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Abstract A bacterium Pseudomonas sp. TRMK1 capable of utilizing various phenylpropanoids
was isolated from agro-industrial waste by enrichment culture technique. It is gram-negative,
motile, aerobic, and able to utilize three different phenolic acids such as p-coumaric, ferulic, and
caffeic acids at concentrations of 5, 10, and 15 mM in 18 h of incubation. The residual
concentration of phenolic acids was analyzed by HPLC. The catabolic pathway of p-coumaric,
ferulic, and caffeic acids is suggested based on the characterization of metabolic intermediates by
GC, GC-HRMS, and different enzymatic assays. Further, Pseudomonas sp. TRMK1 utilizes a
wide range of mixture of phenolic acids present in the synthetic effluent.

Keywords Bioremediation . Environmental waste . Enzymes .Pseudomonads . Phenolic
compounds . Synthetic effluent

Introduction

Agro-industrial operations cause major environmental pollution owing to the discharge of
natural phenolic compounds. These effluents are discharged by wine distilleries, during the
extraction of olive oil, and in cork processing [1–3]. Chemically, agro-industrial wastes
comprise sugars, tannins, polyphenols, polyalcohols, pectins, lipids, and a variety of simple
aromatic compounds [4]. The major phenolic compounds in agro-industrial waste include p-
coumaric, caffeic, ferulic, cinnamic, protocatechuic, syringic, vanillic, veratric, and p-
hydroxyphenylacetic acids, tyrosol, and hydroxytyrosol [5].

Cinnamic acid derivatives, namely, ferulic and p-coumaric acids, are plant secondary products
and are widely distributed in the cell walls of gramineous plants extensively ester-linked to lignin or
polysaccharides [6]; these are found in soil as breakdown products of lignin [7]. The wastewater

Appl Biochem Biotechnol (2017) 182:1240–1255
DOI 10.1007/s12010-017-2396-5

* T B Karegoudar
goudartbk@gug.ac.in

1 Department of Biochemistry, Gulbarga University, Kalaburagi, Karnataka 585 106, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s12010-017-2396-5&domain=pdf


released by olivemills contains phenolic compounds and causes amajor environmental problem [2].
High accumulation of phenolic acids in soil inhibits the growth of plants in their vicinity [8–10] and
causes partition and loss of cell membrane of the fermenting organisms by reducing cell growth and
sugar assimilation [11]. Above 1 mM accumulation, phenolic acids in soil inhibit the growth of
many species of ruminal bacteria [12]. They also delay the metabolism of sugars and citric acid by
wine lactic acid bacteria (LAB) [13, 14]. Phenolic compounds have considerable inhibitory effect
and are more toxic than furfural and hydroxymethylfurfural [11].

The biodegradation of phenolic acids is important in global carbon cycle [15], where carbon
in the atmosphere photosynthesizes to produce new plant materials. Several reports have
described the biodegradation of p-coumaric, ferulic, and caffeic acids by fungi [16, 17] and
yeast [18], but limited work is reported on bacteria [9, 19–21].

Biodegradation is an eco-friendly and cost-effective process to reduce the toxic level of phenolic
acids in contaminated soil; biotransformation also yields valuable products. The phenolic acids are
converted to hydroxybenzoic acids, and their derivatives find important application as dietary
antioxidants [22], natural flavors [23], preservatives, and medicines and as monomers for liquid
crystal polymers currently used in various electronic devices [24]. Ferulic acid is used as a starting
material to produce vanillin (4-hydroxy-3-methoxybenzaldehyde), an important aroma compound
used in beverages and other food industries, such as bread, cake, ice cream, chocolate, and
confectionery products, as well as fragrances [25].

In the present communication, a bacterium proficient in utilizing various phenolic com-
pounds was isolated and identified as Pseudomonas sp. TRMK1. The capability of this strain
to utilize most of the phenylpropanoids, mainly p-coumaric, ferulic, and caffeic acids, has been
demonstrated. Its ability was demonstrated in the utilization of a wide range of mixtures of
phenolic acids present in the synthetic effluent. Further, catabolic pathways for these com-
pounds have been proposed based on metabolite characterization and enzymatic assays.

Materials and Methods

Isolation, Media, and Growth Conditions

A bacterium capable of utilizing phenolic acids as the sole source of carbon and energy was isolated
by a selective enrichment culture method [26]. One gram of agro-industrial waste was added to a
250 ml Erlenmeyer flask containing 50 ml of an autoclaved mineral salt (MS1) medium of pH 7
comprising the following (g L−1): K2HPO4 6.8; KH2PO4 1.2; NH4NO3 1.0; MgSO4.7H2O 0.1;
MnSO4.4H2O 0.1; CaCl2.2H2O 0.1; FeSO4.7H2O 0.1; and Na2MoO7.2H2O 0.006 supplemented
with 5mM p-coumaric acid. Flaskswere incubated in an orbital shaker (Labtech, India) (180 rpm) at
30 °C for 15 days. Further enrichment was carried out by transferring 5 % inoculum to fresh MS1
medium supplemented with 5 mM p-coumaric acid. After several such transfers, the culture was
streaked onMS1 agar plates spread with p-coumaric acid. The purity of the culture was checked by
plating on Luria–Bertani (LB) agar.

