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Mesicultural soil pollution refers to its accumulation of heavy metals

smpounds which could be from natural or anthropogenic sources. This

guality, food security, and environmental health. The traditional

sal technologies soil washing used for soil remediation render the

2 medium for plant growth, as they remove all biological activities.

intensive and have high maintenance cost. Phytoremediation, sus-

i cheaper in situ remediation techniques was therefore considered.

s do not have the capability to degrade many soil pollutants especially

i pellatant. It is therefore imperative to take advantage of the degrading

uil microorganisms. This chapter therefore focuses on phytoremediation
wemented by microbial inoculants.
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wltural soils refers to its accumulation of heavy metals and related
ok could be from natural or anthropogenic sources. This threatens

« security, and environmental health [1]. Soil pollution produces
eersity and abundance of biological soil populations [2]. This is

4 of the role of soil organisms in plant establishment and survival.
of soil organisms can lead to problems with plant establishment
raised on polluted soil may contain harmful levels of pollutants

ed on to the animals and human that eat them [3]. Inhaling dust
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blown from polluted soi] can be injurious to one that inhales it. More also, polluted
soil cannot be used for commercia] development, parks or recreation [4]. Soil pol-
lutants alter plant physi mbrane disruption, damage to

photosynthetic apparatus, and can also alter the physical and chemical properties of
the soil where plants are growing [5].

Cleaning of polluted soi] may be very difficult because both soil pollutants and
soil minerals carry small electric charges that cause each to bond with each other. It
is well known that heavy metals cannot be chemically degraded and need to be
physically removed or be immobilized [6]. Traditionally, remediation of heavy

soils is either on-site management or €xcavation, and subse-

specialized plants and associated soil microbes to remove, destroy, sequester, or
reduce the concentrations or toxic effects of contaminant in polluted soil and water
[4]. The plant root-colonizing microbes or the plants themselves absorb, accumu-
late, translocate, Sequester, and detoxify toxic compounds to non-toxic metabolites.
Five important approaches can be considered in the use of plants to clean up pol-
luted soil. (1) Phytostabilization, a process in which pollutants are immobilized by
plant activity resulting in attenuation of the wind and soil erosion and runoff

tissues [10, 11] (Fig. 1.1).

However, plants do not have the capability to degrade many soil pollutants, It js
therefore imperative to take advantage of the degrading ability of soil organisms.
Organic toxins containing carbon such as the hydrocarbons found in gasoline and
other fuels can only be broken down by microbial processes [12]. Symbiotic root
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izing microorganism through metal sequestration increases metal tolerance in
The remediation by plant using the degrading ability of soil organisms is
:d phytodegradation. This helps us to understand integrated activity patterns
sen plants and microbes [13]. Some soil microbes such as the arbuscular
wrrhizal fungi (AMF) secret glycoprotein called glomalin. This can form com-
- with metals. Microbial organisms within the rhizoplane can take part in phy-
~diation by protecting the plants from the toxic effect of the contaminants
the plants in return provide the microbial processes the boost they need to
ve organic pollution from the soil more quickly. Plants excrete organic materi-
=t serve as food for microbes thus playing a key role in determining the size
health of soil microbial population. Bioaugmentation enables an increase of
eeradation of contaminated sites by the introduction of single strains or assem-
< of microorganisms with the desired catalytic capabilities [14]. Microbial
mblages are found to be efficient since each partner can accomplish different
of the catabolic degradation [15]. In this chapter, our focus is mainly on phy-
sediation augmented by microbial inoculants. We begin with the contribution
Jants and microbial inoculants in phytoremediation process. Then the methods
soculating plants with microbial inoculants, the various mechanisms used by the
robial inoculants to assist plant in remediation, and the limitations of microbial
ts-assisted phytoremediation are summarized and discussed.
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Fig. 1.2 Sources of soil pollutants

1.2 Sources of Soil Pollution

Soil pollutants get introduced to the soil from various sources ranging from natural
(Lithogenic) to anthropogenic activities (Fig. 1.2). Heavy metals commonly get
introduced via human activities that are related to energy and mineral consumption
[51, while petroleum hydrocarbons usually come from accidental spills of petroleum-
based products commonly used. Various industrial processes and anthropogenic
activities in urban areas induce the release of metals and metalloids (MM) (toxic
and genotoxic compounds) in natural environments.

