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Abstract

A bacterium Stenotrophomonas sp. TRMK?2 capable of utilizing cinnamic acid was isolated from agro-industrial waste
by enrichment culture technique. This strain completely utilizes 5 mM cinnamic acid within 18 h of incubation. The
different metabolites formed during the degradation of cinnamic acid were characterized by GC-HRMS. The involve-
ment of various enzymes, namely cinnamate reductase, 3-phenylpropionic acid hydroxylase, p-hydroxybenzoic acid
hydroxylase and protocatechuate 3,4-dioxygenase in cinnamic acid degradation was demonstrated. A catabolic pathway
for cinnamic acid in Stenotrophomonas sp. TRMK2 is as follows: Cinnamic acid; 3-Phenylpropionic acid; 3-(4-Hydroxy-
phenyl) propionic acid; 4-Hydroxy benzoic acid and Protocatechuic acid. Further, this strain is capable of utilizing

various phenolic compounds.
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Introduction

Aromatic compounds are abundant within the biosphere
as naturally occurring and man-made ecological contami-
nants. Various types of pesticides, insecticides, herbicides
and aromatic compounds are the contaminants, many of
which are recalcitrant, toxic and accumulate in sediments.
These compounds are phenolic derivatives of a general
phenylpropane or benzyl structure (Sleat and Robin-
son 1984). At certain level of concentrations, phenolic
compounds contribute toxicity to the respective aquatic
or soil systems unless they are transformed or removed
accordingly. Industrial effluents that contain a significant
phenolic fraction include those from olive oil mills, wine
distilleries and paper-pulping mills (Andreozzi et al. 1995;
Di Gioia et al. 2001; Isidori et al. 2004). Cinnamic acid
and its derivatives are very well known as allelochemicals.
These are released into the environment in considerable
amount through root exudation, leaching, decomposition
of plant materials and accumulated in many agricultural
fields (Ding et al. 2007; Singh et al. 2013). The presence
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of phenolic allelochemicals in soil is an important factor
for crop decline in terms of growth, yield and quality lead-
ing to tremendous agricultural losses (Chen et al. 201 1a,
b). Toxicity of phenolic compounds for microorganisms is
largely an issue of concentration, where large amounts of
aromatics can accumulate in and disrupt cell membranes
(Diaz et al. 2001). The presence of caffeic, coumaric, feru-
lic, or vanillic acids at concentration of above 0.1 mM
affects nitrogen-fixing bacteria and also inhibits the
ruminal bacterial growth at concentration of above 1 mM
(Hartley and Whitehead 1985; Akin et al. 1993). Phenolic
allelochemicals are utilized by many microorganisms as
energy sources, detoxify or mineralize these compounds
and catalyse their oxidation and polymerization reactions
(Chen et al. 2011a; Zhang et al. 2010).
Phenylpropionoid compounds (cinnamic, phenylpro-
pionic, p-coumaric and ferulic acids) are derived from
the degradation of lignin and other aromatic constituents
of plants (Subba Rao et al. 1971; Kawakami 1980). Bac-
terial catabolism of these compounds is an important ele-
ment in the carbon cycle by which both natural aromatics
and many industrial pollutants are degraded. As early as
1959, Coulson and Evans (1959) reported the reduction of
the cinnamic acid side chain in Pseudomonas. Such reduc-
tion of the double bond in the side chain of cinnamic acid,
p-hydroxycinnamic acid and 3,4-dihydroxycinnamic acid
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was also observed in Lactobacillus pastorianus subsp. quini-
cus (Whiting and Carr 1959). Blakley and Simpson (1964)
suggested that the whole cells of a Pseudomonas sp. metabo-
lised cinnamic acid to 2,3-dihydroxyphenylpropionic acid
via phenylpropionic acid and m-hydroxyphenylpropionic
acid based on the principle of sequential induction. Dagley
et al. (1965) showed the appearance of 2-hydroxy 3-phe-
nylpropionate and 2,3-dihydroxy 3-phenylpropionate in the
growth medium when Achrobacter species was grown on
phenylpropionate as a carbon source.