16S rDNA Sequencing

The 16S ribosomal DNA (rDNA) of the potent isolate TRMK1 was amplified by PCR using the
universal primer pair F27, 5′-AGAGTTTGATCMTGGCTCAG-3′ and R1492 5′-TACG
GYTACCTTGTTACGACTT-3′ [27]. The amplified products were examined by 0.7 % (w/v)
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agarose gel electrophoresis and purified by using aDNA extraction kit (Qiagen). The 16S ribosomal
DNA sequencing was done by ABI PRISM 310 DNA sequencer and ABI PRISM BigDye
Terminator Cycle Sequencing Kit. DNA sequence analysis was then executed by BLAST network
services at the National Center for Biotechnology Information (NCBI). The arrangement of the
sequences was done using CLUSTALQproV1.82 at the European bioinformatics site (www.ebi.ac.
uk/clustalw). The sequence was polished manually after double-checking with the raw data to
evacuate ambiguities and was submitted to GenBank. Using MEGA version 4, molecular evolu-
tionary analysis was made and a phylogenetic tree was constructed by a Neighbor-Joining method
(data not shown) [28]. The 16S rDNA sequence of strain TRMK1was deposited and is accessible in
the NCBI GenBank database with accession numbers KT717679.

Utilization of Phenolic Acids

Utilization of phenolic acids was carried out by inoculating Pseudomonas sp. TRMK1 into
250 ml flasks containing 50 ml of MS1 medium supplemented with p-coumaric, ferulic,
and caffeic acids individually. Three different concentrations, 5, 10, and 15 mM phenolic
acids were used to study the influence of their concentrations on the growth of this strain.
All these flasks were incubated in an orbital shaker at 180 rpm and 30 °C. The utilization of
phenolic acids was determined by checking their residual concentration at different time
intervals. At regular intervals of 3 h up to the final incubation period of 18 h, the culture was
withdrawn and centrifuged (8000 rpm, 10 min). The resulting supernatant was filtered
using a 0.2 μm filter paper, and the residual concentrations of phenolic acids were estimated
by HPLC.

Phenolic acid % utilization, ή, at different periods of incubation is defined by the following
expression:

Utilization ratio; ή %ð Þ ¼ S0–S

S0
� 100

where S0 represents the initial concentration of phenolic acid (%) prior to utilization by
Pseudomonas sp. TRMK1 and S is the residual concentration (%) after the utilization.

Extraction and Analysis of Metabolites

The plausible metabolites in the p-coumaric acid catabolic pathway are 4-vinyl phenol, p-
hydroxybenzaldehyde, and p-hydroxybenzoic acid; 4-vinyl guaiacol, vanillin, and vanillic acid
in ferulic acid; and 4-vinyl catechol and 3,4-dihydroxy benzaldehyde in caffeic acid.
Protocatechuic acid may be the terminal aromatic metabolite in all the three pathways.

In order to demonstrate the catabolic pathways of these phenolic acids in this strain, the
culture was grown on respective phenolic acids. The culture broth was withdrawn and
centrifuged at 8000 rpm for 10 min. The spent medium was acidified to pH 2 with 6 M
HCl and extracted twice with an equal volume of ethyl acetate. The ethyl acetate fraction was
dried over anhydrous Na2SO4 and concentrated under vacuum in a rotary evaporator
(Heidolph, Laborota 4000). Aliquots of extract were resuspended in 1 ml of methanol.

The metabolic extract was derivatized to strengthen the volatility or thermal stability of the
compounds and for more accessibility to gas chromatography (GC). The samples were treated
with N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA). The method involved the
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addition of 50 μl of MSTFA to 200 μl of metabolite extract in a small reaction vial constantly
agitating for 12 h at 30 °C to form TMS esters and ethers [29]. The trimethylsilyl (TMS)-
derivatized samples were analyzed with GC (Agilent technology 7820) and GC-HRMS
(AccuTOF GCv from Jeol Asia Ltd.).

