Discover Applied Sciences

Research

Degradation and inhibition kinetics of phenanthrene
by Alcaligenes ammonioxydans, [VITRPS2] strain isolated
from petroleum-contaminated soil

K. Sumathi' - Rameshpathy Manian'

Received: 22 January 2024 / Accepted: 30 April 2024
Published online: 08 May 2024

©The Author(s) 2024 OPEN

Abstract

Phenanthrene, a common three-ring polyaromatic hydrocarbon [PAH], originates from sources like grilled meals, tobacco,
crude oil, coal tar, and automobile exhaust. Recognized as a hazardous PAH, it is often targeted for bioremediation due
to its sustainability and potential for full mineralization. In this study, we focus on biodegrading phenanthrene using
the strain Alcaligenes ammonioxydans [VITRPS2], isolated from petroleum-contaminated soil. At 5 mg/ml, degradation
occurred at a rate constant of 0.0181/day, with half-life values of 2.7 and 4.49 according to first and second-order kinet-
ics, respectively. Employing a one-factor-at-a-time [OFAT] approach, we optimized biodegradation conditions within
Luria—Bertani [LB] media. Under optimal conditions—pH 8.0, 8% inoculum concentration, and 37 °C incubation over
seven days—the strain achieved maximal growth with phenanthrene as the sole carbon source. It exhibited a degrada-
tion efficiency of up to 72% for phenanthrene under these conditions. Gas chromatography-mass spectrometry [GC-MS]
analysis revealed principal metabolites of the breakdown pathway, including salicylic acid, catechol, and various phthalic
acid derivatives. This underscores the strain’s potential for remediating environments polluted by PAH metabolites,
showecasing its remarkable capability for complete phenanthrene degradation.
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The study explores factors that might hinder the bacteria in the biodegradation process
Optimization and kinetics parameters were carried out to study the growth and degradation as well.
GC-MS analysis revealed principal metabolites: salicylic acid, catechol, and various phthalic acid derivatives.

Keywords Phenanthrene - Biodegradation - Degradation pathway - Polycyclic aromatic hydrocarbons - Andrew-
Haldane model

1 Introduction

Over time, there has been a significant expansion in the comprehension of the promising adverse impacts of pol-
lutants on both the natural environment and public health, which is occurring at a worldwide level [1]. Polycyclic
aromatic hydrocarbon [PAH] is a hydrocarbon with more than two fused benzene rings. PAH with up to three rings
is classified as low/light molecular weight PAH, whereas those with four or more rings are classified as high/heavy
molecular weight PAH [2, 3]. PAH are poisonous to aquatic creatures and birds, and they severely degrade marine
habitats [4]. Phenanthrene, a hazardous chemical belonging to the class of hydrocarbons that are PAH, is known
to be deposited and assembled in the soil as a result of continuous pollution caused by crude oil with its deriva-
tives [5]. Petroleum contamination arises from leaks in both above-ground and below-ground storage tanks, spills
of petroleum products during transportation, the abandonment of petrol manufacturing sites, inadvertent dis-
charges, and continuous industrial operations. Petroleum possesses a range of hazardous substances, namely phen-
anthrene and other PAH, which have the potential to adversely impact the well-being of animals, plants, and humans.
Exposure to PAHs has been associated with significant toxicological risks, demonstrating mutagenic, carcinogenic,
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and, genotoxic properties [6]. According to the United States Environmental Protection Agency [UEPA], a total of
sixteen PAHs have been classified as having toxic effects on human health [7]. Phenanthrene and its isomers have
been categorized as part of the group of sixteen priority PAHs with toxic properties. The potential dangers linked to
exposure to PAHs underscore the importance of implementing a thorough remediation strategy for environments
contaminated with PAHs [8].

