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Chapter

Plant-Microbe Interaction:
Prospects and Applications
in Sustainable Environmental
Management

Ajuzieogu Chinyere Augusta, Ehis-Eriakha Chioma Bertha
and Akemu Stephen Evomosele

Abstract

Plant-microbe interaction is mostly mutualistic although sometimes it can be
negative. These interactions contribute to improving the environmental quality
and health of all organisms. One significant aspect to this is application in sustain-
able environmental management. Plants are known to be involved in remediation
of polluted environments through a mechanism known as phytoremediation and
this process is usually more effective in collaboration with microorganism resident
within the plant environment. These plants and microbes possess attributes that
makes them great candidates for sustainable remediation of impacted environ-
ments. Different organic pollutants have been decontaminated from the environ-
ment using the phytoremediation approach. The plant-associated microbes possess
certain traits that exert selective effect on the growth of plants which consequently
perform the decontamination process through different mechanisms. Also, these
microorganisms’ harbour requisite genes charged with the responsibility of miner-
alization of different organic and inorganic compounds through several pathways
to produce innocuous by-products. The limitations associated with this approach
that prevents full-scale application such as contaminant-induced stress frequently
leads to low/slow rates of seed germination, plant development and decreases in
plant biomass have been solved by using plant growth promoting rhizobacteria.
Phytoremediation is an emerging, cost-effective, eco-friendly and operational
technology for the cleanup of polluted environment.

Keywords: environment, phytoremediation, pollution, plant, rhizobacteria

1. Introduction

The idea of phytoremediation of xenobiotics was birthed a few decades back
as a result of the awareness that plants possess the capability of metabolizing toxic
compounds. Since then, phytoremediation was adjudged a proven technology for
the decontamination of environments polluted by a different of organic compounds
such as polychlorinated biphenyls (PCBs), pesticides, polyaromatic hydrocarbons
(PAHs), chlorinated solvents, dioxins and different approaches like rhizoreme-
diation, combination of PGPR and specific contaminant-degrading bacteria,
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genetically engineered microbes, transgenic plants and enzyme technology can be
used to improve the efficiency of bioremediation. Phytoremediation is an emerg-
ing technology that uses plants and associated bacteria for the treatment of con-
taminated environments by toxic pollutants. Although some challenges that have
so far prevented full- scale application of phytoremediation technologies is that
contaminant-induced stress frequently leads to low rates of seed germination, slow
rates of plant development and decreases in plant biomass. However, this problem
can be solved by using plant growth promoting rhizobacteria. Rhizobacteria that
exert beneficial effect on the plant growth and development are called as plant
growth promoting rhizobacteria (PGPR). The term rhizoremediation has been
used to describe the combination of phytoremediation and bioaugmentation with
contaminant

Petroleum is composed of various hydrocarbons including aromatics
(e.g. polycyclic aromatic hydrocarbons [PAHs] ), asphaltenes, aliphatics [i.e.
n-alkanes (linear), branched, saturated & unsaturated], & others, which differ in
chemical & physical composition based on the reservoir’s origin [1, 2]. Petroleum
hydrocarbons (PHCs) are organic in nature, comprising of hydrogen and carbon,
and highly hydrophobic. In recent times, anthropogenic activities including indus-
trial actions, petroleum & its products (fuel, diesel, kerosene and others) and
partial oxidation of fossil fuels, have lead to build-up of PHCs in the environment
[3-5]. Actually, petroleum & its products have impacted considerably, on both
aquatic and terrestrial ecosystems contaminated by it. Owing to the fact that micro-
organisms participate directly in bio-geochemical cycles as major players of carbon
and petroleum hydrocarbon breakdown (degradation), it is important to further
understand petroleum biological degradation and its application [6, 7].

Microorganisms are capable of breaking down or producing hydrocarbons based
on some kind of metabolic pathways, unique to each function in the underlying
environment [7, 8]. There are key players in the biological degradation of several
petroleum products like benzene, toluene, ethylbenzene & xylenes (BTEX),
aliphatic & PAHs [2, 9, 10]. Efficient indicators of soil contamination levels are
soil microorganisms, plants & biota. They have the ability to breakdown or retain
approx. 100% of all kinds of soil pollutants & prevent them from gaining entrance
to larger environment [11]. But, when there is severe pollution or contamination
of the soil, it results in adverse impacts on soil biodiversity & soil quality. Soil
functions (such as, fiber, food and fuel production) is also destroyed, and imme-
diately the food chain is affected, this becomes a threat to public health [9, 12, 13].
Recording success in bio-degradation & bio-transformation of organics in PHC-
contaminated soils to less-toxic by-products is usually dependent on the potential to
build & sustain conditions that will favour & support microbe-driven degradation,
bio-technologically & naturally. The interactions between microbes & plants in
phyllosphere & soil are highly significant for both plant growth & productivity in
agro-systems, natural systems &/or microbe-driven breakdown of soil PHCs. In field
studies, the successful use of plant-microbe interactions in the biological reme-
diation of PHC-contaminated soil relies basically on the native (autochthonous)
microorganisms (rhizospheric & endophytic bacteria associated with plant) with
the genes unique for bio-degradation of petroleum hydrocarbons [10].

Increasing research on ways to remediate or clean up contaminated environments
is the outcome of increased awareness of the danger of soil pollution and its adverse
effects on the entire ecological chain. Owing to the diverse nature of pollutants,
no absolute remedy exists that is common to all kinds of soil contaminants. In this
review however, the pollutants of interest are PHCs sourced from crude-oil or refined
petroleum by-products [11]. Thus, researches related to soil HC-contamination &
its bio-remediation is the focus. In addition, plant-microbe interactions related to
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bio-degradation of PHCs could offer a robust understanding of the requisite tools
for developing on-site biological remediation plans for mitigating risks in PHCs-
contaminated soil.