Preparation of Cell Free Extract

Pseudomonas sp. TRMK1 cells, grown individually on p-coumaric, ferulic, and caffeic acids,
were harvested at the mid-logarithmic growth phase by centrifugation at 8000 rpm (10 min at
4 °C). The cell pellet was washed twice with 25 mM potassium phosphate buffer of pH 7.0 and
resuspended in the same buffer. The cell suspension was disrupted four times using a Vibra-Cell
ultrasonicator (model 375, USA) at nominal power of 70 W for 30 s periods, each of 30 s
duration, followed by a 1 min off-cycle during which the disrupted cells and the oscillator probe
are cooled in ice. Unbroken cells and cell debris were removed by centrifugation at 12,000 rpm
(30 min at 4 °C). This cell free supernatant was used for different enzymatic assays [30].

Enzyme Assay

Phenolic Acid Decarboxylase

One milliliter of reaction mixture consisting of 1 mM p-coumaric, ferulic, and caffeic acids (for
respective PAD assays), 25 mM sodium phosphate buffer (pH 6.0), and an appropriate amount of
crude enzyme was incubated at 37 °C for 40 min. The reaction was terminated by adding 20 folds
of 25 mM stop buffer (Tris, 0.3 % SDS, pH 6.0) [32, 33]. The decarboxylase activity of p-
coumaric, ferulic, and caffeic acids was assayed by the disappearance of respective absorbance
peaks at 287, 314, and 313 nm and the appearance of new product peaks of 4-vinyl phenol, 4-
vinyl guaicol, and 4-vinyl catechol at 258, 262, and 265 nm, respectively [31, 32].

p-Hydroxybenzaldehyde Dehydrogenase

One milliliter of reaction mixture comprises 100 mM phosphate buffer (pH 7.0), 60 μl of
600 nmol of NADP+, 100 μl of 40 nmol of p-hydoxybenzaldehyde, and a suitable amount of
enzyme. The reaction was initiated by adding p-hydoxybenzaldehyde. This enzyme assay was
monitored spectrophotometrically by the decrease in the absorbance at 330 nm, which is due to
the conversion of p-hydoxybenzaldehyde to p-hydroxybenzoic acid [33].

p-Hydroxybenzoic Acid Hydroxylase

One milliliter of reaction mixture comprises 100 mM phosphate buffer (pH 7.0), 25 μl of
25 μM NADPH, and an appropriate amount of enzyme. The reaction was started by adding
60 μl of 400 μM p-hydroxybenzoic acid. The activity was examined by measuring the rate of
decrease in absorbance at 340 nm due to the substrate-dependent oxidation of NADPH [34].

Protocatechuate 4,5-Dioxygenase

The reaction mixture for the assay of protocatechuate 4,5-dioxygenase comprised 25 mM
phosphate buffer (pH 7.0), 50 μl of 15 mM L-cysteine, and an appropriate amount of enzyme.
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The reaction was initiated by adding 40 μl of 1 mM protocatechuic acid. The formation of γ-
carboxy-α-hydroxy cis,cis-muconic semialdehyde was observed by the increase in absorbance
at 340 nm [35].

Vanillin Dehydrogenase

The assay mixture comprises 100 mM phosphate buffer (pH 7.0), 40 μl of 1 mM NAD(P)+,
and an appropriate amount of enzyme. The reaction was initiated by adding 80 μl of 1 mM
vanillin. The activity was determined spectrophotometrically by measuring the decrease in
absorbance at 340 nm due to the substrate-dependent oxidation of NAD(P)H [36].

Specific activity of enzymes was expressed as micromoles of substrate-oxidized/product
formed per milligram of protein under assay conditions. The protein concentration was
determined by Lowry’s method using BSA as a standard [37].

Utilization of Various Phenolic Compounds

Pseudomonas sp. TRMK1 was inoculated into 50 ml of MS1 medium in 250 ml Erlenmeyer
flasks supplemented with syringic acid, vanillin, and p-hydroxybenzaldehyde (5 mM),
cinnamic acid (10 mM), vanillic acid (10 mM), and p-hydroxybenzoic and protocatechuic
acid (25 mM), as a source of carbon and energy. The flasks were kept in a rotary incubator at
180 rpm for 30 °C. The culture was withdrawn at regular intervals of 6 h up to the final
incubation period of 36 h. The cells were separated by centrifugation at 8000 rpm for 10 min.
The resulting supernatant was filtered through a 0.2 μm filter paper, and the residual concen-
tration of respective phenolic acids was examined by HPLC.

Utilization of Mixture of Phenolic Acids from the Synthetic Effluent

The typical composition of the effluent discharged from the agro-industrial waste is high
content of organic substances, including sugars, tannins, polyphenols, polyalcohols,
pectins, and lipids [38, 39]. A synthetic effluent was prepared by mixing 1.5 mM each
of p-coumaric, ferulic, caffeic, cinnamic, protocatechuic, syringic, and vanillic acids in
50 ml MS1 medium in a 250 ml conical flask. The flask was incubated in a rotatory
orbital shaker (180 rpm) at 30 °C. The growth was monitored at 600 nm, and the residual
concentration of phenolic acids was analyzed by HPLC as mentioned above.

