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Abstract: PAHs contaminants have toxic, carcinogenic, and even mutagenic properties. Screening
bacteria from different sources capable of carrying out the biodegradation of PAHs is important for
mapping and mobilization purposes and applying them to polluted hydrocarbon environments.
The study aimed to compare the biodegradation power of two types of bacteria isolated from dif-
ferent sources against PAHs. The method applied is the interaction between bacterial suspen-sion
and pyrene contaminated waste for 30 days. Biodegradation products in organic compounds were
analyzed using GC/MS and FTIR. The analysis results found several indications of the performance
of bacterial biodegradation, namely: the aggressiveness of biodegradation of Bl bacteria against py-
rene was relatively more dominant than Sb bacteria. The percentage of to-tal bacterial biodegrada-
tion for product type Sb was (39.00 %), and that of the product of bacteri-al degradation type Bl (was
38.29 %). The biodegradation products of the test bacteria (Bl and Sb) were relatively similar to py-
rene, in the form of alcohol and carboxylic acid organic com-pounds. It was concluded that there
was no significant difference in biodegradation per-formance between Bl and Sb bacteria on for
pyrene. Both types of bacterial isolates from differ-ent sources can carry out the function of biodeg-
radation of pyrene.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are non-polar molecules. The structure of
a PAH is composed of carbon and hydrogen atoms, and has no charge, a typical charac-
teristic because the ring structure is capable of delocalizing electrons in the aromatic ring
[1-6]. PAH components in nature are naturally available, and generally found in coal, pe-
troleum, and organic materials that have undergone thermal decomposition [7-9]. Popu-
lation, dynamics, and efforts to meet the needs of human life, have resulted in increasing
exploration and exploitation of fossil deposits, coal, and decomposed organic biomass,
resulting in the potential for disposal of PAH components in nature to increase yearly
[4,10-12]. Aromatic hydrocarbon chemicals consist of several types [13,14]. The simplest
have two aromatic rings such as naphthalene or three rings (anthracene and phenan-
threne), while pyrene has four aromatic rings forming a stable structure, and other PAHs
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have additional rings [1,15]. PAHSs generally have toxic, and even carcinogenic and muta-
genic properties [16-19]. The toxic level of PAHs tends to increase as the structure of the
aromatic ring member increases. Pyrene is one of the PAHs with a relatively high level of
toxicity [2,20,21]. Tests on animals showed that pyrenes cause disturbances in several vital
organs, especially the kidneys, liver and digestive organs, and can enter the metabolic sys-
tem, while in marine ecosystems, exposure to pyrenes interferes with the growth of vari-
ous types of fish, algae, seagrass and mollusks [7,22-26].

The effects caused by exposure to pyrenes and similar PAHs on marine ecosystems
need to be monitored because the sea is a giant container that provides space for almost all
waste materials on earth, including several types of dangerous and toxic contaminants
[9,27-30]. Such exposure can lead to a chain effect, which is certain to cause problems and
impact human health [8,31]. However, marine life has materials that can reduce, degrade,
and deactivate the toxic properties of PAH components, especially microorganisms, such
as bacteria, and fungi [5,32-34]. The deactivation of toxic aromatic elements can be
achieved using natural materials, such as with microorganisms as biomaterials with the
function of degrading aromatic components through the mechanism of the destruction of
the PAH aromatic ring structure through enzymatic-behaving substances produced by mi-
croorganisms, especially bacteria, in response to habitats that are not conducive to life
[12,35-38].

Bacteria can be found in almost all water, soil, and air environments, including the
sea. Marine bacteria can form independent communities, generally having specific charac-
teristics and characteristics depending on their habitat [1,39-41]. Bacterial communities liv-
ing in marine areas are exposed to wastes such as heavy metals, PAHs, pesticides, and
biphenyl polychloride [2,42,43]. These bacteria generally have the characteristics and abil-
ity to adapt to these contaminants and are predicted to have strains that can carry out the
function of biodegradation and bioreduction of present contaminants. Similar to contami-
nants in their habitat, these bacteria can survive [6,44-46]. Several types of bacteria are part
of the marine biota life that can degrade hydrocarbon pollutants [19,47]. The mutualistic
symbiosis of bacteria with sponges is a commonly finding. Sponges are marine biotas that
have life dynamics as a filter feeders, often becoming objects and materials for research
studies, in biomonitoring and bioindicators of the pollution components of heavy metals
and PAHs [21,48-50]. This situation indicates that sponges can adapt or survive in an envi-
ronment exposed to PAHs and heavy metals [7,51-52]. Sponges in symbiosis with micro-
organisms, especially bacteria, so conducting an in-depth study of whether there is a rela-
tionship between sponges, bacterial symbiosis, and PAH contaminants would be of inter-
est [17,53-55].