Terrestrial (soil) pollution can be restored by developing new, science-based
technique, including a new emerging method, i.e., bio-remediation. Bio-remediation
is an environmentally- friendly & efficient technique, where live microbe(s) and its
products or other biological agents (such as plants) can be utilized for the remedia-
tion of eco-contamination [14].

The fate of hydrocarbon/organic contaminants in soil-plant environment is
determined by significant processes driven by plant-microbe interactions, [15, 16],
competence of the microbial activity & microbe-degradation or bio-transformation
of petroleum hydrocarbons in soil. In field studies, in depth understanding of the
fate of a hydrocarbon/organic-pollutant in oil would aid in determining if the con-
taminant will persist in the environment or not, enhance the success of any reme-
diation strategy & assist in developing a high-throughput risk mitigation approach.

This part of the review focuses on role of plants & microbes in bio-degradation
of PHCs-contaminated soil, resulting from increased researches on bio-remediation
& field trials. Also, the enzymatic activities of hydrocarbon degrading microorgan-
isms will be discussed. Emphasis is placed on Phyto-remediation, a valuable method
that depends on plants to eliminate/decontaminate soil contaminants. Studies that
recorded success on the use of trees in the restoration of PHCs-contaminated soils
are also cited.

2. Biological remediation

Biological remediation involves elimination, attenuation or transformation of
pollutants or contaminants by using biological agents/processes. It is frequently
used in moderately PHC-contaminated soils. It is a better remediation tool in soil
contamination when compared to physico/chemical remediation. It also offers a
cost-effective option, a potentially low-technology, low risk of secondary pollution,
& aesthetic value (by phytoremediation) [16-19]. For the past years, the applica-
tion of bio-degradation and/ or bio-remediation as a remediation/clean-up strategy
has become the strategy of choice for remediating PHC-contaminated soil, for the
following reasons that; it is cost-effective, sustainable & can enhance natural bio-
degradation processes by optimizing limiting factors [9, 20].

Four types of biological strategies useable in soil remediation; (i) micro-organisms
(such as bacteria or fungi) to degrade organo-pollutants (also referred to as microbial
remediation), (ii) fast growing plants with large biomass, or plant & associated
rhizospheric microbial population assisted remediation also known as phyto/
rhizo-remediation, (iii) animals in soil (such as worms) to concentrate or stabilize
contaminants that cannot be broken down by biological processes, in their body or in
the soil; (iv) the combined utilization of the entire strategies aforementioned or the
combination of physico/chemical & biological methods. Nevertheless, the focus here
is on the use of plants, also known as phyto-remediation [16, 19].

Phyto-remediation is a known bio-remediation technique that uses the degradation
potential of microbes & plants to clean up or decrease soil pollutant concentration to
permissible risk-levels of site owners and/or regulatory bodies [16, 21-24].

2.1 Phytoremediation

Plants have the capacity to adjust to and modify diverse environmental conditions
to certain levels [25]. Phyto-remediation (phyto—Greek for plants) is a universal word
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that refers to diverse methods that employ plants in the clean-up of environmental
(water & soil) contaminants [16, 26, 27]. It is the use of living green plants for on-site
remediation. It also involves taking advantage of the symbiotic interaction between
plant-based processes & their associated microbial communities to eliminate, trans-
form, &/or mineralize soil inorganic & organic contaminants, as well as pollutants

in wastewater, surface water, ground water & sludges [28-30]. In specific words,
phytoremediation is a term used to describe a battery of technologies that utilize plants
to reduce, remove, degrade or immobilize environmental toxicants/pollutants with the
sole purpose of eco-restoration (restoring a site to a condition useable for private or
public applications) [16, 31] as described in (Figure 1 and Table 1). Phytoremediation
has been widely employed to eco-restoration of soil contaminants such as landfill
leachates, crude-oil, metals, pesticides, solvents, explosives, etc. [42, 43]. Phylo-
genetic diversity of PHC-degraders is huge & numerous recurrent groups reported by
most phyto-remediation studies are; Stenotrophomonas, Sphingomonas, Rhodococcus,
Acinetobactey, Alcaligenes, Avthvobacter, Burkholderia, Flavobacterium, Mycobacterium,
Micrococcus, Nocardioides, Pseudomonas, & Ralstonia species [10, 44-46].

Individual mechanisms described above are known to have major impact on
concentration, environmental outcome & behavior, toxicity, bio-availability &
bio-accessibility of PHCs in contaminated soil. Field studies have shown that, cer-
tain plants have the ability to eliminate/breakdown xenobiotic organic compounds
from the environment by enhancing accumulation & transformation [16, 47],
extracellular transformation [48, 49], & metabolic activities of microbes around
rhizosphere of the plant [16, 40]. Strategies for phyto-remediation of foreign organ-
ics are grouped into two groups; direct phyto-remediation (in planta) and phyto-
remediation (ex planta) [16, 24, 50, 51]. The phyto-remediation ex planta depends
on a synergy association between substances secreted by roots (root exudates) &
metabolic activities of autochthonous rhizosphere related micro-organisms [32, 52].
Plants with the capacity for PHCs phytoremediation have been reported in a num-
ber of studies as shown in Table 2.