Analytical Methods

Growth of the bacterium and the presence of various enzymatic activities were checked
spectrophotometrically (SPECORD 50). HPLC analysis was carried out by Waters 2489
equipped with a dual-beam wavelength UV-Vis detector and a C18 column, and the solvent
system used was acetonitrile/water/acetic acid (30:69.5:0.5, v/v) at a flow rate of 1 ml min−1

[4]. Detection was achieved at 310 nm for p-coumaric acid, 280 nm for ferulic acid, 315 nm for
caffeic acid, 280 nm for cinnamic acid, 256 nm for p-hydroxybenzoic acid, 275 nm for
syringic acid, 320 nm for p-hydroxybenzaldehyde, 345 nm for vanillin, and 260 nm for
vanillic and protocatechuic acids.

The derivatized metabolic extracts of p-coumaric, ferulic, and caffeic acids were
analyzed by GC system consisting of a DB-5 column (length 30 m, inner diameter
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0.25 mm, 0.25 μm film) with a flame ionization detector. The analysis was performed by
splitless mode. Nitrogen was used as a carrier gas with a flow rate of 1 ml min−1. The
GC conditions for the analysis were as follows: injector temperature 250 °C, detector
temperature 300 °C, and column temperature 60 °C for the initial 5 min, followed by
15 °C rise per minute for 5 min, and then 10 °C min−1 for the final hold time of 4 min
[40]. The trimethylsilyl (TMS)-derivatized samples were also analyzed with a
GC-HRMS equipped with HP5 column (length 30 m, diameter 0.25 mm ID, and
thickness 0.25 μm) with the ionization voltage of 70 eV, and the carrier gas was helium
(Sophisticated Analytical Instrument Facility, Indian Institute of Technology, Bombay,
India).

Results

Isolation and Identification of a Bacterium

The enrichment culture technique was used to isolate the p-coumaric acid-utilizing
bacterium. The strain Pseudomonas sp. TRMK1 has the capability to grow on p-
coumaric acid in the MS1 medium supplemented with 5 mM p-coumaric acid as a
source of carbon and energy. This strain is also potential to degrade ferulic and caffeic
acids. Morphological, physiological, and biochemical features of the strain are given in
Table 1. The strain is gram-negative, motile, small rods, and appears as short chains. On
a p-coumaric acid-MS1 agar plate, the strain TRMK1 formed sticky circular colonies.
The strain shows positive tests for catalase, lipase, indole production, urease, carbohy-
drate fermentation, casein and starch hydrolysis, but exhibits negative results for gelatin
liquefaction, Voges–Proskauer, methyl red, endospore and H2S production.

Initial investigation of 16S rDNA sequence (1261 bp) of the strain was done at NCBI,
where significant groupings from these databases were downloaded for further examination.
The sequence showed 97 % likeness with Pseudomonas taiwanensis. In the phylogenetic
examination, it is clustered with P. taiwanensis strain BCRC and Pseudomonas
plecoglossicida strain NBRC confirming its identity as Pseudomonas sp. and is named as
Pseudomonas sp. TRMK1.

Table 1 Morphological physiological and biochemical characteristics of strain TRMK1

Characteristics Results

Cell morphology and grouping Small rod, motile, and
short-chained individuals

Growth temperature 30–40 °C
Growth pH range 6–9
Relation to oxygen Aerobic
Gram-stain, oxidase, gelatin liquefaction,

Voges–Proskauer (VP), methyl red (MR),
endospore, H2S production

Negative

Catalase, lipase, indole production, urease,
casein and starch hydrolysis, carbohydrate
fermentation (glucose, lactose, fructose)

Positive
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Utilization of Phenolic Acids

Strain Pseudomonas sp. TRMK1 utilizes all the three phenolic acids within 18 h of incubation. The
bacterium exhibits lag, log, and stationary phase. The growth of bacterium increases with increase in
the incubation period.When the strain was grown in all the three phenolic acids, it exhibits 3 h of lag
phase and then enters into log phase that lasts 12–15 h. At an initial concentration of 5 mM p-
coumaric acid, the strain utilizes 0.49 mM per hour with 99.94 % degradation efficiency during its
log phase. When the concentration of p-coumaric acid is increased to 10 and 15 mM, the strain
utilized 1 and 1.18 mM per hour with the degradation efficiency of 97 and 94.5 %, respectively
(Fig. 1). At 5 mM initial concentration of ferulic acid, the strain utilized 1.3 mM per hour with 98.4
%degradation efficacy.When its concentrationwas increased to 10mM, the strain utilized 0.58mM
per hour with 92% degradation efficiency (Fig. 2). Its degradation ability with caffeic acid was also
checked. At 5 mM initial concentration, the strain utilized 0.62 mM per hour of incubation with
degradation efficiency of 98.4 %. With 10 mM caffeic acid, the strain utilized 0.59 mM per hour at
96 % degradation efficiency (Fig. 3). However, the growth of the strain is inhibited beyond 10 mM
ferulic and caffeic acids because of their toxic effect.

