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Abstract

Polycyclic aromatics hydrocarbons (PAHs) are ubiquitous and toxic pollutants that are dangerous to humans and living organ-
ism in aquatic environment. Normally, PAHs has lower molecular weight such as phenanthrene and naphthalene that are
easy and efficient to degrade, but high-molecular-weight PAHs such as chrysene and pyrene are difficult to be biodegraded
by common microorganism. This study investigated the isolation and characterization of a potential halophilic bacterium
capable of utilizing two high-molecular-weight PAHs. At the end of the experiment (25-30 days of incubation), bacterial
counts have reached a maximum level (over 40 10'® CFU/mL). The highest biodegradation rate of 77% of chrysene in
20 days and 92% of pyrene in 25 days was obtained at pH 7, temperature 25 °C, agitation of 150 rpm and Tween 80 surfactant
showing to be the most impressive parameters for HMWPAHs biodegradation in this research. The metabolism of initial
compounds revealed that Hortaea sp. B15 utilized pyrene to form phthalic acid while chrysene was metabolized to form
1-hydroxy-2-naphthoic acid. The result showed that Hortaea sp. B15 can be promoted for the study of in situ biodegrada-

tion of high molecular weight PAH.
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Introduction

Polycyclic aromatics hydrocarbons (PAHs) are environmen-
tally recalcitrant, toxic and persistent organic contaminants
produced from petrogenic sources and organic materials
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of incomplete combustion. PAHs consist of two or more
fused benzene rings in a lineal, angular or cluster arrange-
ment. The larger is the number of benzene rings, the more
difficult is their biodegradation [1]. Many approaches and
techniques were evaluated to degrade or reduce PAHs pol-
lution in the environment, such as advanced oxidation,
incineration, ozonation, coagulation, adsorption, precipita-
tion, solvent extraction, and ion. However, these treatments
are limited on the metabolism of high molecular weight-
PAHs (HMWPAHSs) and less information for the generation
of secondary toxic compounds and operational costs [2—4].
Among HMWPAHS, chrysene and pyrene are typical four
fused benzene ring of PAH, has a toxic and carcinogenic
properties and very poor solubility in water, which results
lower in bioavailability, and inhibit microbial utilization.
Bacteria belonging to the genera Stenotrophomonas, Hor-
taea, Bacillus, Mycobacterium, Achromobacter, Gardona,
Rhodococcus, Pseudomonas, Burkholderia, Flavobacterium,
Cycloclasticus, Ralstonia and Sphingomonas have been
found to utilize some PAHs as a food and energy source
[5-7].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00449-019-02096-8&domain=pdf

964

Bioprocess and Biosystems Engineering (2019) 42:963-969

Recently, biodegradation has received great attention
because efficient treatment, less investment cost and energy
input to the process, considered environmentally friendly.
Biodegradation exploits the ability of microorganisms to
metabolize and detoxify various unconventional carbon
sources, including PAHs into innocuous compounds such as
H,0, CO,, and methane. Biodegradation can be enhanced by
bioaugmentation, an addition of specific and efficient pollut-
ant-biodegrading microorganisms. Some parameter applied
for the biodegradation experiment was varied to improve the
degradation rate of PAHs [8—10].

In this present study, effect of environmental parameters
such as temperature, pH, agitation, and surfactant was con-
ducted to enhance degradation rate of chrysene and pyr-
ene. Moreover, because there is no existence of detailed
published report on identification of metabolites, as well
as transformation pathway of pyrene and chrysene by a
halophilic bacteria Hortaea sp. B15, the present study was
undertaken to explore the pathway of pyrene and chrysene
degradation by UV—Vis spectrophotometer and gas chroma-
tography mass spectrometer.

Materials and methods
Reagents, materials and culture media

Chrysene, pyrene, phthalic acid, catechol, 1-hydroxy-
2-naphthoic acid and Bushnell-Haas (BH) medium for
bacterial culture were procured from Sigma-Aldrich. BH
Medium was used due to proving the good result for the
examination of fuels for microbial contamination and for
studying microbial hydrocarbon deterioration. The solvents,
reagents and yeast extract used for the microorganism culture
and degradation study were obtained from TCI (Malaysia).