[24, 54], stated that an efficient plant for phyto-remediation should have these
traits; (i) capacity for tolerance, build-up, or breakdown of pollutants in their
above-ground areas, (ii) tolerate the volume of pollutants built-up, (iii) grow fast
& produce high cell mass, (iv) fibrous root systems, & (v) be easy to harvest. The
fibrous root systems are advantageous over taproot systems because they offer a
larger surface area for colonization of microbial populations & also enhance the
interaction between autochthonous rhizospheric-associated microbial communities
& the xenobiotic compounds [16, 55].

Aside in vitro trials, success reports have been recorded with phyto-remediation
field trials aimed at remediating PHC-contaminated soil over 2 decades ago. [56]

| Mechanisms of Phytoremediation |

Phytovolatilization
Plants absorb &/or take-up foreign Phytodegradation i . .
organics using their roots, convert Pl ‘yt dir % breakd Ph ili . Phytoe_Xt_l‘actlon Rhizofiltration
them to gases & release/transpire ‘an S y recty " leu own ytOStabl ization Plants §|1n11na1e PHCs Plant roots or seedlings & their
them into the atmosphere in form organic/contaminants/poltutants Plants immobilize & prevent from soil & accumulate rhizosphere-associated
of volatiles into simpler compounds w“h_‘he offsite contamination (through them in the portion of the microbial populations. are used
help of enzymes released from migration & bioavailability) of plant’s  part in  the to eliminate. absorb,
roots or metabolic processes that : i .
Py ! PHCs in the environment. phyllosphere. accumulate, precipitate &/or
occur within plant tissues . s
sequester foreign organics in
environments that are
contaminated.
.
Figure 1.

Mechanisms involved in phytoremediation.



Mechanisms involved in phyto-remediation.

Position Mechanisms Description Pollutants and media Objectives of References
phyto-remediation
Plant shoots Phyto-accumulation; Plants eliminate PHCs from soil & accumulate them in the Metals, PHCs & other Phyto-remediation is [32, 33]
Phyto-sequestration; portion of the plant’s part in the phyllosphere inorganic toxicants present achieved by removing
Phyto-extraction in sediment, surface water plants that have
& soil accumulated the pollutant
Phyto-transformation or Plants directly breakdown organic contaminants/pollutants PHCs, mobile organics such Phyto-remediation by (32, 34]
Phytodegradation into simpler compounds with the help of enzymes released as herbicides in surface complete mineralization
from roots or metabolic processes that occur within plant water, sediment & soil
tissues, which consequently sustains growth of plant
Phyto-hydraulics Plants are used to increase evapo-transpiration, thus, putting Inorganics & Organics in Plants contain the pollutant [35, 36]
the movement of contaminant, water & soil under control surface & groundwater by controlling water
movement
Phyto-volatilization Plants absorb &/or take-up foreign organics using their roots, Volatile organics & Biological remediation by (37, 38]
convert them to gases & release/transpire them into the in-organics such as mercury plant removal
atmosphere in form of volatiles & selenium in soil surface &
surface water
Rhizosphere Rhizo-filtration Plants (aquatic/terrestrial), their roots or seedlings (rhizo- Inorganics such as heavy Containment [39]
filtration or blasto-filtration), & their rhizosphere-associated metals & Organics in surface
microbial populations, are used to eliminate, absorb, water
accumulate, precipitate 8/or sequester foreign organics in
environments that are contaminated
Phyto-immobilization or Plants immobilize & prevent offsite contamination (through Inorganics & organics in Containment [39]
Phyto-stabilization migration & bioavailability) of PHCs in the environment water & soil
Phyto-stimulaton or Plant-assisted bio-remediation which basically depends Hydro-phobic organics such Remediation by [40, 41]
Rhizo-degradation on degradation of contaminants via metabolic activity of as Polychlorinated biphenyls, mineralization
microbes (fungi, yeast, or bacteria) in soil PAHs, & other PHCs in
water & soil
Table 1.
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S/N Botanical name Common name

1. Agropyron smithii Western wheat grass
2. Andropogon geradi Big bluestem

3. Bassia scoparia L. Burning bush or ragweed
4. Biden Beggar ticks

5. Bouteloua gracilis Blue grama

6. Cynodon dactylon Bermuda grass

7. Glycine max Soybean

8. Lolium perenne L. Ryegrass

9. Medicago sativa L. Alfalfa

10. Oryza sativa or Oryza glaberrima Rice

11. Zea mays L. Maize

12. Sorghum bicolor Sorghum

13. Boutelova curtipendula Side oats grama

14. Sorghastrum nutans Indian grass

15. Fetusca rubva var. arctaved Arctared red fescue
16. Daucas carota Carrot

17. Sorghum vulgare L. Sudan grass

Adapted from [29, 53].

Table 2.
Some plants with phyto-remediation ability for the clean-up of petrolewm hydrocarbon—contaminated soil.

stated that trees & grasses are usually employed for phyto-remediation purposes,
with trees classically selected for the bio-remediation of Benzene, Toluene,
Ethybenzene, Xylene, whereas grasses are often employed for the bio-remediation
of PHC-contaminated soil.

[16, 57] Study on plants with the potential for enhancing bio-remediation of
PHC-contaminated soil, obtained results that indicated that the growth of Glycine
max impacted on soil organic matter contents, moisture & pH of PHC—contami-
nated soils significantly, with levels of significance; (P < 0.001, P < 0.01 & P < 0.05).

