that is not possible with a mutagenesis strategy
that results in numerous random mutations. Critically, the cisgenic approach embodied
in these genome-editing methods makes the products subject to less regulation and more
amenable to public acceptance as it does not introduce exogenous genes [88,93].

4. Conclusions

Industrial hemp is a very promising candidate for the phytoremediation of metal-
contaminated soils. Multiple studies have demonstrated metal uptake by hemp under a
variety of settings. These studies used very different conditions (growth conditions, tissues
sampled, metals analyzed, and phenotypes characterized), making it difficult to develop a
clear understanding of how efficiently different hemp cultivars can take up metals. There is
an urgent need for more systematic studies to directly compare the concentration and tissue
localization of metals in different cultivars under the same experimental conditions. Hemp
culture collections are invaluable toward this effort. For instance, the U.S. Department of
Agriculture has created a hemp germplasm collection that will be capable of distributing
hundreds of different, well-characterized cultivars to the public within a few years. Finally,
targeted genetic modifications of hemp may dramatically boost the phytoremediation
effectiveness of this crop. At this time, reliable transformation and regeneration systems are
still undergoing development in hemp [94–97]; however, improved cultivars will become
available as the technology matures.
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