Bacterial culture and degradation study

The utilization of HMW PAHs (100 mg/L pyrene and
100 mg/L chrysene) by Hortaea sp. B15 was acquired by
growing the inoculum in a separate 200-mL Erlenmeyer
flask comprising 40 mL of Bushnell-Haas (BH) liquid

media. After incubation for several time, the supernatant
was filtrated from centrifugation (3600g at 4 °C). Resus-
pension of the bacteria were conducted using new medium
with saline solution (1% NaCl, pH 7) prior inoculated to
liquid media. Colony forming technique (CFU) was meas-
ured to monitor the progress of Hortaea sp. B15 growth
on pyrene and chrysene and the unit stated as log cfu/mL.
The residual pyrene and chrysene in the liquid media was
calculated at every 5 hours’ time intervals. Centrifugation
(8000g for 12 min at at 5 °C) was conducted to separate
the cells and obtain neutral extract using three equal vol-
umes of ethyl acetate. The ethyl acetate fractions were
dried over Na,SO, (anhydrous) and divided into two parts
after dissolved with chloroform. One part was analyzed
quantitatively for degradation rate and the other part was
derivatized with silylation procedure [2]. Effects of tem-
perature (20-40 °C), pH level (5-9), stationary and agi-
tated condition (50-200 rpm), and surfactant type (Triton
X100, Tween 80, Tween 20, sodium dodecylsulphate and
tetradecyltrimethylammonium bromide) were examined to
define the best parameter for biodegradation of pyrene and
chrysene by Hortaea sp. B15 (Table 1). Autoclaved bacte-
rial consortium was performed to prepare the control for
representing abiotic losses. All analyses were conducted
in triplicate at each time point.

Degradation rate analysis was performed on an Agi-
lent 5975E GCMS fitted with flame ionization detector
(FID) and a non-polar and low-bleed DB-1 column (length
30 m, inner diameter 0.25 mm, and 0.25 pum film thick-
ness) using helium as the carrier gas and set at a constant
I mL/min flow. The temperature conditions of the analysis
were 70 °C for initial temperature, and held for 2 min fol-
lowed by an increase to 150 °C at a rate of 18 °C/min, then
gradually increased to 330 °C at a rate of 28 °C/min and
holding time at 330 °C for 15 min. Both detector and injec-
tor temperatures were maintained at 260 °C. The injection
volume was 1 pl. Mass spectrum ranged to 50-500 amu
and scanned every second with electron energy of 1.3 eV.
Comparison of mass spectra between sample, authentic
compounds and Wiley 275L database was the final proce-
dure for metabolite identification [7].

Table 1 Summary of

. Parameters
parameters for degradation of
pyrene and chrysene pH Agitation (rpm) Temperature (°C) Surfactant
Effect of pH 5-9 150 25 Tween 80
Effect of agitation 0-200 25 Tween 80
Effect of temperature 7 150 20-40 Tween 80
Effect of surfactant type 7 150 25 Triton X100, Tween 80,

Tween 20, SDS, and
TDTMA
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Results and discussion
Growth of Hortaea sp. B15 and batch study

Concentrations of 5, 10, 50 and 100 mg/L were performed
to know the effect of pyrene and chrysene concentration
on Hortaea sp. B15 accretion. The maximum bacterial
growth (over 40 x 10'® CFU/mL) was attained at 100 mg/L
of PAH culture in 25-30 days of incubation (Fig. 1). Other
lower concentration of pyrene and chrysed showed that the
highest total bacteria was nearly 10 x 10'® CFU/mL at 20
and 25 days. Hortaea sp. B15 degraded 77% of chrysene
(100 mg/L) in 20 days at a 3.85 mg/d rate while 88% of
pyrene (100 mg/L) was degraded in 20 days at 4.4 mg/L

rate (Fig. 2). The strain revealed a significant stage at ini-
tial 25 days followed by stable growth in cell density with
connected reduction in pyrene and chrysene amount. All
compounds were not completely degraded by the strain
even after the end of experiment at 30 days. The level
of pyrene and chrysene degradation by halophilic strain
differs upon the bacteria and the growing environments
such as pH, initial concentration and temperature. Hor-
taea sp. B15 is a fast bacterium in degrading HMW PAHs
compared with other bacteria informed previously. Table 2
shows the ability of previous pyrene-degrading bacteria
such as Mycobacterium sp. utilized 80% pyrene from ini-
tial concentration of 25 mg/L in 30 days while Achromo-
bacter xylosoxidans and fused strain (Sphingomonas sp.
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Table 2 Recent reports on pyrene and chrysene degradation by bacterial genera
Bacteria Pyrene Chrysene References
Initial concentration % degraded Initial concentration % degraded
Hortaea sp. B15 100 mg/L 92% in 25 days 100 mg/L 77% in 20 days This study
Achromobacter xylosoxidans PY4 100 mg/L 80% in 25 days — - [11]
Mycobacterium sp. B2 25 mg/L 80% in 30 days — - [12]
Fused strain (Sphingomonas sp. GY2B and Pseu- 100 mg/L 80% in 10 days — - [13]
domonas sp. GP3A)
Achromobacter xylosoxidans - - 50 mg/L 56% in 15 days [14]
Consortium (Rhodococcus sp., ASDC1; Bacillus sp.  — - 10 mg/L 96% in 8 days  [15]
ASDC?2; and Burkholderia sp. ASDC3)
Bacillus and Pseudomonas 50 mg/L 17% in 7 days  [16]
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and Pseudomonas sp.) utilized 80% of 100 mg/L pyrene
within 25 days and 10 days. Hortaea sp. B15 was also
compared with previous chrysene-degrading bacteria
such as A. xylosoxidans utilized 56% chrysene from ini-
tial concentration of 50 mg/L in 15 days while consortium
of Rhodococcus, Bacillus and Burkholderia utilized 96%
of 10 mg/L chrysene in 8 days and two combination of
bacteria (Bacillus and Pseudomonas) utilized only 17%
of 50 mg/L chrysene in 7 days [11-16].

