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ABSTRACT

Background: Several studies have demonstrated the success of phytoremediation and its advantages over
conventional physical and biochemical (even engineered transgenics) methods, resulting in its use on many
contaminated sites. A direct method for enhancing the effectiveness of phytoremediation is to over express the genes
in transgenic plants that are involved in metabolism, uptake and/or transport of specific pollutants. Objective: A
screen-house ecological study was carried out to evaluate the remediation potentials of three species of the Fabaceae
Family (Peltophorum pterocarpum, Leucaena leucocephala and Crotolaria retusa) for cleaning up soils contaminated with
crude oil petroleum hydrocarbons. Result: Enzymatic analysis and hydrocarbon index assessment of the species and
the vegetated and non-vegetated soils showed that P. pterocarpum recorded significant (p<0.05) performance over
C. retusa and L. leucocephala in the uptake of hydrocarbons (oil and Grease (OG), Total Hydrocarbon Content (THC),
organic carbon and organic matter content]. Results showed significant (p<0.05) reduction in enzyme expression and
soil hydrocarbon index. C. retusa recorded significant (p<0.05) increase over P. pterocarpum and L. leucocephala in
enzyme expression and reduction in foliar hydrocarbon index, with significant (p<0.05) increase in soil hydrocarbon
index. Conclusion: Crotolaria retusa can thus be recommended as an integral component of any bioremediation
technology package for hydrocarbon polluted terrestrial environment and by it transgenic enhancement of indigenous
enzymes.
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INTRODUCTION sound and environmentally friendly. Plants are sedentary
The issue of pollution with organic and inorganic  in nature and have evolved diverse strategies for dealing
pollutants, whether point or non point sources, on any  with toxic organic and inorganic compounds in their

environmental media (air, land or aquatic) isa recurrent  environment'”. Plants can be seen as natural,
global problem. The approach to providing solution to  solar-powered pump-and-storage systems for cleaning
such pollution incidents is very demanding.  up contaminated environments, leading to the concept

Conventional physical, chemical and biological methods  of phytoremediation’. First developed for the removal of
for remediation of contaminated sites have attendant  heavy metals from soil, the technology has since proven
inadequacies and pitfalls. Therefore, the developmentof o be efficient for the treatment of organic compounds,
innovative remediation technologies for the  including chlorinated solvents, polyaromatic
decontamination of impacted sites is of paramount  hydrocarbons and explosives'”. Phytoremediation has
importance and calls for processes that are economically long been recognized as a cost effective method for the

decontamination of soil and water resources*. It is a

CorreSPF’“ding A“tho“ Nsirim L. EdWin‘W‘)SF" Department of process by which plants detoxify soils, sediments and
Plant Science and Biotechnology, Faculty of Biological Science,

College of Natural and Applied Sciences, University of Port Harcourt, aquatic Sltles Con_mmlnated with organic andllnorgamc
Choba, PMB 5323, Rivers State, Nigeria pollutants’ and it has proven to be a sustainable and
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effective technology”. It is time consuming but much
less expensive and destructive than physical or chemical
remediation. Phytoremediation is best suited to sites that
are contaminated to a depth of less than 5 m
and those containing moderately hydrophobic pollutants
(log K = 0.5-3), short chain aliphatic chemicals or excess
nutrients’. The process can be used to remove
hydrocarbons from water and soil because most
hydrocarbons are moderately hydrophobic. Some plants
can remove organic pollutants, including hydrocarbons
by taking them up from the environment through
the roots and leaves. The absorbed pollutants are
bio-chemically converted into non-toxic metabolites that
accumulate in the plants tissues.

Several studies have demonstrated the success of
phytoremediation and its advantages over conventional
physical and biochemical (even engineered transgenics)
methods, resulting in its use on many contaminated sites
in laboratory and pilot field scale projects. Despite these
promising findings and a certain degree of public
acceptance the method still lacks wide application, as the
detoxification of accumulated organic and inorganic
pollutants by plants is often slow, leading to the
accumulation of toxic compounds that could be released
into the environment and more so into food chains’"*.