Biodegradation of PHCs was improved in soils spiked with 25 g/L crude-oil &
cultivated with Glycine max & the soils became more suited for growth of plants as
weeds were observed to also grow from the soil. Findings from the study revealed
the farming of certain crops like G. max, could be proficient in ecorestoration &
alleviate risks of PHC-contaminated soil [57]. Phyto-remediation is an inexpensive
plant-based remediation strategy for decontaminating PHCs-contaminated soils
particularly in the tropics with low finances [58, 59].

Ecological rehabilitation (restoration of contaminated or degraded soils), with
the cultivation of Vetiveria zizanioide has been reported to increase biomass greatly
& consequently improve phyto-remediation of an oil shale mined land contami-
nated with heavy metals [42, 60]. Vetiveria zizanioide (a hydrophyte & xerophytes),
tolerates varying abiotic stresses significantly & has been employed in times past in
the rehabilitation of coal, gold mines & mining overburdens [61, 62]. In the study
by [62], it was discovered that Goose grass (Eleusine indica) improved phyto-reme-
diation greatly in soils polluted with PAHs & Total Petroleum Hydrocarbons (TPH).

Comparatively, grasses exhibit traits of fast growth, strong resistance & large
biomass in contaminated environment, efficient stabilization & rehabilitation of
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contaminated lands in sub-tropics & tropics, than trees & shrubs [63, 64]. The
capacity of regular tropical grasses, such as elephant grass (Pennisetum purpureum), to
increase the degradation of a crude-oil contaminated soil has been documented [64].
Field trials have shown that phyto-remediation can be used on soils with moderate
PHC contamination or after the use of other biological remediation strategies, in
order to alleviate risks linked with PHC-residues in soil further [16, 65]. In a way to
improve this bio-remediation strategy, the competence of the plant for phyto-remedi-
ation could be significantly enhanced using genetic engineering technologies [24, 66].

Phytoremediation is promising for the onsite treatment of PHC-polluted soils.
Treating on site could be challenging to regulate than off-site treatments, for
instance, ex situ treatment of soil impacted with wastes from refinery. In spite of
this, remediation actions on site are largely employed in recent times since they are
inexpensive and prevent disruption of contaminated soils. Success of biological
degradation is affected by several environmental parameters; contaminants compo-
sition, concentration & bio-availability, soil nutrients, oxygen, moisture content,
pH, & profile of contaminated area [2, 67, 68]. Understanding ways of controlling
these parameters/factors in order to optimize biological activities that will result in
bioremediation is paramount.

2.2 Choice of species in phyto-remediation
2.2.1 Plant choice

Several criteria should be considered before choosing plants for phytoremediation.
A plant species for phytoremediation should have roots that can spread throughout
the whole contaminated site. The principle for plant selection ought to follow the
needs of the use, contaminant type & their ability to grow & increase on contami-
nated soil [16, 18]. Indigenous plants are preferable, to prevent introducing invasive
species. E.g. Hibiscus Cannabinus (Kenaf) & Vetivera zizanioides (Vertiver) which
are indigenous plants have been reported to be very proficient in crude-oil pollution
remediation in Nigeria [42, 69].

Herbaceous plants, deciduous trees & conifers are renowned plant types [65],
based on the environmental conditions & the polluting compound. Peas, clover,
reed canary grass & alfalfa (legumes), ryegrass, sunflowers & wheatgrass (grasses)
and Thespesia populnea, Populus sp., Salix sp., Scaevola serica, Prosopis pallida
& Cordia subcordata (trees) have been reported to display tolerance to PHC-
contamination [16, 18, 42, 65]. Tolerance refers to the potential of a plant to grow in
hydrocarbon-contaminated soil, however, it does not really suggest the healthiness
of the plant [65].

i. Herbaceous plants in phyto-remediation: Grasses usually cultivated with trees
are largely employed as the main remediation species in hydrocarbon-polluted
soils, because they make available great fine roots in topsoil. Grasses are success-
ful as binders & transformers of PHCs like PAHs & BTEX because of the exten-
sive fine root biomass that contains vast microbial community than other species
of similar capacity [16, 18, 70].

ii. Legume—rhizobium symbiosis in phytoremediation: Nutrients (nitrogen
& phosphorus) are especially limiting in contaminated soils. Also, competi-
tion for nutrients amongst soil organisms makes nutrients a limiting factor for
bio-remediation [71, 72]. When soil moisture content & temperature is low,
nitrogen insufficiency is worsened owing to poor mobility of nutrients, limited
microbial & enzymes activity [71]. Adequate fertilization & frequent tillage
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were suggested by [73, 74] as helpful measures in ensuring breakdown of PHC
in comparison to un-treated soil. In their research, initial concentrations of PHC
were eliminated by 70-81% through bio-remediation in fertilized soils as against
56% elimination without fertilization in natural attenuated soil.

Though, disproportionate application of nitrogen-containing fertilizers could
lead to environmental pollution/problems. In order to prevent this, nitrogen-fixing
plants like legumes, can be used in place of them [16, 75]. Rhizobia have the capac-
ity to infiltrate roots of legumes, forming symbiotic relationships & nodules, which
have the ability to fix gaseous nitrogen into plant in the form of ammonia [24, 76].
Anabaena, Blue-green algae, Azotobacter, Azospirillum, Rhizobium, Actinomycetes &
Frankia are generally used Nitrogen-fixers in soils [77, 78].

iii. Trees as phytoremediation tool: Trees & their hybrids are extensively employed
in clean-up of PHC-impacted soils. CLUIN phyto-remediation databank records
that a great percentage of phyto-remediation successful studies were performed
using trees (Table 3). Plant hybrids that grow fast with desired characteristics
like resistance to harsh soil & climatic conditions, resistance to pests & diseases;
have been chosen as potential phyto-remediation choice species [16, 80]. For
example, hybrid trees from willows & poplars have generally & successfully
employed in phyto-remediation of soils polluted with organic & in-organic
compounds. But, precautions are advised, to evade risks of utilizing genetically
engineered or modified breeds [29, 42, 80].