Over the last few decades, the utilization of bioremediation has experienced a surge in popularity due to its cost-
effectiveness, feasibility, and ability to ensure safety while effectively addressing the issue of contamination in various
locations [9]. Bioremediation involves the utilization of microorganisms that can metabolize hazardous substances, such
as PAHs, and subsequently produce non-toxic compounds. Since the early 2010s, several strains of bacteria have been
classified as “PAH Degraders”. These strains belong to various genera, such as Mycobacterium, Rhodococcus, Pseudomonas,
Proteus, Alcaligenes, Stenotrophomonas, and Bacillus [10]. Understanding the degradation rate is critical for forecasting
intermediate hydrocarbon concentrations during a proposed bioremediation procedure. This may be seen by analyzing
the degradation kinetics using first-order and second-order kinetic models. It has been shown that the breakdown rate
of low MW PAH is quicker than high MW PAH [11].

Effective degradation and removal of phenanthrene using microbes is significant because of its low solubility, severe
toxicity, and the inability of most organisms to use Phenanthrene as the primary carbon source [12]. Hence present study
centers on the growth inhibition kinetics and optimization of degradation of phenanthrene by Alcaligenes ammonioxy-
dans [strain VITRPS2], isolated from petroleum-contaminated soil. Also, we have identified the metabolic intermediates
through gas chromatography-mass spectrometry [GC-MS] analysis, to elucidate the complete metabolic breakdown
pathway of phenanthrene using Alcaligenes ammonioxydans.

2 Materials and methods
2.1 Sample collection

Ennore serves as a significant oil supply port in Chennai, hosting major oil refinery brands with their facilities. Soil
samples were aseptically collected from a depth of 5-10 cm. These samples were stored in airtight plastic containers at
room temperature, transported to the laboratory, and subsequently kept at—80 °C in a cold room for bacterial isolation.

2.2 Enrichment and isolation of phenanthrene-degrading bacteria

The soil sample was subjected to enriching in Luria-Bertani [LB] medium which was kept in an incubated shaker for
100 rpm [rotation per minute] at 37 °C for 7 days. The culture from the enriched media was transferred to a freshly pre-
pared LB and kept in an incubator for 24 h. Using the conventional surface spray-plate technique, the enriching media
was taken to perform streak in agar plate and incubated at 37 °C to observe the bacterial growth. Then, a loopful of the
colony from the plate was taken and inoculated in a freshly prepared petri plate with the same conditions said above
and incubated at the same conditions. The above process is repeated several times until a well-defined separate colony
appears. The best phenanthrene degrading colony is selected and taken for further identification and characterization
studies.

2.3 Sequencing and phylogenetic analysis

The ABI PRISM® BigDyeTM Terminator Cycle Sequencing Kits with AmpliTag® DNA polymerase [FS enzyme] [AppliedBio-
systems] was used to sequence the amplification product resulting from polymerase chain reaction [PCR]. The nucleotide
BLAST search in GenBank was employed for the similarity search of the 16S rRNA nucleotide sequence of the isolate
[13]. The phylogenetic relationship was examined by comparing the genetic sequences of the subject organism with
those of closely related species available in the GenBank database. Additionally, a phylogenetic tree was constructed.
Furthermore, the nucleotide sequence of the isolated bacteria was duly submitted to GenBank, where it was assigned
an accession number.
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2.4 Utilization of Phenanthrene by A. ammonioxydans as a lone carbon source

Two sets of LB medium were prepared and inoculated with A. ammonioxydans [8.0%)] after the addition of phenanthrene
[5 mg/ml]. The second medium served as the abiotic control. Samples were taken every 24 h from incubation at 37 °C
with 100 RPM. Biomass concentration was determined by centrifuging to separate the bacterial biomass pellet, followed
by drying. The cell-free supernatant was extracted from the pellet using ethyl acetate. Residual phenanthrene was dis-
solved in methanol [2.0 ml] after evaporating ethyl acetate. The concentration of phenanthrene was quantified using
GC-MS by comparing peak areas to reference peaks [14]. The percentage degradation of phenanthrene was calculated
using the equation.