Agricultural inputs such as chemical fertilizers, herbicides, and pesticides leaves
the soil polluted with heavy metals [16]. According to Pietrzak and Uren [17],
excessive use of fungicides and herbicides that are rich in heavy metal results in soil
pollution. Copper for instance is used as a broad-spectrum bacterial and fungicidal
agricultural pesticide and as fertilizer component because of its antimicrobial prop-
erties, but Cu is a common soil pollutant that persists in the soil providing a chronic,
long-term stress on the soil microbial community [18]. Industrial activities such as
chemical works, service stations, metal fabrication shops, paper mills, tanneries,
textile plants, waste disposal sites, and intensive agriculture equally brings about
the appearance of serious environmental problems such as soil pollution [19].
Indiscriminate waste disposal practices have led to significant build upon a wide
range of metal(loid)s, such as arsenic (As), cadmium (Cd), chromium (Cr), copper
(Cu), mercury (Hg), lead (Pb), selenium (Se), and zinc (Zn) in soils [20]. Kierczak
et al. [21] found that soils in the areas around historic smelters are highly polluted
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metal(loids)s (up to 4000 mg/kg Cu, 1500 mg/kg Zn, 300 mg/kg As, and

pe/kg Pb). Fossil fuel combustion is another source of soil pollution reported

reovic et al. 221 Vehicle emissions, industrial processes, O waste incineration

s were revealed tO introduce some pollutant such as heavy to what should

cen valuable soil [23). Soil pollutants could originate from the mining and

o of metal ores [24], runoff of urban soils, fertilizer application, or effluents
[25].

ontributions of Plants and Microbial Inoculants
Phytoremediation

al-assisted phytoextraction optimizes the synergistic effect of plants and

coanisms and has been used for the cleaning-up of soils contaminated by
2

l sranslocates and sequesters pollutions such as heavy metals while microbes

¢ organic contaminants. Plants can store many contaminants in biomass that

ex be harvested, while microbial assemblages can also convert contaminants

y metals to stable and/or less toxic form. They can facilitate the uptake

such as heavy metals by plant TOOtS. Microorganisms that reside on Of

=rial plants tissue can help to stabilize and/or (ransform contaminants that

- translated which may 1imit the extent of volatization [13]. Plant root

~ <uch as enzymes, amino acids, aromatics, simple sugars, and aliphatics

the growth of root-associated microorganisms; on the other hand,

¢ can reduce the phytotoxicity of the contaminants in the soil or augments

sty of the plant tO degrade contaminant [3]- Ability of plantroot to extend

. soil, allowing access to water and air and therefore changing the con-

of carbon dioxide, the PH, osmotic potential, redox potential, oxygen

content of the soil, could lead to an environment that

gh micro-biomass 26]. This enhanced trace element

ed to an increase in root absorption ability and/or

acement of trace metal bioavailability in the rhizosphere, mediated by

QISIMS.

a increase biodegradation through the transfer of oxygen t0 the rhizo-

 release of soluble exudates that provide nutrient sources for micro-

_ Thus, plants enhance microbial growth and hence the associated

gradation processes. Microorganism contribution in immobilizing

flitating plant absorption plants may significantly contribute to MM

uptake in biomass [28]. Microbial assemblages improve plant

h, suppress disease-causing microbes, and increase nutrient avail-
similation [291.
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1.4  Methods of Inoculating Plants with Microbia] Inoculants

Plants to be used as phytoremediator to clean polluted soils could be inoculated with
microbial assemblages via quite 4 number of techniques. Thege methods could
include: (€))] Seedinoculation, 2) Soaking plant roots with microbia] suspension,
when the root of Tyegrass was soaked with suspension of an endophytic Massilia
Sp. (Pn2) the same was found to have been translocated to the plant shoots [30].
(3) Painting plant leaves with microbial Suspension [31-33], Afzal et a]. [34] dis-
covered the cells of BurkholderiaphytoﬁmansPsJN in the interna] tissue of the
shoot and root when the plant was inoculated via Jeaf painti

strategy was found to be the optimal colonization method

of plant organic contamination [32].