The question of how to dispose of plants that
accumulate organic pollutants is an issue of serious
concern. Field trials have suggested that the rate of
contaminant removal using conventional plants is
inadequate®. Thus for more effective metabolism of
organic pollutants, transgenic plants have been
developed which are endowed with genes from
organisms that can degrade chemical pollutants'®"”’. A
direct method for enhancing the effectiveness of
phytoremediation is to over express the genes in
transgenic plants thatare involved in metabolism, uptake
and/or transport of specific pollutants'"’.

Phytoremediation involves enzymatic degradation
processes that potentially lead to contaminant
detoxification’. Pollutant-degrading enzymes (e.g.
peroxidases, polyphenol oxidases) in plants probably
originated from natural defense systems against a variety
of allelochemicals released by competing organisms,
including microbes, insects and other plants™'®.
Peroxidases are widely distributed in living organisms
including plants. Plant peroxidases are localized mainly
in cell wall and in vacuole and are associated with
non-specific oxidative polymerization of phenolic units
in the cell wall to make lignin. Plant roots exude high
concentrations of peroxidases into soil, particularly in
response to chemical stress. Peroxidases have been
implicated in a wide range of physiological processes

such as auxin metabolism, lignin and suberin formation,
cross- linking of cell wall components and defense
against pathogens'”?. Peroxidases have also been
implicated in the accumulation of heavy metals by some
plant species and the degradation of toxic molecules and
pesticides®*. Polyphenol oxidases are oxidoreductases
that catalyse oxidation of phenolic compounds and
widely distributed with extracellular localization in
plants. Depending on the source organism, physiological
and pathological conditions, their roles include
cross-linking of monomers, degradation of polymers and
ring cleavage of aromatic compounds™. Their release
also facilitates the oxidative degradation of certain soil
constituents™.

Enzymatic transformation in plants concerns mainly
organic pollutants. In this process, plants take organic
pollutants and subsequently metabolize or transform
them into less toxic metabolites. Once taken up and
translocated, the organic chemicals generally undergo
three transformation stages: (1) chemical modification
(oxidations, reductions, hydrolysis), (if) conjugation
(with glutathione, sugars, amino acids) and (iii)
sequestration or compartmentalization (conjugants are
converted to other conjugates and deposited in plant
vacuoles or bound to the cell wall and lignin)®.

Transgenic plants for high-efficiency
phytoremediation can be produced when genes involved
in all three phases of organic pollutant metabolism are
properly incorporated into the host plant. If plants are
able to degrade xenobiotics to non-toxic metabolites or
completely mineralized into carbon dioxide, nitrate,
chlorine etc., There is no apprehension over hazardous
waste management strategies for disposing of such
harvested plants. This work reports on the ecological
potentials of P. pterocarpum, L. leucocephala and C. retusa
for enhanced degradation and mineralization of
hydrocarbon contaminants and as Demonstrated
Phytoremediation Macrophytes (DPM), Suspected

Phytoremediation Macrophytes (SPM) or
Hydrocarbon-Tolerant Macrophytes (HTM).
MATERIALS AND METHODS

Sources of materials: On the basis of the

Stewarte et al.”’ and Song et al.*® approach, replicates of
top loam soil (20 kg) were collected in bulk within the
standardized 0-15 cm soil layer from a fallowed garden
land of the Faculty of Agriculture, University of Calabar,
Cross River State, Nigeria. The seeds of P. pterocarpum
were obtained from one of the green belt formations of
the University of Port Harcourt, Rivers State, Nigeria.
The seeds of L. leucocephala and C. retusa were obtained
from the wild in a dump site in Port Harcourt and
authenticated in the University of Port Harcourt
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Herbarium. The crude oil blend “Bonny light” used was
obtained from the Port Harcourt Refinery Alesa/Eleme,
Rivers State. All chemical reagents, glass wares and
equipment used in this study were of analytical grade
and were purchased from Welly International Company,
Port Harcourt, Nigeria (Scientific/Hospital and
Chemical suppliers) and the Department of Botany,
University of Calabar, Nigeria.