2.3 Rhizoremediation

Although some studies have endorsed the use of plants only, for effective biological
remediation of PHC-impacted soils, [81, 82], using plants associated with PHC-eating
microbes &/or plant growth—promoting bacteria (PGPB) for the clean-up or degrada-
tion of HC-impacted soil has an edge because it reduces the risks of reverse transfor-
mation &/or HC-residues [16, 83-85]. The root system of plants which is generally
known to offer support & enhance water & nutrient uptake, is a chemical factory
that drives several interactions like mutualistic relationships with beneficent autoch-
thonous micro-organisms (e.g. mycorrhizae, endophytes, plant growth-promoting
rhizobacteria (PGPR) & rhizobia) below soil surface [16, 24, 86]. The use of phyto-
remediation/plant-associated microbes’ combination strategy offer better biological
clean-up platform than using plant only.

Rhizo-remediation is thus, the use of plants & their interactive relationships
with micro-organisms that inhabit the area around the roots (rhizosphere). This
combination has the capacity to breakdown foreign organics in the rhizosphere. In
this process, root exudates/secretions enhance the survival & metabolic activities of
PHC-degrading microbial populations &/or associated rhizo-microbes, resulting in
complete breakdown of organics in hydrocarbon-inundated soils [16].

Rhizo-remediation is one of the most efficient phyto-remediation tools that take
advantage of the most active area being near/around the roots of plants for removal/
degradation/clean-up of organic contaminants [24, 50, 87]. Practically, microbial
communities associated with the rhizosphere are the major contributors to biodeg-
radation & the green plants employed are seen as biological, solar-driven pump &
treatment systems [43, 88, 89].

The success of rhizo-remediation relies upon the proficiency of the rhizo-
microbes, indicated by their potential to survive & compete for root exudates in
the rhizosphere, in order for them to be maintained in requisite numbers & profi-
ciently colonize the emerging root system [16, 90]. In field studies, effectiveness
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Name of project  Trees & Pollutants Phyto- Results & findings
(duration) other plants (initial concentration remediation
employed in media) mechanisms
Phyto- Native sedge, Gasoline in soil Phyto-degradation;  82% reduction in Soil
remediation ata Cattails rush, and ground water Phyto- BTEX concentrations;
gasoline release White willow, (Soil average BTEX: volatilization; In the 1st year of
site in Georgia Black willow, 1400 pg/L; average Rhizo-degradation  the growing season,
(1999-2002) Wooly bull rush  benzene: 44 pg/L) almost 90% of the
trees planted survived,
although highest death
rates was observed in
regions with highest
concentration of
gasoline. In plant
branches & leaves,
BTEX & benzoic
acid (a product
of degradation)
were present in low
concentrations.
Phyto- Hybrid poplar Mixture of organics Phyto-degradation; ~ During the 1st 3 years
remediation (e.g. 2700 mg/L Hydraulic Control of monitoring, approx.
at the Edward of Xylenes) in all of the contaminants
Sears Property groundwater & soil decreased
in New Jersey
(1995-2004)
Phyto- Hybrid poplar 17,500 ppb of PAHs Rhizo-degradation; ~ Concentrations of
remediation at & 18,500 ppb of Phyto-volatilization =~ PAHs & naphthalene
Oneida Tie Yard Naphthalene in soil were 6400 ppb &
Site in Tennessee 4900 ppb respectively,
(1997-) at the end of 7 years
monitoring
Phyto- Understory Diesel in soil, BTEX, Rhizo-degradation; = Trees tripled in height,
remediation at grasses; Hybrid  gasoline, & other Hydraulic Control; & subsurface aeration
Ashland Inc. poplar organics in ground Phyto-extraction increased in soil
in Wisconsin water & soil since planting. Roots
(2000-) observed at 10 feet

depth during 1st
growing season

Source: [79].

Table 3.
Studies that used forest trees in phyto-remediation of PHCs contaminated soils.

& success in the use of rhizoremediation strategy depends mainly on the potential
of PHC-degrading microbial populations &/or PGPR to efficiently colonize the
rhizosphere [91].

Employing rhizo-remediation in breakdown of PHCs have been proven to be an
inexpensive strategy & it can be further improved by employing genetically modi-
tied/engineered microbes &/or plants fashioned uniquely for the purpose & optimiz-
ing favorable conditions for efficient restoration/clean-up of organic pollutants [24].

The study by [87] evaluated the plant/associated rhizo-microbe degradation
of diesel-polluted soil using two varieties of rapeseed & HC-degrading microbes.
They found out that the rapeseeds defenses responded in different ways. Research
by [92] revealed that the mean of the residual PAHs in mixtures (48%), was con-
siderably less than PAHs in soils that used plants alone (55%) & in soils that did not
employ plants (70%).