% Degradation = Co-C

X 100 M

Co and C are the initial & residual concentrations [mg/ml].

3 Optimization of phenanthrene-degrading bacteria
3.1 Impact of inoculum size on phenanthrene degradation

The influence of inoculum concentration on the breakdown of phenanthrene was studied by incorporating varying
percentages of inoculum [ranging from 2 to 12%] into LB medium supplemented with 5 mg/ml phenanthrene, followed
by incubation at 37 °C for 7 days. Subsequently, every 24 h during the incubation period, T mL of cell-free supernatant
was extracted, and the degradation of phenanthrene was assessed at 254 nm [15].

3.2 Impact of substrate [phenanthrene] concentration on the degradation

The percentage degradation of phenanthrene was examined by elevating its concentration in the LB medium. Initially,
8% of inoculum was introduced into conical flasks containing 100 ml of LB enriched with varying concentrations of
phenanthrene [ranging from 2 to 12 mg/ml]. These flasks were then placed in a shaking incubator at 37 °C with agitation
set at 100 rpm. Over a period of 7 days, samples of cell-free supernatant were collected at regular intervals, specifically
every 24 h, and the degradation of phenanthrene was assessed at 254 nm. [16].

3.3 Impact of temperature on phenanthrene degradation

The impact of temperature on the degradation of phenanthrene by A. ammonioxydans was examined in an LB medium
supplemented with 5 mg/ml phenanthrene. Conical flasks were inoculated with an 8% inoculum and then incubated
across a temperature range of 25 to 50 °C [17]. Samples of cell-free supernatant were collected periodically, specifically
every 24 h, and the degradation of phenanthrene was assessed at 254 nm.

3.4 Impact of initial pH on phenanthrene degradation

The impact of pH concerning the degradation of phenanthrene by A. ammonioxydans was investigated by altering the
pH of LB carrying 5 mg/ml phenanthrene to a range of 5.5-8.0 [18]. The culture medium was then injected with 8% inocu-
lum of bacterial suspension & incubated at 37 °C with shaking [100 rpm]. The control group was kept in a comparable
environment. The cell-free supernatant was collected every 24 h for up to 7 days, and the degradation of phenanthrene
was evaluated at 254 nm.

3.5 Growth, degradation, and inhibition kinetics

The growth of A. ammonioxydans and the degradation of phenanthrene were investigated by increasing the concentra-
tion of phenanthrene [19]. The organism was introduced into an LB medium supplemented with varying concentrations
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of phenanthrene [ranging from 2 to 12 mg/ml] as the sole carbon source. Over a period of 7 days, both the cell suspension
and the cell-free supernatant were collected periodically [every 24 h] and measured at 600 nm and 254 nm, respectively,
to estimate growth and phenanthrene degradation [20]. The biomass, residual phenanthrene, and degradation percent-
age were calculated using methods previously described.

The following degradation models were used to study the kinetics of phenanthrene breakdown.

InC, = InC,—Kt 2)

1 1
— —kt+ —
Ct + Co (3)

Co and Ct=initial and residual Phenanthrene concentrations (mg/I).

k=degradation rate constant [/day for first order and mg’}";ay for second-order kinetics respectively].

With the help of Egs. (4) and (5), the half-lives for Phenanthrene degradation under first and second-order kinetics
were calculated respectively.

_In2
t1/2 = " (4)

t1 1

2~ K[Col (5)

Using Eq. 6 [The Andrew-Haldane model] was used to examine the effect of Phenanthrene rise on Alcaligenes growth.
The plot of In X/Xo and time was used to calculate Alcaligenes at various Phenanthrene concentrations [5 mg/ml].

g = pmax—————
S+ % + Ks (6)
where p=precise growth rate (/day)K,=substrate saturation constant (mg/L)K;=substrate inhibition constant (mg/L)
Hmax = Maximum specific growth rate (/day)S = substrate concentration (mg/L).