Experimental design and pollution of the study site
with crude oil: The “nested design” of Akindele™ was
adopted in this study using a split-split (double split)
plot design in which the nested analysis of variance
(PROC. ANOVA) procedure™ was carried out on series
of experimental plots. Three different species of plants
were employed in the remediation of different crude oil
polluted sites. The pollutant was applied using a
measuring cylinder. The pollution was done in four
concentrations, by volume (mL) or weight (%)
respectively, of 0 (0%), 75 (0.4%), 150 (0.8%) and 300
(1.5%) per 1,809 cm” of soil surface area. At each level of
pollution treatments were performed and replicated five
times. Data on enzyme expression of the plant species in
relation to organic uptake and mineralization of crude oil
in polluted sites were obtained. Differences in species
performance and soil treatments were tested by
treatment interaction and treatment by levels interaction
as the error terms.

Habitat reclamation treatments: Each of the three
levels of pollution and the controls were subjected to
habitat reclamation using three members of the Fabaceae
family (P. pterocarpum, L. leucocephala and C retusa).
Seedlings of the selected plants were raised in nurseries
at the Faculty of Agriculture, University of Calabar.
Following germination and seedling growth, healthy
14 day old seedlings were selected for analysis and
represented the pre-pollution samples. Healthy 14 day
old seedlings of the three species were also transplanted
from the nurseries onto the control and polluted soils.
Some plants were harvested 7 days after transplantation
and represented the post-pollution samples.
Subsequently, plants were allowed to grow on the
control and treated soils for 10 months before final
harvesting, representing the post-phytoremediation
samples. Foliar enzyme expressions of the plants were
assessed at each harvest interval and used as a measure of
their level of tolerance in the polluted environment.
Analysis of enzyme, Total Hydrocarbon Content
(THC), oil and grease, total organic carbon and matter
was done as described below.

INSIGHT ECOLOGY

Enzyme assay and hydrocarbon index analysis of
the remediation species: An extraction buffer of
150 mL was prepared for use. The 20 mM mixed
phosphate bufter consisted of a monobasic potassium
phosphate salt (KH,PO,) and dibasic potassium
phosphate salt (K,HPO,) containing 2% of the Phenolic
Adsorbent Polyvinyl Polypyrollidone (PVPP). The pH
was adjusted to 7.1 at room temperature (30°C) using
1M KOH. This extraction bufter was stored at 4°C. A
known quantity of fresh leaf (0.5 g) sample was ground
in 10 mL of the extraction buffer using a pestle and
mortar. The ground tissue was filtered through
cheese cloth and the filtrate centrifuged at 4000 rpm for
30 min to obtain a clear supernatant. The supernatant
fractions were stored on ice and used as crude enzyme
source for assaying for peroxidase (POD) and
polyphenoloxidase (PPO) activity”'.

Peroxidase assay and activity was determined based
on Nkang’ and Putter’ methods while
Polyphenoloxidase assay and activity was by adopting
the Kahn® and Garcia-Carmora,* methods.

Determination of Total Hydrocarbon Content
(THC): The photometric method of the American
Petroleum Institute was adopted for the determination
of THC in the plant species and soils”. The oil
and grease content (OG) was determined
spectrophotometrically according to the toluene
extraction method adopted by Odu et al.”®. The content
was calculated by reference to a calibration curve using
toluene as standard.

Total Organic Carbon (TOC): This was estimated
using the Walkley and Black’” method as modified by
Nelson and Somners™ for both soil and plant samples,
following a complete oxidation from the heat of solution
and external heating of sulphuric acid (H,SO,) and
aqueous potassium dichromate (K,Cr,O,) mixture. This
was determined using the designated formula.

Data analysis by SAS package: The remediation
performance was estimated using the Statistical Analysis
System (SAS) PROC. NLIN procedure®. Data were
then analysed as a split-split (double-split) plot design
with 10 replicates using the Analysis of Variance (PROC
ANOVA) procedures”. Where significant differences
were observed, means were separated according to the
procedures of the Duncan’s New Multiple Range Test
(DNMRT) at LSD p<0.05.