In the present investigation, cinnamic acid degrading bac-
terium was isolated from agro-industrial waste and a deg-
radation pathway for cinnamic acid in Stenotrophomonas
sp. TRMK?2 has been proposed. Further, the utilization of
various phenolic compounds by the isolated strain has been
demonstrated.

Materials and methods
Isolation, media and growth conditions

Selective enrichment technique was opted for the isolation
of a bacterium capable of utilizing cinnamic acid as the only
source of carbon and energy. Media and growth conditions
for isolation of the microorganism was carried out accord-
ing to Monisha et al. (2017), where cinnamic acid was sup-
plied as a sole source of carbon and energy. The purity of
the culture was checked by plating on Luria—Bertani (LB)
agar plate.

16S rDNA sequencing

The 16S rDNA of the strain TRMK2 was isolated and
amplified by PCR using the universal primer pair F27,
5'-AGAGTTTGATCMTGGCTCAG-3" and R1492 5'-TAC
GGYTACCTTGTTACGACTT-3' (Lane 1991). The
sequence analysis was then performed by BLAST network
services at NCBI.

Utilization of cinnamic acid

Utilization of cinnamic acid was performed by inoculating
Stenotrophomonas sp. TRMK2 into 50 ml MS1 medium
supplemented with 5 and 10 mM cinnamic acid into
250 ml flasks. The flasks were incubated in a temperature-
controlled orbital shaker at 180 rpm and 30 °C. The uti-
lization of cinnamic acid was monitored by determining
the residual cinnamic acid at different time intervals. At
regular time intervals, the culture broth was centrifuged
and the resulting supernatant was filtered. The residual
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concentration of cinnamic acid in the spent medium was
determined by HPLC.

Cinnamic acid % utilization, # at different periods of incu-
bation was defined by the following expression:

e So — 51
Percent utilization, n(%) = , €))

So

where S, denotes initial concentration of cinnamic acid (%)
prior to utilization, and S, denotes residual concentration
(%) after the utilization.

Extraction and analysis of metabolites

The extraction of metabolites was carried out as described
previously (Monisha et al. 2017). The extract was treated
with N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA)
for the preparation of TMS derivatives. The method involves
the addition of 50 ul of MSTFA to 200 ul of metabolite
extract in a small reaction vial with a constant agitation for
12 h at 30 °C to form TMS-esters and ethers (Sepic et al.
1998). The trimethylsilyl (TMS) derivatized sample was
analysed by GC-HRMS (ACCU TOF GCyv from Jeol Asia
Ltd.).

Preparation of cell free extract and enzyme assays

Stenotrophomonas sp. TRMK2 cells grown on cinnamic acid
were harvested at mid-logarithmic growth phase by centrifu-
gation 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 suspen-
sion was disrupted four times using Vibra cell ultrasonica-
tor (model 375, USA) at nominal power of 70 W for 30 s
periods, each of 30 s duration, followed by 1 min off-cycle
during which the disrupted cells and oscillator probe were
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
(Santoshkumar et al. 2011).

For cinnamate reductase, 1 ml of reaction mixture
contains phosphate buffer (100 mM, pH 7.0), 1 mM
NADH, 1 mM cinnamic acid and an appropriate amount
of crude enzyme. The activity was measured spectropho-
tometrically by measuring the decrease in the absorb-
ance at 340 nm. 3-Phenylpropionic acid hydroxylase and
p-hydroxybenzoic acid hydroxylase assays were carried
out as reported previously (Suarez et al. 1995) with slight
modifications. Protocatechuate 3,4-dioxygenase activ-
ity was assayed according to MacDonald et al. (1954).
Specific activities of above mentioned enzymes were
expressed as micromoles of substrate-oxidized or product
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formed per milligram of protein. The protein concentra-
tion was determined by Lowry’s method using BSA as a
standard (Lowry et al. 1951).