3.6 Phenanthrene degradation pathway

Individual A. ammonioxydans was inoculated at 8.0% into the medium with 5 mg/ml Phenanthrene. For 7 days, the inocu-
lated medium was kept spinning at 100 RPM at room temperature. As an abiotic control, the uninoculated media was
retained. On the seventh day of incubation, degraded metabolites were collected from the sample using ethyl acetate and
methanol, as previously reported. GCMS was then used to examine the methanol fraction for degraded metabolites [21].

4 Results and discussion
4.1 Microbial identification

To facilitate the identification of the isolate, a targeted amplification of a specific region within the 16S rRNA gene was
conducted utilizing the polymerase chain reaction [PCR] technique. Upon subjecting the amplified product derived from
the isolate to 1.5% of agarose gel electrophoresis, an observed fragment length of approximately 1160 base pairs was
obtained. The sequence was submitted to the GenBank and assigned an accession number i.e., OR366524. Based on the
biochemical characterization and phylogenetic analysis (Fig. 1) the organism was identified as A. ammonioxydans VITRPS2.

4.2 A.ammonioxydans utilize Phenanthrene as a singular carbon supply
Bacteria use the simpler molecules as primary substrates for development, whereas the complex Phenanthrene is

degraded as a secondary substrate. Various studies showed that the isolation of bacteria using Phenanthrene as
the only carbon source is extremely difficult because of their severe toxicity property [22]. In the present study, A.
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Fig. 1 Phylogeny of 16S rRNA PCR amplification product on the VITRPS2 strain

ammonioxydans effectively used Phenanthrene as a sole carbon source, as evidenced by an increase in biomass
of up to 5 mg/ml. Within 7 days, the strain destroyed more than 72% of the given phenanthrene. Most petroleum
hydrocarbon-polluted locations have high levels of A. ammonioxydans, indicating their capacity to metabolize com-
plex compounds [23, 24].

5 Optimization of phenanthrene degrading

The efficacy of bioremediation is frequently constrained by various chemical, physical, and, environmental factors.
Several key factors have been identified as potentially inhibiting bacterial growth and the efficient digestion of PAHs].
These factors encompass the pH levels, temperature, bacteria inoculum size, and substrate concentration. The man-
agement of these factors holds significant importance in facilitating the process of biodegradation by microbial strain.

5.1 Impact of inoculum size on phenanthrene degradation

The dosage of biomass was found to have a significant impact on the degradation of PAHs. The presence of a higher
population of bacteria in LB influenced the acclimatization of the cells and the synthesis of enzymes that facilitate
cellular metabolism. Determining the amount of the inoculum is crucial to optimize the degradation of PAHs. The
investigation focused on examining the impact of the primary biomass population within a range of 2-12% (Fig. 2).
The degradation of phenanthrene exhibited optimal performance when a biomass amount of 8% was applied. How-
ever, after this dosage, a decline in performance was observed.

Fig.2 The impact of inoculum 80
size on the degradation
of phenanthrene by strain 70
VITRPS2
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Fig. 4 The impact of temperature on the degradation of phenanthrene by strain VITRPS2

5.2 Effect of substrate [phenanthrene] concentration on the degradation

It is widely recognized that certain microbial species possess the ability to endure elevated concentrations of PAHs.
The concentration of the substrate is a critical factor in both bacterial growth and the degradation of PAHs. For, a
bacterial strain to be considered viable for biodegradation, it must possess the capacity to both tolerate and effec-
tively degrade high concentrations of PAHs]. The study investigated the influence of varying initial concentrations
of phenanthrene, ranging from 2 to 7 mg/ml on its degradation capabilities. The strain demonstrated maximum
degradation efficiency when exposed to a phenanthrene concentration of 5 mg/ml (Fig. 3) after 3 days of incubation.