1.5 Types of Soil Pollutants

es
via a microbial-assisted phytoremediation technique.

1.6 Mechanisms of Microbial Inoculants
in Phytoremediation of Polluted Soj]

Microbial inoculants can improve pollutant removal through various mechanisms,
Some has the potential to produce metal chelating siderophores, which could
improve metal bioavajlability 871 Moreover, they produce biosurfactants (rhamno-
lipids) that can enhance the solubility of poor Wwater-soluble organic compounds and
the mobility of heavy metals [38]. Formation of biofilm is another mechanism by
which microbja] inoculants assjst plants in remediation of polluted soils [39]. In
addition, these microbes can

through the action of organj

Diverse soil microbes have ¢

3-acetic acid (IAA), Cytokinins, gi

promote plant growth by altering




L1 Some examples of soil pollutants that could be rem

oremediation technique

oved from soil via microbial-assisted

Microorganism

[ Pollutants

References

Micrococcus
sp. MU1 and
Klebsiella sp.
BAM1

Cd

Prapagdee et al. [50]

Enterobacter
sp. JYX7 and
Klebsiella sp.
JYX10

Azotobactor
chroococum
and Rhizobium
leguminosarum

Jing et al. [51]

Hadi and Bano [52]

wm melongena

Pseudomonas sp.

Fuet al. [53]

Scutelospore
reticulate,
Glomus ph

Alori and Fawole [2]

Pseudomonas
sp. LK9

Chen et al. [54]

Pantoea
agglomerans
Jp3-3, and
Pseudomonas
thivervalensis

Y1-3-9

Zhang et al. [55]

Paenibacillus
macerans
NBRFTS, Bacillus
endophyticus
NBRFT4, B.
pumilus NBRFT9

Tiwari et al. [56]

Staphylococcus
sp. strain BJ06

Sun et al. [57]

Pseudomonas
sp. SRI2,
Psychrobacter
sp. SRS8 and
Bacillus sp. SN9

Ma et al. [58]

Acinetobacter
sp. Q2BJ2 and
Bacillus sp.
Q2BG1

Zhang et al. [55]

Rhodococcus
erythropolis
ET54b
Sphingomonas
sp. D4

Hexachlorocyclohexane
(HCH)-

Becerra-Castro
et al. [59]

Rhizophagus
irregularis

Diesel

Driai et al. [60]

Pseudomonas
aeruginosa

(Cu, Pb and Zn and
petroleum hydrocarbons)

Agnello et al. [35]

(continued)




Table 1.1 (contmued)

Plant

Orychophragmus
violaceus

Cytisusstrianus
(Hill) Rothm

_thaliana
Solanum

Bras sica napus

Trmcum aestivum
Brassica juncea

Plumbizincicola

Brassica napus

Tnfalmm repenv

Brassica juncezz

Rahnella'sp.

Brassica juncea

T
Orycoprhagmus
violaceus

Lupinus luteus

™ reanism [Pollutants
[ Baullus subtilis, —_.i Cd e z

‘B cereus, B. |
wmegaterzum and f
| Pseudomonas !
‘aerugmvm

eryt/zmpoll: ET
} 54b and

I Sphingamonax
sp D4

l Achromobacter
xylomxtdam
f Penicillium
janthmellum LKS

[ P reudomomzs
punda KT2440

| Bacillus subrilis
| 8J-101

| Bac:llm pumz/us

‘ EZSZ and

[ ﬁuore scens G10
and Mtcmbactenum

‘ sp. G16

[ Atbusoular
mycorrhizal fungi

[‘ and Bacillus

eavy melals

| legummnzarum
[Amamnrhus

| By, pochondriacus,
‘A Mangostanus
\ and S. nigrum

f S taphylacoccu T
’ arlettae
| NBRIE,

[ Bacilus |
| B. cereus,

( Flavobacterium
sp. and
Pseudomonas
aeroginosa
(Zhan0 etal. [SLJ

[ Burkh Burkhalderm

| (TCE)

| thuringiensis

__| GDB- 1

| | Ni and mchloroethylene

[References
Liang et al. [61]