Biodegradation of PAHs varies with culture and envi-
ronment condition such as pH, temperature, salt, oxygen
content, C/N ratio, nutrient, ability of microorganism to
metabolize toxic compound and capacity of microorganism
to produce surfactant [6, 17]. This study revealed that the
ability of Hortaea sp. B15 in degrading HMWPAHs was
effected by initial pH value (5-9), incubation temperature
(2040 °C) static and rotatory incubation (50-200 rpm), and
type of surfactant (ionic, anionic and cationic). The most
effective pH for biodegradation pyrene and chrysene was
pH 7 because it shows high removal of pyrene (92%) and
chrysene (88%) and the maximum total count at 48 X 10°
CFU/mL and 38 x 10° CFU/mL (Fig. 3A). Previous study
showed that biodegradation of PAHs at neutral pH was pre-
ferred by most of chemoheterotrophic microorganism such
as fungi and bacteria. Other study showed that acidic or base
condition at extreme level gave a damaging impact on utili-
zation capacity of the microorganism [17]. The optimal pH
range for biodegradation of PAHs is 6.5-8.0 while pH 7.5
was the optimum pH level for particular strain and mixture
bacteria [7, 18]. The results of the present study showed

Fig. 3 Effect of some parame-
ters on biodegradation of pyrene
and chrysene: initial pH (a),
agitation (b), temperature (c),
surfactant (d)
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Effect of stationary and agitated culture on pyrene and
chrysene utilization was also investigated. In this manner,
the maximum level of biodegradation and bacterial growth
was detected in the culture agitated at 150 rpm condition
(Fig. 3b). Bacterial growth and degradation rate was higher
in agitated culture compared to stationary culture because
shaking increased solubility and oxygen concentration for
microorganism utilization. Our research was similar with
the previous study that the degradation efficiency improved
when physiological state of strain and mass transfer between
the medium and the cells runs smoothly. The bioavailability
of oxygen and contact between the substrate, oxygen, and
bacteria cells in the culture was influenced by air flow rate
and agitation [19, 20].

The highest degradation rate of pyrene and chrysene and
bacterial growth was resulted by the culture incubated at
25 °C. The degradation rate of pyrene and chrysene reduced
to minimum level when the temperature increased to 40 °C
(61% and 38%) (Fig. 3¢). The result revealed that increasing
the temperature above 35 °C might decrease the microbial
growth and biodegradation rate. Previous study showed that
temperature affects the biodegradation process in terms of
transformation of physical and chemical structure of con-
taminant, ability of microorganisms in metabolizing pollut-
ants and conversion of colony composition [8]. Even though
utilization of hydrocarbon process is conducted in varying
temperature, reduction in the rate of biodegradation is fre-
quent in lower temperature. Previous study claimed that
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the room temperature is the ideal condition for microbial
activity and biodegradation process. On the contrary, it was
observed that microbial growth and biodegradation sup-
pressed with the increasing of temperature [21, 22].

Various surfactant type (SDS, Tween 20, Triton X100,
Tween 80, TDTMA,) were examined to improve the utiliza-
tion of pyrene and chrysene by Hortaea sp. B15. The highest
utilization of pyrene and chrysene and bacterial growth by
Hortaea sp. B15 was observed in the culture supplemented
with Tween 80, while the lowest was showed by TDTMA
(pyrene) and Tween 20 (Chrysene) (Fig. 3d). Previous study
showed that the addition of surfactants in cultures increased
the pollutant solubility in liquid media and contribute to
higher mixing level and physiology of cell surface [23]. It
was determined that microbial growth was improved by
reducing the pollutant aggregation during the addition of
Tween 80 into the culture. The previous study showed that
non-ionic surfactants were destructed into small moieties
and increased the bioavailability of PAHs for bacteria, result-
ing in higher level of degradation during the transformation
process. A significant increase of biodegradation of PAHs
by Polyporus sp. S133 and Armillaria sp F22 was observed
with the addition of Tween 80 in the culture. As distinct
from Tween 80, the addition of Tween 20 and TDTMA into
the culture results in a major drop of PAHs utilization even
though the high microbial growth intensifies [22]. Conse-
quently, Tween 20, SDS and TDTMA are not suggested as
additional surfactant for increasing the utilization of pyrene
and chrysene in this present study.