5.3 The impact of temperature on phenanthrene degradation
The influence of temperature on the development of phenanthrene-degrading A. ammonioxydans on LB is shown in
Fig. 4. This bacterium’s growth was shown to be linear from 20 to 50 °C, reaching an optimum at 37 °C after 7 days of

incubation, and decreasing considerably above the optimum temperature. The considerable reduction of bacterial
growth seems to be attributed to denature the proteins which may be important for the microbe’s development and
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survival. In general, microorganisms have optimal temperatures for fast growth and metabolic activities involving
enzymes and proteins.

5.4 The impact of initial pH on phenanthrene degradation

The pH level of the surrounding atmosphere is a crucial parameter in the microbial degradation of Phenanthrene as
the sole carbon and energy source. The majority of microorganisms exhibit optimal growth and survival conditions
in environments with pH levels that are near neutrality. The study investigated the impact of different initial pH levels
ranging from pH 5.5 to 8.5, on the degradation of various PAHs. The results revealed that an optimal pH of 8.0 (Fig. 5) was
identified for the degradation of phenanthrene.

In the present study, the investigation revealed that PAH degradation exhibited the highest levels at a pH of 8.0.
However, their effectiveness significantly decreased as the pH increased to more alkaline values. According to previous
research, it has been determined that the optimal pH range for the degradation of hydrocarbons by bacterial individual
strains or consortiums falls within the interval of 6.5 to 8.0.

6 Growth, degradation and inhibition kinetics
6.1 Growth of Alcaligenes on exposure to increasing Phenanthrene concentration

The impact of the rise in Phenanthrene concentrations on A. ammonioxydans growth was investigated by exposing the
bacterial strain to a Phenanthrene concentration for 7 days. A constant decline in growth was seen with the Phenanthrene
surge, whereas suppression of growth was accounted for at 5 to 10 mg/ml for strain. The degradation of phenanthrene
was shown to be most efficient in an A. ammonioxydans isolated from an oil-contaminated location [25, 26].

6.2 Phenanthrene Degradation by A. ammonioxydans

The metabolism of phenanthrene by the A. ammonioxydans was studied for 7 days at 5 mg/ml. On the 7th day, the strain
decomposed more than 72% of 5 mg/ml phenanthrene (Fig. 6). We observed that the degradation activity of A. ammo-
nioxydans is dependent on the concentration of hydrocarbons provided [27].

6.3 The Kinetics of Phenanthrene degradation is concentration-dependent

The degradation kinetics were found to be dependent on the concentration of Phenanthrene, implying that first-order
and second-order kinetics [28] were more appropriate. The values of k for A. ammonioxydans degradation of 5 mg/ml
Phenanthrene was 0.0181/day, with corresponding half-lives of first-order 2.7 days, and the values of k for A. ammoni-
oxydans with corresponding half-lives of second-order 4.49 days respectively (Fig. 7A&B) (Table 1).

Fig.5 The impact of initial pH 75
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6.4 Andrew-Haldane model for the analysis of growth and inhibition kinetics

The Andrew-Haldane model was used to investigate the bacterial growth and inhibition kinetics of Phenanthrene [5 mg/
ml]. Andrew-Haldane model is considered to be a more suitable method to investigate the growth kinetics under substrate
inhibitory circumstances; however, the Monod model flopped to capture the same in a similar situation [29]. The specific
growth rates for A. ammonioxydans were estimated by monitoring microbial biomass concentrations period at 5 mg/ml
Phenanthrene concentration, at 0.1832/day. The experimental results were fitted to a non-linear Andrew-Haldane kinetic
equation, and then, pmax, Ks, and Ki values were determined. The pumax, Ks, and Ki values for A. ammonioxydans were 0.165/
day, 2.17 mg/ml, and 21 mg/ml, respectively. It was observed that the low Ks values [2.17 mg/ml] (Fig. 8), showed the potential
of the strain, to grow at low concentration, while the values of Ki indicate the concentration beyond which metabolism and
specific growth rate. Many studies suggested that the majority of the growth and inhibition kinetic experiments are on low
MW PAH as most of the microorganisms are not able to survive on high MW PAH even at low amounts, contributing to their
significant toxicity (Fig. 9).