Plant Hormones - Recent Advances, New Perspectives and Applications

3. Application of plant growth promoting microbes (PGPM) in
phytoremediation

Plant growth-promoting rhizobacteria (PGPR) are a class of beneficial microbes
associated with root system (rhizosphere) in plants & on colonization, are known
to facilitate plant growth via direct & indirect processes [93, 94] (Figure 2). Direct
mechanisms include heavy mineral uptake by plants [24, 95], phyto-stimulation
(also known as phytohormone production), siderophore production which limits
the iron (Fe) activity [24, 96], nitrogen fixation, phosphate solubilization &
potassium solubilization; while indirect mechanisms include ISR (induced systemic
resistance against plant diseases, also known as “systemic resistance”), phyto-
remediation, signal interference [97], antibiotics production, quorum sensing [98],
chitinase & glucanase activity, exopolysaccharide production [99]. The PGPM
facilitates growth of plants under stress by production of vital enzymes like rhizobi-
toxine exopolysaccharides, 1-aminocyclopropane-1-carboxylate (ACC)-deaminase
& chitinase.

Plant growth—promoting rhizobacteria (PGPR) can enhance growth of plant in
polluted soils by diverse processes or can assist in biological remediation of polluted
soil [100] by using any or a combination of the mechanisms stated above. They are
capable of detoxifying the contaminated soil by sequestering metal ions inside the
cell [101], biotransformation/transformation of metals from toxic to less toxic ones
[19, 100, 102], adsorption/desorption of metals, etc. Some examples of PGPR, pol-
lutants they target & the processes they employ to enhance growth of plants under
stressed conditions (pollution) are displayed in Table 4.

It is worthy to note that this approach applies PGPR whose action is affected by
climate change. Thus, successful remediation with PGPR is greatly connected with
climate, for e.g. heat could impair plant physiology & growth, likely resulting to
modifications in the structure, population, or activity of plant-associated microbes.
Therefore, microbial populations with beneficial impacts on plant health or growth
may be reduced under unfavourable conditions [24, 111]. Therefore, understand-
ing growth patterns of plants & its ambient environment prior to using PGPR is
essential, particularly in certain conditions. Identifying a particular PGPR unique to
a certain area is thus, essential for achieving improved activity by them & effective
enhancement of the bio-remediation of polluted soil under evolving climatic condi-
tions [24, 111].

Figure 2.
Mechanisms of action of PGPR in biological remediation of polluted soil.
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PGPR Plants Target pollutant  Mechanism of action Reference
Dokdonella, — Polycyclic Degradation of [103]
Luteimonas, aromatic phenanthrene, fluorene,
Sphingomonas, hydrocarbons & pyrene
Pseudomonas, & (PAHs)
Sphingobium sp.
Acinetobacter sp. Rice Anthracene, Siderophore production, [104]
PDB4 Pyrene & phosphate solubilization
Benzo(a)pyrene
(BaP)
Burkholderia sp. Brassica chinensis, Phenol Siderophore production, [105]
XTB-5 Ipomoea aquatic Phosphate solubilization
& 1-aminocyclopropane-
1-carboxylate (ACC)
deaminase synthesis
Pseudomonas Wheat Petrol engine oil Biosurfactant synthesis, [106]
plecoglossicida petroleum hydrocarbon
(JX149549), P metabolism, iron
aeruginosa (JX100389) sequestration, petroleum
hydrocarbons metabolism
Shinella sp. EIKU6, — Arsenic (As) & Oxidation & Resistance, [107]
Micrococcus sp. EIKUS, Uranium (U) Uranium elimination
& Microbacterium sp.
EIKU5
Planctomyces Testucaarundinacea Petroleum Production of [108]
Lysobacter, hydrocarbons phyto-hormones
Klebsiella sp. D5A, & solubilization of
Pseudomonas sp. SB, minerals; production of
Pseudoxanthomonas biosurfactant; increase
root biomass
Staphylococcus Maize and Oat Petroleum Siderophore [93,109]
carnosus, Bacillus hydrocarbons production, Synthesis
circulans, & of Indole acetic acid,
Enterobacter 1-Aminocyclopropane-
intermedius, Servatia 1-carboxylate (ACC)
marcescens BC-3, deaminase activity and
Pseudomonas petroleum degradation
aeruginosa SLC-2
Pseudomonas Red clover Radionuclide Increase in translocator [110]
fluorescens ATCC cesium factor, Resorption of
17400 Cesium onto biofilms
Table 4.

Some PGPR, target pollutant ¢ mechanisms of action.

4. Enzymatic activities of hydrocarbon degrading microbes

High enzymatic potentials present in microbes afford microbial communities
the ability to degrade complex hydrocarbons [49, 112]. This petroleum degrading/
modifying potential makes them able to breakdown/transform some pollutants
like petroleum, & this sums up the significance of enzymes in bio-remediation.
The diverse nature of microbial genes adds to the versatility of their metabolic
reactions for the transformation of toxicants into less-toxic end-products, subse-
quently incorporated into natural bio-geochemical cycles [2, 49]. Myriad of micro-
organisms (green algae, bacteria, fungi, & cyanobacteria), have PHC-degradative
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potentials under anaerobic, aerobic, pH, saline & other types of environmental
conditions [7, 113]. These enzymatic tools provide these potentials to microbes.

4.1 Aerobic degradation of petroleum & petroleum degrading enzymes

Degradation of petroleum is a gradual process that involves sequential breakdown
(metabolism) of its components. The genes that encode the production of petroleum
degradation enzyme may be found on plasmid or chromosomal DNA [113, 114].
Biological degradation of hydrocarbons can take place under oxic or anoxic condi-
tions [1, 2].