[ Becerra-Castro
Jetal. 62)

!
|
e 63

i

o (Zaxdl etal [67]

e N i

J Ma et al, [68]

l Sheng etal. [69]
I
|

|
|
SR N
TAzcén etal. [70]
|

4 [Wezowicz etal i

AdedJran et al [72] 7

Yuan et al. [73]

1vastava et al [74]

Heetal [75]
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Simstesies of phytoremediation through microbial assemblages

isration [40]. In addition, soil microbes possess growth- promoting traits,
lilne phosphorus solubilization, nitrogen fixation, iron sequestration, and phy-
which improve plant growth and increase plant biomass [39].
Wiom to degrading soil pollutants microbial assemblages, also partake in
ation by producing hormones, fixing atmospheric nitrogen, or solubi-
1] One of the most important mechanisms by which microbial assem-
4 to stress condition such as from soil pollutant is by increasing
S that result to an increase in cell and plant damage [42]. Many
asement phytoremediation destroy a precursor of the ethylene (1-am
=-1-carboxylate (ACC)) that by producing the enzyme ACC deami-
fum facilitates plant growth and development by decreasing plant
IBNESS [39]. Figure 1.3 depicts strategies of phytoremediation through
bllages.

ges of Microbial Inoculants-Assisted
Py || a tion

perobial inoculation-assisted phytoremediation encounters some
i e following reasons: (1) The number of degrading microbes
glime the pollutant to be degraded may be low or non-detectable, (2).
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The physical and chemical properties of pollutants. The various types of soil
pollutants vary in their mobility, solubility, degradability, and bioavailability. These
properties play very important role in the removal of the pollutants from the soil.
Pollutant or mixtures of pollutants someti

According to Diels and Lookman [44], microbial inoculation-assisted phytoreme-
diation is influenced by temperature in the range 5-30 °C. It therefore means that
the success of microbial inoculation-assisted phytoremediation will depend largely

g winter in temperate countries. Grundmann
et al. [45] reported that the efficiency of microbial inoculation-assisted phytoreme-
diation depends on pH in the range 5-8. Many metal cations like Cd, Cu, Hg, Pb,

and Zn are reported to be more soluble

1.8 Characteristics to Consider in the Choice of a Plant
for Microbial-Assisted Phytoremediation

A key aspect in biological remediation methods is the selection of appropriate
plant-bacteria partnerships for the remediation of polluted soils [3]. Some of plant

dered include: €xceptional contaminant tolerance, ability to
quickly grow on degraded land, and rapid biomass production. For instance alfalfa
(Medicago sativa L.) that is often used in phytoremediation of contaminated soil is
a fast growing species. Another critical characteristic to be considered is the
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= of plant-recruited microbial communities. Plants that develop extensive

favor the establishment of rhizosphere microorganisms. Plants ideal

on should possess the ability to grow outside their area of collec-

ce high biomass, easy harvesting and accumulation of a range of heavy

harvestable parts [49]. Poplar and willow possess deep root systems,

=at biomass, can be grown in a wide range of climatic conditions and
= why they are effective phytoremediator of polluted soil [46].

¢ could be organic or inorganic present in the hydrosoluble fraction
0 particles or dissolved. Microbial-assisted phytoremediation remove,
: . or reduce the concentrations or toxic effects of contaminant in
.. Production of siderophores, biosurfactants, formation of biofilms,
oduction, biomethylation, and redox processes and plant growth
ation are mechanisms employed by microbial inoculants in phy-
The number of available degrading microbes and the physical and
perties of pollutants determine the success of microbial inoculants-
asemediation. Exceptional contaminant tolerance, ability to quickly
aded land, ability to grow outside their area of collection, and rapid
sction are important plant characteristics to be considered in the
% for phytoremediation.
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