Analysis of Metabolites

GC analysis of metabolic extract confirmed the degradation of p-coumaric, ferulic, and caffeic acids
by this strain. The metabolic intermediates were identified based on the comparison of retention
times with those of authentic compounds. The p-coumaric acid pathway metabolic intermediates
such as p-hydroxybenzaldehyde, p-hydroxybenzoic acid, protocatechuic acid; vanillin, and vanillic
and protocatechuic acidswere observed asmetabolic intermediates in the ferulic acid pathway. In the
caffeic acid catabolic pathway, protocatechuate is the only metabolic intermediate detected.
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N-Methyl-N-trimethylsilyl trifluoroacetamide (MSTFA)-derivatized metabolic intermediates
were tentatively identified by matching their retention times with those of respective authentic
compounds by GC. For further confirmation, they were characterized by GC-HRMS analysis
(Table 2). The GC-HRMS mass spectrum of metabolite I (4-vinyl phenol) showed a molecular
ion at m/z 177 and with the fragmentation pattern with the loss of CH3 (M

+– 15) followed by m/z
162 (M+– CH3), 147 (M+– 2CH3), 133 (M+– 2CH3– CH2), 115, 102, 89, and 59. GC-HRMS of
metabolite II (p-hydroxybenzaldehyde) gave amolecular ion (M+– 2) atm/z 196 and subsequently at
166 (M+– CH2O), 152 (M+– CH2O– CH3), 138 (M+– CH2O– 2CH3), 124 (M+– CH2O– 3CH3),
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111, 98, 85, 68, and 55. The mass spectrum of metabolite III (p-hydroxybenzoic acid) showed a
molecular ion (M+– 2) at m/z 282 and subsequently ion fragments at 252 (M+– 2CH3), 209 (M

+–
TMS), 196 (M+–TMS –CH3), 181 (M

+–TMS –2CH3), 168, 153, 139, 125, 111, 96, 83, 69, and 57.
The GC-HRMS spectrum of metabolite IV (4-vinyl guaiacol) showed an ion fragment at m/z 224
(M+– 2) and subsequent fragments at 196 (M+– C2H4), 181 (M

+– C2H4– CH3), 168 (M
+– C2H4–

2CH3), 154 (M
+–C2H4– 3CH3), 139 (M

+–C2H4– 4CH3), 125, 110 (M
+–C2H4– 4CH3–TMS), 84,

68, and 56. The fragmentation of metabolite V (vanillin) gave the molecular ion peak at m/z 224
(M+) followed by 196 (M+– CH2O), 181 (M

+– CH2O– CH3), 168 (M
+– CH2O– 2CH3), 154 (M

+–
CH2O– 3CH3), 139 (M

+–CH2O– 4CH3), 125, 111, 97, 70, and 55.Mass spectrum ofmetabolite VI
(vanillic acid) exhibitedmolecular ion fragment atm/z 314 (M+– 2) and successive fragments at 298
(M+–CH3), 283 (M

+– 2CH3), 269 (M
+– 3CH3), 239 (M

+–TMS), 226 (M+–TMS–CH3), 208, 182,
149, 134, and 75. The GC-HRMS mass spectrum of metabolite VII (4-vinyl catechol) revealed the
molecular ion peak at m/z 280 (M+– 2) and consecutive fragments at 263 (M+– CH3), 230, 207
(M+– TMS), 189 (M+– 6CH3), 175, 151, 125, 101, 88, and 76. The GC-HRMS spectrum of
metabolite VIII (3,4-dihydroxybenzaldehyde) showed a molecular ion peak atm/z 284 (M+– 2) and
sequential fragmentation at 267 (M+– CH3), 253 (M

+– CHO’), 241, 226, 213, 198, 185, 170, 157,
129, 114, 98, and 83.

Enzyme Assay

The activities of various enzymes involved in the catabolism of phenolic acids were
detected in the cell free extract of TRMK1 cells grown on different phenolic acids. They
are summarized in Table 3. Protocatechuate 4,5-dioxygenase exhibited good activity in the
cell free extract and is responsible for ring fission leading to the formation of TCA cycle
intermediates. Further, p-hydroxybenzaldehyde dehydrogenase and p-hydroxybenzoic acid
hydroxylase showed less activity and the rest of the enzymes’ moderate activity.