RESULTS
Results of enzyme activity in the three plant species
are shown in Table 1. In the pre-pollution phase,

© 2015 Insight Knowledge, UK

15



>
O
O
—
O
O
w
=
= =
e
)
Z

RESEARCH ARTICLE

50°0>d je uode) sem uonnjod-o1d 10§ ST “PouEIYIUSIS JO 159) [LIUOZLIOY IO]
proq uriduosiadns pue (ST yam sa10ads Juowre pue urym 10y sisAfeue Aem omy ur ore sidrrosiadns oy 1, " ( LINN) 3591 23uey] adnnin moN] s, uesun] oy Sursn sarads 10am1aq QuaIdfjIp
Apueoyrudis 10u e 1019] 1dLosrodns owes a1 yaim pue saed1ddr 941 JO SUBIN | T T Ul passaLdxd axe s[oad] owikzug ‘vsmar vuvjojos)) 10 ‘vjpydarorna) puavana i ‘wndipiosdid winsoydoa :dgq

*1N(] 0¢0 960 98'1+S Cclo6L L6'66 asT
L19 9" L6'C 06'SS0¢ 06'L9CC 0S°0tS UBIN
1670 01y xV0FOV Y et 00FE0Y «q90°0F¢€8°¢ LS61S LT SYEL xV6'8Y9F08°L9YC 2q56CLF00Y0ST 9S9'LF0019 ySig
€S0 oLy «80'0F96'S 28T 0F9CTY q09°0FL8°¢C LTLLE L¥"89S1 2Pl "S9Y+09'086C qSS T6+09°0v91 2V €F0CTY8 PN
19°0 Y¢S V' 0FSP9 € 0FSY'S =95 0FCLY 'GS1 €LTe0¢ :56°SC 1F00°L£9¢ 06 T1F08°L0SE 406871 +0¥'€S6 1 Mmoq
LT0 IR wlTOFI8L 810FILY =80°0F60 Y 81°0t6 09°CLST €8 CFOC8E 1€ ELI8IIF0T 61T 4SS0F0t°09 [onuo)
uonedrjddeoifydisog
60 69°0 LS0 9¢'¢LT 45444 08'SL asT
60°C 65T el 96°LC01 €6'vCe 99'G81 UedIN
89°0 crl @S 0FL9'1 LV 0FPET LS0F8CT 18'661 ¢6'60¢ qel¥'8CCF00'9¢L 8C8LFECLIT H18FEF 9T Y3t
8S°0 LY'T CS0F69°1 OV 0FCy' 1 £C0F0C'T 68811 LOL6€ 98°G8IF6C°L601 4S0'8TF0L'SS F€TIF01'8¢ PN
L8°0 06T qu9L0FEECT  59°0F00°C ST OFLET 29°80¢ 16°656 F0LOCF LT F€°80€+90°566 S6' TTTFEI199 Mmoq
L8°0 88T 298 0FL9°C «05°0F09'T S OFLET 08¢l 16'¥8¢ L8'8LT+01'9501 9TSFYII8 9T SF8691 [onuo)
uonnjjod-jsoq
as1  uepw D I xdd ast U e} I xdd aseyd
JUIUNBII ],

Odd aod
9G6'S01 99'861 £891¢ £1°CLT 4c0’L aod
SCo €90 680 q€S°0 90 Odd
uonnjjod-aig
(c00>d) ast eI 10D I xdd suikzug

(c00>d) 2eaqey q10s [10 9pnId UO sADds UOMEIPIWAI JO [9AI] dduEULIoJId A11anoe pue uorssaxdxod swkzuy ] 9[qe ],

© 2015 Insight Knowledge, UK

16



RESEARCH ARTICLE

INSIGHT ECOLOGY

expression of PPO and POD activities were significantly
different (p<0.05) in C. retusa while P. pterocarpum was
significantly (p<0.05) lower in POD expression level. In
the post-pollution phase, P. pterocarpum recorded
decrease in POD as pollution levels increased but with
higher values than control. There was low POD
expression in C. retusa at high crude oil pollution
levels relative to the control but non-significantly
different (p<0.05). L. leucocephala recorded high
significantly different (p< 0.05) POD expression at low
pollution levels but non-significantly
medium pollution level. Generally, there was reduction
in POD expressions in all species as pollution levels
increased.