Under oxic conditions, oxygenases introduce oxygen atoms into hydrocarbons
(mono-oxygenases introduce one oxygen atom to a substrate while dioxygenases
introduce two). Aerobic breakdown of HCs can be quicker, because of O, (oxygen)
available as an electron acceptor [115]. Oxidation of saturates (aliphatics) is acetyl-
CoA, usually broken down in the Kreb’ cycle, with the synthesis of electrons in the
electron transport chain (ETC). The ETC is repeated, breaking down HCs further
to carbon dioxide (CO;) [116]. Aromatics like naphthalene & BTEX can also be bro-
ken down under oxic conditions. Breakdown of these compounds leads to the first
step in catechol synthesis or a similar compound. Once synthesized, catechol could
be broken down into precursors in the Kreb’s cycle, that are eventually completely
mineralized to carbon dioxide (CO,) [115, 116].

4.1.1 Alkane degradation

In recent times, variation in alkane degradation genes clustering & regulation
amongst species has been discovered. The finding is that a species could have mul-
tiple genes that encodes for various enzymes performing related functions. alkBF-
GHJKL operon has been reported as one of the operons that encode the enzymes
required for alkanes conversion to acetyl-CoA [2, 117].

The reported alk gene products include; AIkS (positive regulator of the
alkBFGHIJKL operon & alkST genes), AIKT (rubredoxin reductase), AIkL (outer
membrane protein that maybe involved in uptake), AIkK (acyl-CoA synthetase),
AIK]J (alcohol dehydrogenase), AlkH (aldehyde dehydrogenase), AIKF & AlkG
(rubreoxins), &. AlkB (alkane hydroxylase). These genes have been identified
in several petroleum-metabolizing organisms like Alcanivorax sp., Rhodococcus
sp., Pseudomonas putida, Acinetobacter sp. & others. [46, 116, 118] reported
thirty-six percent (36%) of the hydrocarbon-metabolizing species obtained in
their study possessed genes involved in the metabolism of both n-alkanes (alkB)
and aromatic hydrocarbons (xylE). [2, 113, 116] indicated the coexistence of
multiple-degradative potentials in one microorganism (Pseudomonas sp. strain
BI7), showing both genetic proof and phenotypic responses. Other microbes with
similar potentials include members of the genera Mycobacterium, Rhodococcus and
Pseudomonas.

Alkane hydroxylases are a class of enzymes that catalyses the breakdown of
alkanes & this class of enzymes are present in many diverse bacterial, fungal &
algal species [2, 112, 113, 119]. In addition, [117] projected three classes of alkane-
degrading enzyme systems; C17+, C5-C16, & C1-C4, which are for degradation
of long chain alkanes (broken down basically by unknown enzymes), pentane to
hexadecane (broken down by integral membrane cytochrome P450 enzymes or
non-heme iron) & methane to butane (broken down by methane-monooxygenase-
like enzymes) respectively. The authors also documented bacterial P450 oxygenase
system and di-oxygenase (CYP153, class I), eukaryotic P450 (CYP52, class II),
alkane hydroxylases related to AlkB genes, the compositions, cofactors, ranges of
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substrates, presence of the main groups of alkane hydroxylases (soluble methane
mono-oxygenase (SMMO), and particulate methane mono-oxygenase (pMMO).
They also added that alkane degrading microbes could have multiple alkane hydrox-
ylases, thus have the capacity to metabolize a variety of substrate ranges.

Over the years, amongst the mostly studied alkane degradation pathways is that
explained for Pseudomonas putida Gpol, encoded by the OCT plasmid [1, 113, 120,
121]. Converting alkane to an alcohol by this microbe is initiated by a membrane
mono-oxygenase, rubredoxin reductase & soluble rubredoxin [1]. van Hamme et al.

[1] developed a model for alkane catabolism in Gram-negative bacteria, describing

the position & roles of the ALK-gene products. A class of iron-containing enzymes in
bacteria called catechol di-oxygenase is an example of those involved in aerobic catabo-
lism of aromatics. They have the ability to hasten the addition of oxygen (O,) atoms to
1,2-dihydroxybenzene (catechol) & its derivatives, with subsequent cleavage of the
aromatic ring [2, 113, 115, 116]. Catechol di-oxygenases & similar enzymes involved in
cleavage of aromatic ring are accountable for the myriad of microbes with aromatic-HC
degrading potential [2, 46, 113, 114, 118].

4.1.2 Polycyclic avomatic hydrocarbon (PAHs) degradation

In recent times, majority of reports on PAH-degrading genes arise from studies
on naphthalene-degrading plasmids like NAH7 from Pseudomonas putida strain G7.
Naphthalene dioxygenase is now a known versatile enzyme, with the capacity to
mediate the catalysis of a broad array of reactions. Genomic & bio-chemical data have
proved that enzyme system for naphthalene degradation is also capable of mineral-
izing other aromatics like anthracene & phenanthrene. A number of other bacteria
with PAH-degrading potential have been obtained & characterized. In addition, more
genomic tools to study microbial populations have been invented, there by affording
researchers the opportunity to realize diversities of PAH metabolic genes [2, 113, 122].

Novel gene sequence & orders have been reported in many species including,
Pseudomonas sp. strain U2; nagAaGHAbAcAB, phnFECACcAB, Norcardiodes sp.
strain KP7; phABC Burkholderia sp. strain RP007; etc. The ability of several species
to degrade a wide range of aromatics is attributed to presence of multiple oxygenases,
presence of multiple metabolic pathways or genes, & relaxed initial enzyme speci-
ficity for PAHs. The presence of alkane & aromatic hydrocarbon-degrading genes
within single species is common [2, 112, 113].