Identification of metabolites

The identification of metabolic products produced during
the degradation of pyrene and chrysene by Hortaea sp.
B15 is shown in Table 3. Mass spectral analysis of TMS-
derivatized metabolites extract showed the occurrence of
two peaks. Those peaks showed identical retention time
as those of standards such as phthalic acid (13.9 min) and
1-hydroxy-2-naphthoic acid (1H2NA) (8.6 min). The metab-
olites of pyrene and chrysene were further characterized by
MS. The peak at 13.9 min has a molecular ion with m/z at
m/z 310 and fragmentation ions at m/z 295 (M-15), 221
(M*-89), sequential loss of —~OSi(CH;),, sequential loss
of -COOSi(CHs;);, sequential loss of methyl (~CHj3), and

193 M*—117), as well as the expected fragment ions at
140, 147, 148, 119, 75, and 73 [(CHj;);Si]. This fragmenta-
tion configuration matches very well with the structure of
phthalic acid. The identification of phthalic acid as meta-
bolic product of pyrene proposes that dihydroxyphenan-
threne and 2,2'-diphenic acid was formed as continuation
degradation of pyrene via the phthalic acid route. Unfortu-
nately, dihydroxyphenanthrene and 2,2'-diphenic acid was
not detected in the Hortaea sp. B15 culture. Further degra-
dation was performed to form pyruvate or succinate through
meta and ortho-cleavage of protocatechuic acid [24].

A GC peak at 8.6 min had an m/z 332 (M) for silyla-
tion derivatives and fragment ions of m/z 317 [M*-15]
corresponding to the respective sequential losses of methyl
(—CH,), as well as m/z 114, 147 as the expected fragment
ions, and 73 [(CH;);Si], which are in accordance with that
of the silylation derivative of IH2NA. Dioxygenase system
was assumed as primary enzyme of bacteria for transforma-
tion of chrysene to cis- or trans-dihydrodiol, finally form
chrysenequinone. Unfortunately, only 1H2NA was identi-
fied in this research, showing that the Hortaea sp. B15 pro-
duce dioxygenase that plays an important role in chrysene
transformation. The degradation pathways of pyrene and
chrysene by Hortaea sp. B15 in this research is shown in
Fig. 4. The effective degradation of pyrene and chrysene,
and its metabolites, by strain Hortaea sp. B15 suggests, it
is a potential bacterium for the bioremediation of PAHs and
other hydrocarbon contaminated sites.

Conclusions

Hortaea sp. B15 is a halophilic bacterial that has the ability
to degrade HMWPAHS pyrene and chrysene at optimum cul-
ture conditions of neutral pH (7), room temperature (25 °C),
shaking culture at 150 rpm and Tween 80 surfactant. Hor-
taea sp. B15 degraded 77% of chrysene (100 mg/L) in
20 days at a 3.85 mg/d while 88% of pyrene (100 mg/L)
degraded in 20 days at 4.4 mg/L rate. The maximum bac-
terial growth (over 40 X 10'® CFU/mL) was attained at
100 mg/L of PAH culture in 25-30 days of incubation. The
strain could effectively utilize different type of four rings
PAHs of as source of carbon and energy. The investigations
of metabolites indicated that Hortaea sp. B15 is capable

Table 3 Metabolites produced

m/z of fragment ions (% relative intensity) Identification

. ; Initial compound Retention
during the degradathn of time (min)
pyrene and chrysene in Hortaea
sp. B15 Pyrene 13.9

Chrysene 8.6

59 (40), 73 (54), 75 (27), 140 (39), 147 (100), 148
(39), 149 (22), 295 (32), 310 (22, M)

188 (56, M¥), 170 (100), 114 (72), 115 (19), 77 (21)

Phthalic acid

1-Hydroxy-
2-naphthoic
acid
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Fig.4 Proposed metabolic pathway for the degradation of phenanthrene and chrysene by Hortaea sp. B15. Metabolites in brackets were not

observed

to transform pyrene and chrysene into phthalic acid and
1H2NA. It can be recommended that the application of Hor-
taea sp. B15 for remediation of petroleum hydrocarbons in
the environment will have quite a few advantages.
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