In the post-phytoapplication phase, a similar trend
of enzyme expression was indicated in the species. In the
remediated habitat there was non-significant (p<0.05)
increase in foliar POD expression in all the species at
low pollution levels. Subsequently, POD expressions in
all the species decreased as pollution levels increased.
However, at medium and high pollution levels foliar
POD expressions in L. leucocephala and C. retusa were
lower than in control plants. Among the species, there
was non-significant difference (p<0.05) but with higher
enzyme expression in C. retusa. The foliar PPO enzyme
expression in the remediating species did not differ
significantly (p<0.05) within pollution levels in all the
species. At low pollution levels, PPO expression was
higher than in control plants except in C. retusa.
Subsequently, PPO expression in all species declined as

lower at

pollution levels increased. Among the species a similar
trend of non-significant difference (p<0.05) was
recorded but with higher enzyme expression in
C. retusa. The carbon content of remediating plants of
P. pterocarpum, L. leucocephala and C. retusa in the crude oil
polluted soil habitat is shown in Table 2. Within species
L. leucocephala and C. retusa recorded significant
differences (p<0.05) at control level. There
non-significant decrease in TOC content of all species
as pollution levels increased. However, higher TOC
content than in controls was recorded in L. leucocephala at
all pollution levels and at low and medium pollution
levels in C. retusa.

The total organic matter content within species
showed non-significant difference (p<0.05) except
in L. leucocephala and C. retusa at control level.
Non-significant reduction in TOM in P. pterocarpum was
observed with increasing pollution levels. However, in
L. leucocephala and C. retusa, TOM of plants was higher
than in the control at low and medium pollution levels.
DP. pterocarpum among the species had significant (p<0.05)
higher levels in control plants and generally higher
content of TOM.

Oil and grease content in all the species remained
relatively constant or decreased with increased pollution
levels. Within species, C. retusa and L. leucocephala
recorded significantly (p<0.05) low foliar oil and grease
content at high pollution levels. Species in polluted
soil recorded higher contents than in control plants.
P. pterocarpum and C. retusa had higher contents at low

was

Table 2: Hydrocarbon indices of remediating plant species on crude oil polluted soils

Hydrocarbon index Pp* L1 Cr Mean LSD (p = 0.05)
Total organic Carbon

Control 2.61+0.31" 1.12+0.43° 1.45+0.42° 1.73 0.54
Low 2.08+0.70° 1.81+0.36" 1.99+0.54* 1.94 0.76
Medium 1.92+0.18" 1.81+0.09* 1.81+0.28" 1.85 0.27
High 1.49+0.33" 1.55+0.25 1.24+0.10° 1.43 0.34
Total organic Matter

Control 4.51+0.53" 1.94%0.75" 2.51+0.73" 2.99 0.93
Low 3.47x1.21° 3.14x0.63" 3.44x0.93" 3.35 1.31
Medium 3.32+0.31° 3.12+0.16" 3.13+0.48" 3.19 0.47
High 2.58+0.56 2.60+0.43" 2.14+0.17 2.44 0.58
Oil and grease

Control 64.26+0.43" 64.06x0.72" 62.42+1 49° 63.58 1.36
Low 64.88=0.75" 63.00+0.37° 63.58+0.55" 63.82 0.80
Medium 63.76+0.33" 61.12+0.73° 62.62%0.49" 62.50 0.75
High 63.65+2.31° 60.01+4.05 60.96+0.36 61.54 3.72
THC

Control 61.11%2.66" 55.72%2.08" 55.42+1.72 57.42 3.02
Low 61.90x0.79" 61.67+0.48" 60.45=1.94* 61.34 1.50
Medium 60.68=1 .65 53.48+0.48° 59.63+0.89" 57.73 1.54
High 54.19+1.31° 52.95+2.83" 55.89+5.03" 54.34 4.71

Pp: Peltophorum pterocarpum, L1: Leucaena leucocephala, Cr: Crotolaria retusa. *Means of five replicates and with the same superscript letter are not
significantly different, between species or treatment using the Duncan’s New Multiple Range Test (DNMRT), a, b, c: Degree of significance
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to medium pollution levels. Among the species
P. pterocarpum recorded a higher oil and grease content
that was significantly different (p<0.05) at low and
medium pollution levels.