4.2 Anaerobic degradation

Anaerobic degradation is as important as the aerobic degradation process in
bioremediation, even though HC-degradation under aerobic process is faster. This
could be attributed to several limiting environmental conditions like insufficient
oxygen (typical in aquifers, sludge digesters, mangroves) [3, 7]. Anaerobes like
sulphate-reducing bacteria catalyse anaerobic degradation using diverse terminal
electron acceptors (TEAs) [1, 2, 123]. Usually, anaerobic degradation involves the
conversion of aromatics to benzoyl-CoA (target of the benzoyl-CoA reductase
(BCR)) action [2, 113, 124]. Environmental conditions determine the TEAs that
could be used in the degradation. Fe (III), sulphate & nitrate are examples of TEAs
that could be used [2, 72, 113, 115].

Studies have reported that HCs such as toluene, alkylbenzenes (m, o, & p-xylene
& trimethylbenzenes), benzene, naphthalene & phenanthrene, > C6 n-alkanes,
branched alkanes & HC mixtures can be catabolized under anaerobic conditions.
These reactions may take place under denitrifying, sulphate-reducing & Fe (III)-
reducing conditions, by anoxygenic photosynthetic bacteria. Sulphate-reducing
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Desulfococcus oleovorans Hxd3 is the only currently known anaerobic bacterium
that degrades n-alkanes independently of anaerobic generation of oxygen species
[7,125].

In recent times, electron acceptors shown to be used during anoxic (anaerobic)
degradation of HCs include soil humic acids, manganese oxides, etc. Also, the
number of pure cultures shown to catabolize different HCs with various electron
acceptors has risen. Examples are members of Proteobacteria group, which have
helped in explaining the basic genomic & biochemical processes mediating anoxic
breakdown of HCs [2, 46, 125].

The diversity & unique characteristics of anaerobic HC-utilizing bacteria are
areas that require more studies. More focus is required on isolating & character-
izing enzymes mediating anoxic degradation of HCs especially from non-cultivable
organisms (using metagenomics) [2, 7, 113].

Bio-catalysis is creating novel paths geared towards improvement & development
of processes & products that will cut down on industrial costs, generation of second-
ary pollutants (toxic sub-products) & subsequently, the adverse effects on the envi-
ronment. Enzymatic bio-remediation and creation of new clean energy contributes to
reduce harm caused by fossil fuel [13, 113, 126]. Enzyme-mediated remediation can
be easier compared to using intact microbes. Some advantages, including the enzy-
matic potential, can be increased in laboratory conditions [113, 127]. Using enzymes
alone does not result to production of toxic by-products [113, 128] and competition
from intact cell is not needed [113, 126]. [113, 127] stated the major areas to be taken
into consideration during enzyme-mediated bio-remediation, range from selection of
organisms that has contaminant-degrading potentials, identifying the gene encoding
the specific enzyme, to enzyme production.

An example of enzymatic bio-remediation is de-toxification of aromatics
(PAHs) & this is can be successful by the application of laccases. Laccases are
enzymes that speed up the breakdown (oxidation) of anilines, polyphenols &
phenols, with the production of water as the end-product. [113, 129, 130]. The
major benefit of enzyme-mediated bio-remediation of partially soluble pollutants
or hydrophobics (PAHs) is the fact that it can take place in the presence of solvents
organic in nature [131]. However, the drawback is that the relevant enzymes could
be denatured, inhibited or un-stable in organic solvents. [2, 131] in their study
expressed laccase from Myceliophthora thermophila (MtL) in Saccharomyces cere-
visiae, using directed evolution & extensively improved laccase expression. Years
ago, [7, 113, 132] reported success in first field trial with an enzyme-based product,
based on the enzyme TrzN, confirming that the enzyme-mediated bio-remediation
can effectively clean-up herbicides-contaminated aquatic systems, but only few
field studies with enzyme-mediated bio-remediation are available currently. [7, 133]
stated that more than 1000 aromatics-degrading enzymes have been documented.

In 2011 the U.S. EPA outlined 20 bio-remediation agents & one pure enzyme
additive alone known as “Petroleum Spill Eater II”. The manufacturer described the
product as a “bioremediation agent (biological enzyme additive (previously listed as
anutrient additive)),” with a 5-year duration [113, 134]. The manufacturer reported
33.6% decrease in aromatics & 36.9% decrease in alkanes after 7days & 89.6 % &
89.8% decrease of the same compounds respectively, 28 days post Petroleum Spill
Eater II application, indicating maximum reductions over a short duration.

Although enzyme-mediated bio-remediation is beneficial, there are requirements
& challenges which restrict its application to few classes [132]. Generally, these chal-
lenges are associated with enzyme stability & high costs.

Genomic techniques are thus extensively being explored, in order to offer
enzyme products that can compete favorably as bio-remediation products.
Genomic techniques make detection of genes that encode HC-degrading enzymes
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in environmental samples or micro-organisms possible, thereby acting as high-
throughput technique for bio-prospecting studies. In addition, gene-engineering
can significantly enhance cost-effective enzyme production [7, 113, 126]. Brzeszcz
and Kaszycki [2, 126] reported that new studies using omics (proteomics, protein
engineering & metagenomics) are successfully adding to cost-effectiveness,
increased cost-benefit ratios & reduction in chemical application. Using genomic
techniques for bio-catalysis (bio-degradation) uses can also assist in tackling the
challenge of employing genetically modified organisms (GMO) in the environment
[113, 126]; for example, recruiting modified microbes into the environment will not
be necessary, if modified enzyme is produced in the laboratory.
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