6.5 Phenanthrene metabolism by A. ammonioxydans
6.5.1 A.ammonioxydans degrades Phenanthrene by salicylate pathway

The breakdown mechanism of Phenanthrene by Alcaligenes ammonioxydans was examined in this study by culturing them
in LB medium [Phenanthrene=5 mg/ml] for 7 days (Fig. 10). On the seventh day, a methanol extract of cell-free supernatant
was analyzed and the metabolites were determined by comparing the mass spectra and retention time [Rt] obtained from the
NIST library to those obtained from genuine standards. Based on the detected metabolites, 1-hydroxy-2-naphthoic acid, cat-
echol, salicylic acid, gentisic acid,o-phthalic, and protocatechuic acid, and the routes described from PAH-degrading isolates,
the pathways depicted in Fig. 9. Despite the absence of dihydrodiols or diols, the first step in phenanthrene biodegradation
was observed to be dioxygenation at the 3,4-C locations due to the finding of 1-hydroxy-2-naphthoic acid, which was typi-
cally detected in phenanthrene biodegradation by A. ammonioxydans [30, 31]. The metabolic pathway was initially isolated
from the generated 1-hydroxy-2-naphthoic acid by ring breakage or decarboxylation to yield 1,2-dihydroxynaphthalene. The
earlier might then react with protocatechuic acid and o-phthalic acid to generate the [TCA] cycle while the final might be
converted to salicylic acid before being branched again by creating catechol or gentisic acid to the TCA cycle (Fig. 11) [Table 2].

7 Conclusion
The current investigation centered on assessing the degradation potential of bacteria extracted from petroleum-

contaminated soils for treating phenanthrene. Results unveiled that a bacterial strain identified as Alcaligenes ammo-
nioxydans displayed notable efficiency in degradation. This isolate utilizes and eliminates phenanthrene as its sole
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Fig.7 A and B Degradation:
First order and Second order
for A. ammonioxydans

Table 1 Kinetic parameters for
Phenanthrene degradation by
A. ammonioxydans VITRPS2 in
medium supplemented with

5 mg/mL of phenanthrene
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source of carbon and energy. Optimal conditions for phenanthrene breakdown were determined to be a substrate
concentration of 5 mg/ml, temperature of 37 °C, pH of 8.0, 8% inoculum size, and a 7-day incubation period. Under
these optimal conditions, the strain demonstrated the ability to degrade approximately 72% of phenanthrene within
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7 days of incubation. The Andrew-Haldane model accurately depicted the growth and substrate inhibition kinetics.
Analysis using gas chromatography-mass spectrometry of phenanthrene degradation products identified significant
metabolites, such as catechol, phthalic acid, and salicylic acid derivatives, indicating Alcaligenes as the primary PAHs
degrader. This strain exhibits proficiency in breaking down the principal component of petroleum-contaminated soils,
rendering it potentially valuable for remediation efforts. The study concluded that utilizing an enrichment approach
for PAH degradation in liquid media is feasible and may be further enhanced with this strain.
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Table2 Mass spectral

. Metabolites Retention time Identification

data of metabolites of

phenan'Fhrene degraded by A. 4 12.541 Pentanethioic acid

ammonioxydans 2 12.893 Beta-[3-[Diethylaminopropyllamino]propionitrile
3 13.942 Noxytiolin
4 15.854 1-[Ethylthio]-2-methoxybenzene
5 16.567 2-Naphthalenol, 1-amino
6 16.961 Phenol, 3,5-dimethoxy
7 17.943 5-methoxy-4-methyl-benzene-1,3-diol
8 18.119 3-Isobutylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione
9 24.016 Salicylic acid
10 26.466 Phthalic acid
1 26.516 Catechol
12 27.498 Gentisic acid
13 27.833 1-methyl-3,4-dihydropyrrolo
14 29.251 Protocatechuic acid
15 29.511 1-Hydroxy-2-naphthoic acid
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