The total hydrocarbon concentration within species
showed significant difterence (p<0.05) in L. leucocephala
at medium crude pollution levels. THC content in all
the species remained relatively constant or decreased
with increased pollution levels. Higher THC content
than in the control species was recorded at low pollution
levels in P. pterocarpum and L. leucocephala while C. retusa
recorded higher content at all levels of pollution than the
control. Among the species P. pterocarpum recorded
higher THC content and this was significantly different
(p<0.05) at medium pollution levels.

The Total Organic Carbon (TOC) of the
pre-polluted, post-polluted and post-phytoremediated
soil is shown in Tables 3 and 4. The TOC in the
pre-polluted soil was 0.85%+0.13 and this was
significantly different (p<0.05) and lower than in the

polluted soils. The TOC values increased markedly in
post-pollution soils and recorded 1.61+0.32, 1.75+1.00
and 2.20£0.10 at 75, 100 and 300 mL pollution levels,
respectively. The values were significantly difterent
(p<0.05) at 1.5% pollution level.

The TOM in the pre-polluted soil was 1.46+0.22
and this was significantly different (p<0.05) and lower
than in the polluted soils. The TOM values increased
markedly in post-pollution soils and recorded 2.78+1.00,
3.02+2.00, 3.81+0.69 at the different pollution levels.
The values were significantly different (p<0.05) at 1.5%
pollution level. There was no significant difference
(p=<0.05) in organic matter content within and among
species in post-phytoremediated crude oil soils. Values
were generally higher than in controls except at the low
pollution level in Peltophorum and Leucaena. However,
Peltophorum treated soil had a lower content with non-
significant difterence (p<0.05).

The oil and grease content in the pre-polluted soil was
0.64%0.10 and this was significantly difterent (p<0.05)

Table 3: Hydrocarbon indices of pre and post-polluted crude oil contaminated soils

Post-pollution

Hydrocarbon index Pre-pollution Low Medium High Mean LSD (p<0.05)
TOC 0.85° 1.61° 1.75° 2.20° 1.60 0.40
TOM 1.46° 278 3.02° 3.81° 2.77 0.70
O/G 0.64° 2.84° 5.13" 6.18' 3.70 1.69
THC 1.25° 7.32° 872" 10.33" 6.91 2.43
TOC: Total organic carbon, TOM: Total organic matter, O/G: Oil and grease, THC: Total hydrocarbon content

Table 4: Hydrocarbon indices of post-polluted crude oil contaminated soils

Hydrocarbon index Pp* LI Cr Mean LSD (p<0.05)
Organic carbon

Control 120017 0.95+0.22° 1.00+0.05 1.05 0.48
Low 0.73x0.24 1.11%0.25 1.07%0.39" 0.97 0.42
Medium 1.21%0.22" 1.60+0.40° 1.16=0.13" 1.31 0.38
High 1.30£0.07° 1.59%0.30 1.43+0.22" 1.44 0.27
Organic matter

Control 1.64+0.39" 2.08%0.29" 1.73%£0.91° 1.82 0.82
Low 1.25+0.43" 1.85+0.68" 1.93+0.44" 1.68 0.73
Medium 2.10£0.38" 2.01x0.23° 2.68+0.69" 2.26 0.65
High 2.25+0.13 2.48+0.37" 2.75+0.43" 2.49 0.47
Oil and grease

Control 0.38x0.10" 0.46x0.08" 0.56x0.14° 0.47 0.15
Low 1.20£0.30° 2.11+0.33" 1.34+0.35" 1.55 0.45
Medium 2.21x0.31* 2.24x0.22° 2.34x0.18" 2.27 0.33
High 2.98+0.65" 3.86+0.25" 3.54%0.71" 3.46 0.80
THC

Control 0.98+0.18" 1.19£0.17° 1.10£0.04™ 1.09 0.20
Low 3.17+0.30° 3.62x1.04" 2.87x0.51° 3.22 0.95
Medium 4.85+0.85" 4.28+1.00° 4.96+0.40" 4.70 0.88
High 6.86+0.35 7.80+0.20" 7.78+0.48" 7.48 0.50