Table 2 Characterization of metabolites formed during the catabolism of p-coumaric, ferulic and caffeic acids in
strain TRMK1 by GC-HRMS

Metabolites Molecular weight m/z of major ion peaksa

p-Coumaric acid pathway
I (4-vinyl phenol) 120.15 177, 162, 147, 133, 102, 89, 59.
II (p-hydroxy benzaldehyde) 122.12 196, 166, 152, 138, 124, 111,

98, 85, 68, 55.
III (p-hydroxy benzoic acid) 138.12 282, 252, 209, 196, 181, 168, 153,

139, 125, 111, 96, 83, 69, 57.
Ferulic acid pathway
IV (4-vinyl guaiacol) 150.18 224, 196, 181, 168, 154, 139, 125,

110, 84, 68, 56.
V (vanillin) 152.15 224, 196, 181, 168, 154, 139, 125,

111, 97, 70, 55.
VI (vanillic acid) 168.15 314, 298, 283, 269, 239, 226, 208,

182, 149, 134, 75.
Caffeic acid pathway
VII (4-vinyl catechol) 136.15 280, 263, 230, 207, 189, 175, 151,

125, 101, 88, 76.
VIII (3,4-dihydroxybenzaldehyde) 164.16 282, 267, 241, 226, 213, 198, 185,

170, 157, 129, 114, 98, 83.

aMS fragmentation pattern of metabolites was identified after derivatization with MSFTA
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Proposed Catabolic Pathway of p-Coumaric, Ferulic, and Caffeic Acids

The catabolic pathway of p-coumaric, ferulic, and caffeic acids is proposed based on GC-HRMS
analysis of metabolites and enzyme assay studies. The decarboxylation of p-coumaric acid leads
to the formation of 4-vinyl phenol, which is confirmed by the presence of p-coumaric acid
decarboxylase. 4-Vinyl phenol is further oxidized to p-hydroxybenzaldehyde. p-
Hydroxybenzaldehyde dehydrogenase catalyzed the conversion of p-hydroxybenzaldehyde to
p-hydroxybenzoic acid. p-Hydroxybenzoic acid upon hydroxylation gives protocatechuic acid
catalyzed by p-hydroxybenzoic acid hydroxylase. The formed protocatechuic acid further un-
dergoes ring cleavage to produce γ-carboxy-α-hydroxy cis,cis-muconic semialdehyde (Fig. 4A).

Ferulic acid on decarboxylation leads to the formation of 4-vinyl guaiacol, which is
catalyzed by ferulic acid decarboxylase. 4-Vinyl guaiacol is converted to vanillin. Vanillin is
further oxidized to vanillic acid by vanillin dehydrogenase. Vanillic acid is further
demethoxylated to the formation of protocatechuic acid. Finally, protocatechuic acid un-
dergoes meta ring cleavage to produce γ-carboxy-α-hydroxy cis,cis-muconic semialdehyde,
which is confirmed by protocatechuate 4,5-dioxygenase activity (Fig. 4B). Caffeic acid
decarboxylase catalyzes the decarboxylation of caffeic acid to 4-vinyl catechol, which is
oxidized to 3,4-dihydroxy benzaldehyde and then converted to protocatechuic acid (Fig. 4C).

Utilization of Various Phenolic Compounds

The ability of Pseudomonas sp. TRMK1 is further checked for its growth and utilization of
other phenolic compounds at different concentrations. The strain showed maximum utilization
of p-hydroxybenzoic and protocatechuic acids. When the concentrations of both these pheno-
lics were provided at 25 mM, the strain showed utilization of 99.68 % at 30 h and 99.64 % at
36 h, respectively. Further, when 10mMconcentrations of cinnamic, vanillin, and vanillic acids
were supplied, the strain utilized 96.8 % at 18 h, 34 % at 24 h, and 90.8 % at 24 h, respectively.
When p-hydroxybenzaldehyde and syringic acid were provided at a concentration of 5 mM, the
strain utilized 58 % at 24 h and 86.6 % at 18 h of incubation, respectively (Fig. 5). At 5 mM
concentration of cinnamic, p-hydroxybenzoic, and protocatechuic acids and vanillin, the strain
utilized 99.37 % at 8 h, 98.24 % at 18 h, 93.2 % at 18 h, and 100 % at 24 h, respectively. When
10, 15, and 20 mM concentrations of p-hydroxybenzoic and protocatechuic acids were

Table 3 Specific activity of the enzymes involved in the catabolism of p-coumaric, ferulic, and caffeic acids in
strain TRMK1