Utilization of various phenolic compounds

Stenotrophomonas sp. TRMK2 was inoculated into dif-
ferent conical flasks containing 50 ml MS1 medium. Each
flask was supplied with 3-phenylpropionic acid (15 mM),
3-(4-hydroxy phenyl) propionic acid (15 mM), p-coumaric
acid (10 mM), ferulic acid (10 mM), caffeic acid (10 mM),
p-hydroxybenzoic acid (25 mM), vanillic acid (5 mM), pro-
tocatechuic acid (25 mM), p-hydroxy benzaldehyde (5 mM)
or vanillin (5 mM) as a sole source of carbon and energy
individually. All these flasks were incubated in a rotary incu-
bator at 180 rpm and at 30 °C. Culture was withdrawn at
regular intervals, centrifuged at 8000 rpm for 10 min. Resid-
ual concentration of phenolic compounds was analysed as
mentioned elsewhere.

Analytical methods

Growth of the bacterial strain TRMK?2 and different
enzyme activities were monitored by UV-Vis spectropho-
tometer (Specord 50, Analytikjena). The residual concen-
tration of different phenolic compounds was analysed by
HPLC. The analysis was performed using HPLC (Waters,
model number 2489) armed with dual beam wavelength
UV-Vis detector and C18 column; mobile phase used was
acetonitrile:water:acetic acid (30:69.5:0.5, v/v) at a flow rate
of 1 ml min~! (Chamkha et al. 2001). The trimethylsilyl

(TMS) derivatized extract was analysed by GC-HRMS
equipped with HP5 column with the ionization voltage of
70 eV and the mobile gas was helium.

Statistical analysis

The data were subjected to analysis of variance using
SPSS21.0 software. The significance of differences between
the treatments was judged by F test, while the treatment
means were compared by Least Significant Difference
(LSD-Fisher’s test) and Honestly Significant Difference
(HSD-Tukey’s test) at P <0.05. The results are taken from
HSD only because of multiple variable comparison and least
chances of type 1 error.

Results and discussion
Identification of a bacterium

The selective enrichment culture technique was used to
isolate the cinnamic acid degrading bacterium. The strain
TRMK?2 has the ability to grow in MS1 medium supplied
with cinnamic acid as a sole source of carbon and energy.
The isolated strain is gram-negative, motile, straight
or slightly curved bacilli. On cinnamic acid-MS1 agar
medium, the strain TRMK?2 formed sticky circular colo-
nies. The 16S rDNA sequence of the Stenotrophomonas sp.
TRMK?2 was deposited in Gen Bank under the accession
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number KU522144. It was aligned with reference sequences
obtained from Gen Bank database.

Utilization of cinnamic acid

Stenotrophomonas sp. TRMK2 utilized supplemented cin-
namic acid completely within 24 h of incubation. When
5 mM cinnamic acid was provided, the strain TRMK2
showed the maximum growth (A4, 1.02) within 18 h of
incubation with 99% utilization. At 10 mM cinnamic acid,
the strain exhibited maximum growth (Agyp,, 1.15) with
82% utilization within 24 h of incubation (Fig. 1).