Pp: Peltophorum pterocarpum, L1: Leucaena leucocephala, Cr: Crotolaria retusa. *Means of five replicates and with the same superscript letter are not
significantly different, between species or treatment using the Duncan’s New Multiple Range Test (DNMRT), a, b, c: Degree of significance
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and lower than in the polluted soils. The oil and grease
content increased markedly in post-pollution soils and
recorded 3.00+1.24, 5.13%+1.00 and 6.18+2.00 at the
different pollution levels. There was no significant
difference (p<0.05) in oil and grease content within and
among species in post-phytoremediated crude oil
contaminated soils. Peltophorum treated soil recorded the
least oil and grease content, with significant difference
(p<0.05) at low (0.4%) pollution level.

The THC in the pre-polluted soil was 1.25 and this
was significantly different (p<0.05) and lower than in
the polluted soils. The THC values increased markedly
in post-pollution soils and recorded 7.32, 8.72 and 10.33
at the different pollution levels. The values were
significantly different (p<0.05) at high pollution level.
There was no significant difference (p<0.05) in THC
within and among species in post-phytoremediated
crude oil contaminated soils. Values were generally
higher than in controls, in an increasing order relative to
different pollution levels.

DISCUSSION

There is considerable interest in the use of
biocatalysts for bioremediation®. There is increased
realization of the power of biocatalysts for creating
hydrocarbon tolerant and resistant plant species and for
the detoxification of soil and water contaminants using
phytoremediation®. The use of transgenic plants for
phytoremediation is critical because plants do not have
the ability to completely catabolize toxic compounds that
are common in food chains, such as herbicides,
pharmaceuticals, petrochemicals, polycyclic aromatic
hydrocarbons (PAHs) and polychlorinated biphenyls
(PCBs)*"*. Since many enzymes have the capability to
metabolize these compounds into relatively safe
products, they can be employed in the development of
transgenic plants for purposes such as crude oil
contaminated soil remediation.

There were significant differences within and among
the species in enzymic activities and expression in
pre-pollution, post-pollution and post-phytoapplication
remediation phases. POD and PPO enzyme activities
showed varying levels of expression in the species. Foliar
POD and PPO enzymic expression among the species
was in the order Cr>LI>Pp. Reduction in foliar POD
and PPO activities was observed within species as
pollution levels increased. Pollutant-degrading enzymes
in plants probably originate from natural defense systems
against the variety of allelochemicals released by
competing organisms, including microbes, insects and
other plants' including anthropogenic intentions such
as hydrocarbon pollution.

INSIGHT ECOLOGY

In similar metabolic studies, the ability of plants to
take up and metabolize a range of environmentally
problematic organic pollutant, including ammonia waste
(TNT and GTN), polychlorinated biphenyls (PCBs)
and trichloroethylene (TCE) was established through
enzyme secretion™*, Plant species have been known for
their capacity to release a range of compounds from their
roots. Such compounds referred to as phyto-remediation
explanta® or botanica explanta* differ considerably in
type and rate among such species and are capable of
degrading chemical compounds in their immediate
vicinity. Such enzyme exudates include laccases,
dehalogenases, nitroductases, nitrilases, peroxidases,
phosphatase, aromatic dehalogenase and O-demethylase.
Peroxidase activity on root surface of Eichhornia crassipes
(water hyacinth) have been indicated in polymerized
guaiacol”, reduced mineralization of naphthalene in soil
planted with Chloris gayana (unlike non-vegetated soil,
possibly because root enzyme exudates may have placed
naphthalene-degrading microbes at a competitive
disadvantage)®. Tobacco plants containing a human
cytochrome P450 2EI enzyme transformed up to
640 times the amount of TCE compound relative to
control plants*’. Polyphenol oxidase in tomato plant
increased oxidation rate of soluble phenolics™. Laccase,
present in Arabidopsis thialiana®' helps plants in oxidation
of allelopathic flavonoid catechin and detoxify the
immediate growth environment™>. These enzymes are
capable of transforming organic contaminants by
catalyzing chemical reactions in soil.