Enzymes Specific activitya

Substrates

p-Coumaric acid Ferulic acid Caffeic acid

Phenolic acid decarboxylase 0.1248 0.1223 0.1311
p-Hydroxybenzaldehyde dehydrogenase 0.1224 ND 0.0897
p-Hydroxybenzoic acid hydroxylase 0.1326 ND 0.0370
Protocatechuic acid 4,5-dioxygenase 0.3950 0.2634 0.2958
Vanillin dehydrogenase ND 0.1287 ND

ND not detected
a Specific activity expressed as micromoles of substrate oxidized per minute per milligram of protein
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supplied, the strain utilized 99.30 and 97.87 % at 24 h, 99.62 and 98.7 % at 24 h, and 99.69 and
99.39 % at 30 h, respectively (data not shown).

Utilization of Mixture of Phenolic Acids from the Synthetic Effluent

In order to check the ability of this strain for the utilization of a mixture of phenolic acids, the
synthetic effluent containing the mixture of phenolic acids was prepared and inoculated with the
strain TRMK1. The strain utilizes 99.4, 94.8, 99.8, 100, 99.3, 99.3, and 100 % of 1.5 mM each of

Fig. 4 Proposed catabolic pathway of p-coumaric acid (A), ferulic acid (B), and caffeic acid (C). Enzymes
shown in the brackets are probable enzymes involved in the catalysis
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p-coumaric, ferulic, caffeic, cinnamic, protocatechuic, syringic, and vanillic acids, respectively,
after 12 h of incubation showing the maximum growth of 0.958 at 600 nm (Table 4).

Discussion

In this communication, we present a novel bacterial strain isolated from agro-industrial waste
capable of degrading high concentrations of p-coumaric, ferulic, and caffeic acids individually.
This strain has been identified as Pseudomonas sp. based on various physiological, morpho-
logical, and biochemical tests and 16S rDNA sequencing. Many reports are available on the
utilization and catabolic pathway of these phenolic compounds by fungi [16, 17] and yeast
[18], but little information is available on bacteria.

Pseudomonas sp. TRMK1 is more potent in utilizing various phenolic acids. It is reported that
Halomonas sp. IMPC utilizes 100 % of 10 mM p-coumaric acid [21], and Lactobacillus
plantarum LPNC8 utilizes 1.2 mM p-coumaric acid completely [32]. Whereas, TRMK1 utilizes
95.4 % of 15 mM p-coumaric acid within 18 h of incubation and 92 % of 10 mM ferulic acid in
18 h of incubation. TheCupriavidus sp. B-8 isolate showed the degradation efficiency of 96.84%
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Fig. 5 Utilization of various phenolic compounds by Pseudomonas sp. TRMK1 [pHBA p-hydroxybenzoic acid
25 mM), PCA protocatechuic acid (25 mM), CA cinnamic acid (10 mM), VA vanillic acid (10 mM), vanillin
(5 mM), pHBAld p-hydroxybenzaldehyde (5 mM), SA syringic acid (5 mM)]

Table 4 Utilization of mixture of phenolic acids from synthetic effluent by strain TRMK1

Phenolic acids (1.5 mM initial concentration) Residual concentration (mM) Percent utilization

p-Coumaric acid 0.008 99.4
Ferulic acid 0.07 94.8
Caffeic acid 0.002 98.8
Cinnamic acid 0 100
Protocatechuic acid 0.013 99.3
Syringic acid 0.01 99.3
Vanillic acid 0 100
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of 1mM ferulic acid at 12 h [9].Bacillus coagulansBK07 utilized 95%of ferulic acid completely
at a concentration of 2.13 mM in 7 h [20]. Strain TRMK1 utilized 96 % of 10 mM caffeic acid in
18 h. Table 5 shows the superiority of strain TRMK1 in the degradation of these phenolic acids
over previously reported bacterial strains.

Bacterial catabolism of these phenolic acids begins with the cleavage of the side chain.
Generally, two types of side chain cleavages occur: C1 cleavage of aliphatic side chain is
involved in the formation of vinyl derivatives by non-oxidative decarboxylation [41, 42],
whereas C2 cleavage leads to the formation of aldehydes [43, 44]. In strain TRMK1, the
catabolism of these phenolic acids followed C1 cleavage, which leads to the formation of vinyl
derivatives by phenolic acid decarboxylase [33]. The presence of this enzyme is noticed in the
cell free extracts of TRMK1 grown on these compounds.