Identification of metabolic intermediates
of cinnamic acid

The metabolic intermediates of cinnamic acid deg-
radation were characterized by GC-HRMS analysis
(Table 1). The mass spectrum of the metabolic inter-
mediates was given in Fig. 2. The GC-HRMS of metab-
olite I (3-phenylpropanoic acid) gave a molecular ion
(M%) at m/z 222 subsequently at 207 (M*-CH,;), 191
(M*-CH,;-0), 161 (M*-3CH,-0), 133, 118, 105, 91
and 77. Mass spectrum of metabolite II (3-(4-hydroxy-
phenyl) propanoic acid) exhibited molecular ion frag-
ment at m/z 310 (M*) and successive fragments at 295
(M*-CH,;), 265 (M*-3CH;), 237 (M*-TMS), 207, 192,
176, 164, 148, 134, 120, 106 and 92. The fragmenta-
tion of metabolite III (4-hydroxybenzoic acid) gave the
molecular ion peak at m/z 282 (M™) and fragment ions at
267 (M*-CH,), 237 (M*-3CH,;), 222 (M*-4CH,;), 206,
191, 163, 136, 104, 89, 64 and 51. The GC-HRMS of
metabolite IV (protocatechuic acid) revealed the molec-
ular ion peak at m/z 355 (M*-CH,;) with the loss of one
CH; and consecutive fragments at 340 (M*—~CH;-CH,),
325 (M*-CH;-2CH;), 310 (M*-CH;-3CH,), 295, 119,
281, 162, 134, 119 and 75.

Table 1 Characterization of cinnamic acid metabolites by GC-HRMS

Enzyme assay

The enzymes involved in the degradation of cinnamic
acid were detected in the cell-free extract of cells of strain
TRMK?2 grown on cinnamic acid. The cinnamate reduc-
tase exhibited less activity, whereas 3-phenylpropionic
acid hydroxylase and p-hydroxybenzoic acid hydroxylase
showed moderate activity. On the other hand, protocat-
echuate 3,4-dioxygenase showed good activity and is the
key enzyme involved in the cleavage of terminal aromatic
ring (Table 2).

Catabolic pathway of cinnamic acid

The possible pathways involved in the microbial degrada-
tion of phenyl propionic acid (C6—C3) proceeds by (1) di-
hydroxylation of the benzene nucleus followed by ring fis-
sion leaving the side chain intact (Seidman et al. 1969); or
(2) shortening of the side chain by a two-carbon fragment
before ring fission (Cartwright and Smith 1967). The strain
TRMK?2 catabolises the cinnamic acid to 3-phenyl propi-
onic acid by the reduction of aliphatic side chain catalysed
by a reductase. Isolation and characterization of 3-phenyl-
propionic acid in culture broth and the presence of cin-
namate reductase in the crude enzyme preparation shows
the reduction of cinnamic acid to 3-phenylpropionic acid.
Andreoni and Bestetti (1986) reported such conversion
in Pseudomonas stutzeri CINNS, Pseudomonas putida
CINNP and Pseudomonas putida CINNW growing on cin-
namic acid. Coulson and Evans (1959) showed the side
chain reduction of cinnamic acid in soil Pseudomonas spe-
cies. Further, this type of reduction also has been observed
in a strictly anaerobic Clostridium glycolicum, capable of
transforming cinnamic acid to hydroxycinnamic acid and
a wide range of other cinnamic acid derivaties to their cor-
responding 3-phenylpropionic acid by reducing the double
bond of the side chain (Chamkha et al. 2001). However,
Nali et al. (1985) reported anaerobic microbial conver-
sion of three hydroxycinnamic acids, namely caffeic acid,
ferulic acid and synaptic acid by a microbial consortium

Metabolites Identification Molecular weight (g~ m/z of major ion peaks*
mol™)
I 3-Phenyl propanoic acid 150.17 222,207, 191, 161, 133, 118, 105, 91, 77
1I 3-(4-Hydroxyphenyl) propanoic ~ 166.17 310, 295, 265, 237, 207, 192, 176, 164, 148, 134, 120, 106, 92
acid
111 4-Hydroxy benzoic acid 138.12 282, 267, 237, 222, 206, 191, 163, 136, 104, 89, 64, 51
v Protocatechuic acid 154.12 370, 355, 340, 325, 310, 295, 119, 281, 162, 134, 119, 75

Bold values denote the base peak (most intense peak) of the mass spectrum of the compound

*MS fragmentation pattern of metabolites identified after derivatization with MSFTA
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Fig.2 Mass spectrum of a a
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Table 2 Specific activity of the enzymes involved in the catabolism
of cinnamic acid