Foliar organic carbon and organic matter showed
non-significant differences in content among the species
planted in crude oil remediated soil. The foliar content
of organic matter, oil and grease and THC showed
increased accumulation in the order Pp>LI>Cr. The
post-phytoapplication variation in foliar concentration of
oil and grease and THC among the species planted in
crude oil remediated soil showed increased accumulation
as pollution levels decreased, possibly due to enhanced
root formation and enhanced moisture content at low to
medium pollution levels. This observation is explained
by the fact that plants have the ability to take up and
metabolize a range of environmentally problematic
organic pollutants*.

Carbon and organic matter content of plants varied
considerably depending on soil pollution levels. Carbon
and organic matter content increased gradually as
pollution levels increased in the post-polluted soil
habitat as compared to the pre-polluted soil. The
pre-pollution soil was significantly lower in carbon and
organic matter than the crude oil polluted habitat. This
could be due to lack of exogenous source of carbon.
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Phyto-application led to a reduction in carbon
and organic matter content, when compared to
post-pollution. The content of TOC and TOM in crude
oil contaminated soils planted with P. pterocarpum,
L. lecucocephala and C. retusa was in the order of
Pp<Cr<Lland Pp<LI<Cr, respectively. P. pterocarpum
had the lowest content. The higher reduction in carbon
content in P. pterocarpum treated soil is an indication of
the species more efficient utilization of carbon than the
other species. This enhanced hydrocarbon degradation
would lead to the production of carbon, water and
carbon dioxide in the presence of phosphorus, nitrogen
nutrients and other environmental variables. The carbon
becomes incorporated into the plant biomass, thus
depleting the carbon and organic matter content of the
soil. The reduced expression of enzymic activities in
P. pterocarpum with enhanced hydrocarbon degradation
and reduction in hydrocarbon indices in the soil and
associated increase in the aerial parts of the plants is of
interest and importance in contaminant remediation.
These results might have implications in developing
transgenic plants for enhanced peroxidase and
polyphenoloxidase activity, stability and expression in
phytoremediation.

The pre-pollution oil and grease content in soil was
lower than the content under polluted conditions. Oil
and grease content increased significantly with increased
pollution. Phyto-remediation of polluted soil led to
significant oil and grease reduction in the order
Pp<Cr<LIl. Higher reduction at low pollution level
could be attributed to the enhanced root formation and
moisture content at such pollution level which decreased
as pollution increased. The lower THC content of
pre-pollution soil could be due to lack of exogenous
source of hydrocarbon which however increased under
post-polluted soil conditions. Phyto-application led to a
drastic reduction in THC in polluted soil. Variation in
THC of vegetated soil was in the order Pp<Cr<LL
Natural biodegradation is the major and ultimate
mechanism for elimination of oil especially in aquatic
environment which also seems to apply to soil
environments. Related studies have shown that
degradation of spilled oil is rapidly accelerated in
vegetated soils than surrounding non-vegetated bulk
soils™.

Enhanced metabolism of organic pollutants in
transgenic trees is associated with a faster uptake which
can be explained by a steeper concentration gradient
inside plant tissues'>*. Similarly, there are reports of a
hybrid popular plant over-expressing enzyme capable of
removing volatile hydrocarbons such as TCE, Vinyl

INSIGHT ECOLOGY

chloride, carbon tetrachloride, chloroform and benzene
from hydroponic solutions™. Several enzymes have been
engineered using both rational and irrational approaches
to drive the use of enzymes for enhanced activity,
stability and expression In transgenic plants for
phytoremediation™".

CONCLUSION

The understanding of enzymatic processes involved
in plant tolerance and detoxification of crude oil
contaminated soil could provide new directions for
manipulating plants with superior remediation potential.
These enzymes can be tested for their activity in other
environmental contaminants such as petroleum aliphatic
and aromatic hydrocarbons. However, there was
variation in enzyme expression levels among the species
with C. retusa showing significantly better performance.
Therefore, an engineered C. retusa can be an integral
component of a bioremediation system that offers a
novel approach for cleanup of crude oil polluted
terrestrial environments.
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