In strain TRMK1, the catabolism of p-coumaric acid begins with decarboxylation leading
to the formation of 4-vinyl phenol catalyzed by p-coumarate decarboxylase. Similar conver-
sion is noticed in Bacillus pimilus PS213 for the catabolism of p-coumaric acid. Further
metabolism of 4-vinyl phenol was not traced in this bacterium [32]. However, in strain
TRMK1, the formed 4-vinyl phenol undergoes oxidation to form p-hydroxybenzaldehyde.
p-Hydroxybenzaldehyde dehydrogenase catalyzes the conversion of p-hydroxybenzaldehyde
to p-hydroxybenzoic acid. This is evidenced by the presence of this enzyme in the cell free
extract and detection of p-hydroxybenzoic acid in the culture supernatant. p-Hydroxybenzoic
acid is hydroxylated at the aromatic nucleus by p-hydroxybenzoate hydroxylase to form
protocatechuate, a terminal aromatic metabolite. Further, protocatechuate undergoes ring
cleavage by protocatechuate 4,5-dioxygenase to form γ-carboxy-α-hydroxy cis,cis-muconic
semialdehyde. Acinetobacter calcoaceticus DSM 586 utilizes p-coumaric acid with the se-
quential formation of p-hydoxybenzoic and protocatechuic acids. However, the formed
protocatechuate undergoes ring cleavage by protocatechuate 3,4-dioxygenase [45].

Ferulic acid is decarboxylated by ferulic acid decarboxylase to 4-vinyl guaiacol, which is
further oxidized to vanillin. Vanillin dehydrogenase catalyzes the conversion of vanillin to

Table 5 Phenolic acid degradation by Pseudomonas sp. TRMK1 compared with other previously reported
bacterial strains

Bacterial strain Phenolic compound Concentration Percent utilization References

Streptomyes setonii p-Coumaric acid 3 mM a [19]
Ferulic acid 2.6 mM a

Acinetohacter calcoaceticus DSM 586 p-Coumaric acid 3 mM a [43]
Ferulic acid 2.6 mM a

Lactobacillus plantarum LPNC8 p-Coumaric acid 1.2 mM 100 [32]
Lactobacillus plantarum LPNC8 p-Coumaric acid 6 mM b [48]

Ferulic acid 6 mM b

Bacillus coagulans BK07 Ferulic acid 2.13 mM 95 [20]
Halomonas sp. IMPC p-Coumaric acid 10 mM 100 [21]
Pseudomonas putida p-Coumaric acid 2 mM b [15]

Ferulic acid 2 mM b

Cupriavidus sp. B-8 Ferulic acid 1 mM 96.84 [9]
Pseudomonas sp. TRMK1 p-Coumaric acid

Ferulic acid
Caffeic acid

15 mM
10 mM
10 mM

95.4
92
96

Present study

a Authors have reported only the catabolic pathway but not the utilization
b Authors have studied only the growth of the strain on respective phenolic acids
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vanillic acid, which undergoes demethoxylation to form protocatecuate in strain TRMK1. The
formed protocatecuate further undergoes ring cleavage to form γ-carboxy-α-hydroxy cis,cis-
muconic semialdehyde by protocatechuate 4,5-dioxygenase. Such pathways were reported for
catabolism of ferulic acid in Cupriavidus sp. B-8 [9], Pseudomonas fluorescens BF13 [46],
P. fluorescens [47], and Bacillus coagulans BK07 [20]. The catabolism of caffeic acid
undergoes non-oxidative decarboxylation to 4-vinyl catechol by caffeic acid decarboxylase.
The formed 4-vinyl catechol is oxidized to 3,4-dihydroxy benzaldehyde and then to
protocatechuic acid in this strain. Protocatechuate is the terminal aromatic metabolite formed
during the catabolism of all the three phenolic acids. Protocatechuate undergoes ring cleavage
by protocatechuate 4,5-dioxygenase to form γ-carboxy-α-hydroxy cis,cis-muconic semialde-
hyde that enters into TCA cycle intermediates.

Conclusion

Pseudomonas sp. TRMK1, a potent strain for the degradation of different phenolic com-
pounds, isolated by enrichment culture technique, has been identified based on 16S rDNA
sequencing. The strain has the capability to utilize a wide range of phenolic compounds
including cinnamic, vanillic, p-hydroxybenzoic, syringic, and protocatechuic acids, p-hydroxy
benzaldehyde, and vanillin as a sole source of carbon and energy. This strain has the ability to
utilize maximum concentration of p-coumaric acid (15 mM), ferulic acid (10 mM), and caffeic
acid (10 mM) in 18 h of incubation with degradation efficiency of 95.4, 92, and 96 %,
respectively. Strain TRMK1 also showed potential degradation of the mixture of phenolic
acids present in the synthetic effluent. Further, the catabolic pathways of p-coumaric, ferulic,
and caffeic acids in Pseudomonas sp. TRMK1 have been proposed based on the identification
of metabolic intermediates and the activities of various enzymes.
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