Enzymes Specific
activity*
Cinnamate reductase 0.15
3-Phenylpropionic acid hydroxylase 0.59
4-Hydroxybenzoic acid hydroxylase 0.48
Protocatechuate 3,4-dioxygenase 4.15

*Specific activity expressed micromoles of substrate oxidized per
minute per milligram of protein

via the reduction of the double bond of the side chain,
the replacement of the nuclear hydroxyl group in position
4 by hydrogen and the demolition of the side chain by
the loss of a C1 unit. On the contrary, Stenotrophomonas
sp. TRMK?2 catabolises 3-phenylpropionic acid by the
hydroxylation of benzene nucleus to form 3-(4-hydroxy
phenyl) propionic acid. The formed 3-(4-hydroxy phenyl)
propionic acid is detected in the spent medium which is
then converted to 4-hydroxybenzoic acid. 4-hydroxy-
benzoic acid hydroxylase catalyses the conversion of
4-hydroxybenzoic acid to protocatechuic acid. The formed
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protocatechuic acid, a terminal aromatic metabolite under-
goes ortho-cleavage leads the formation of -carboxy cis,
cis-muconic acid (Fig. 3). On the other hand, Whiting and
Carr (1959) reported that Lactobacillus pastorianusis able
to reduce the side chain of cinnamic acid, 4-hydroxycin-
namic and 3,4-dihydroxy cinnamic acids. These metabolic
products may then be decarboxylated to corresponding
4-ethylderivatives. Coulson and Evans (1959) also found
that the accumulation of 2-hydroxy-l-phenylpropionate
and 2,3-dihydroxy-2-phenylpropionate in Pseudomonas
grown on cinnamic acid. Blakley and Simpson (1964)
showed that Pseudomonas sp. metabolised cinnamic acid
to 2,3-dihydroxyphenylpropionic acid via phenylpropionic
acid and m-hydroxyphenylpropionic acid. Hilton and Cain
(1990) reported that a soil Pseudomonad has the ability
to catabolise cinnamic acid to acetophenone and 3-keto-
3-phenylpropionic acid.

Utilization of various phenolic compounds

Stenotrophomonas sp. TRMK2 having the ability to utilize
cinnamic acid was further checked for its capability to uti-
lize various other phenolic compounds. The strain exhibited
maximum utilization of p-hydroxybenzoic acid and proto-
catechuic acid. When the concentration of both of these
phenolics was supplemented at 25 mM, the strain showed
99.9% utilization of p-hydroxybenzoic acid in 24 h and pro-
tocatechuic acid in 30 h. At 15 mM 3-phenylpropionic acid
and 3-(4-hydroxyphenyl) propionic acid, the strain utilized
these phenolics 84.6% and 100%, respectively, at 30 and
24 h of incubation. When 10 mM p-coumaric, ferulic and
caffeic acids was supplied, the strain showed more than 98%
utilization at 30 h of incubation. When 5 mM p-hydroxy-
benzaldehyde, vanillic acid and vanillin was provided, the
strain utilized above 82% of these compounds at 24 h of
incubation (Table 3). Levene test showed the homogeneity
of variance with respect to the utilization of p-hydroxy-
benzoic acid and protocatechuic acid, when compared with
the rest of the phenolic compounds’ utilization. Tukey test
also showed no significant difference between the utiliza-
tion pattern of 3-phenylpropionic acid, 3-(4-hydroxyphe-
nyl) propionic acid, p-coumaric, ferulic and caffeic acids,
p-hydroxybenzaldehyde, vanillic acid and vanillin by the
strain TRMK2.

The current investigations revealed that the newly iso-
lated Stenotrophomonas sp. TRMK2 is capable of utiliz-
ing cinnamic acid and various phenolic compounds. Based
on the characterization of metabolic intermediates and the
detection of different enzymes, a catabolic pathway for the
degradation of cinnamic acid has been proposed in Steno-
trophomonas sp. TRMK2.
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