Many research reports show that several types of bacteria can degrade hydrocarbon
components, where bacteria can absorb carbon and convert it into energy [56,57]. Bacillus
and pseudomonas bacteria are known to be able to carry out the function of biodegrada-
tion of hydrocarbon components [4,58,59]. Gram-positive bacteria, found in the form of
bacilli, generally have aerobic properties, and some can become anaerobic when oxygen is
not available [3,60,61]. Bacillus group bacteria that live in contaminated environments can
produce endospores as a form of camouflage and can survive for long periods. Bacteria of
the Bacillus group often exhibit symbiosis with marine sponges [62]. The Sphingobacte-
rium group of bacteria is a genus that belongs to the Sphingobacteriaceae family, containing
high concentrations of sphingophospholipids [11,63]. Sphingobacterium is a group of bacteria
isolated from several habitat sources, one of which can be obtained from seawater [64].
Both groups of bacteria can biodegrade aromatic hydrocarbon components. The main ob-
jective of this research is the availability of quantitative data related to the biodegradation
strength of a type of bacteria obtained from different sources [65,66].

Bioremediation of PAHSs using microorganisms has been widely developed. Several
types of bacteria capable of carrying out the function of biodegradation of PAHs that have
been isolated from marine water are suspected to be contaminated with hydrocarbons,
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including Bacillus [67], Gammaproteobacteria, and Pseudomonadales [4,68]. Isolates from hy-
drocarbon contaminated soil include Micrococcus luteus [34], Lasiodiplodia theobromae [36],
Pseudomonas aeruginosa [69]. Several bacteria were isolated from marine biota, especially
marine sponge microsymbionts, for example, Bacillus sp. strain AB353f, B. pumilus strain
GLB197, B. cohnii strain DSM 6307, and Acinetobacter Calcoaceticus strain PHCDB14
[9,21,70]. Microorganisms associated with mangroves have also been identified to carry
out the biodegradation function of PAHs [40,70,71]. Other research includes the biodegra-
dation of hydrocarbon components using Ganoderma lucidum, Penicillium sp., and filamen-
tous isolated from fungi [3,7,32,72]. Types of PAHs that have been successfully degraded
by a number of microorganisms including bacteria and fungi include naphthalene
[8,21,38], anthracene [4,10,73], phenanthrene [7,50], pyrene [2,7,40,74], and benzo(a)pyrene
[36,37].

Comparative analysis of the strength of bacterial biodegradation of PAH components
is important in mapping the type, source, and effectiveness of the biodegradation of these
bacteria against PAHs [75,76]. The data from this research can also be used as a reference
for developing and applying environmental bioremediation against other types of pollu-
tants, such as heavy metals, microplastics, and pesticide residues. Future bioremediation
using bacteria is very likely to occur in treating medical waste, radioactive, and other haz-
ardous chemicals [6,77-79]. The use of bacteria that have remediation capabilities can also
potentially be applied to liquid waste, solid waste environments, and even air. The devel-
opment of knowledge on screening the type and source of bacteria is interesting, especially
for microorganisms such as fungi [44,57,61].

Research on the biodegradation of pollutants in the environment using microorgan-
isms such as bacteria and fungi is still an open topic. It is an interesting research area with
potential future benefits in the context of environmental management [80,81]. This re-
search is part of a series and developments of several previous studies carried out on car-
cinogenic PAHs with the theme of screening for hydrocarbon-degrading bacteria [12,82].
The novelty presented in this research is the source of bacteria isolated from marine
sponges for the application of biodegradation of PAHs [83]. The biodegradation method
of hydrocarbon components was previously carried out generally using microorganisms,
both bacteria and fungi, mostly isolated from liquid waste, solid waste, and polluted in-
dustrial waste [84,85].

In the future, it is our ambition to develop a formulation containing a crystalline col-
lection of bacteria that has high ability and performance in degrading various pollutants,
especially PAHs [86]. We call this group of crystalline bacteria the hydrocarbonoclastic
bacteria. Hydrocarbonoclastic crystalline bacterial formulas are arranged to be quickly mo-
bilized and applied to locations or areas contaminated with hydrocarbon components
[3,87]. We have carried out intensive research to reach the long-term goal of this program.

2. Materials and Methods

2.1 Materials

The main ingredients used in this study were bacterial isolates of Bacillus licheniformis
strain ATCC 9789 (Bl), bacteria isolated from the marine sponge Auletta sp., and bacterial
isolates of Sphingobacterium sp. strain 21 (Sb), bacteria isolated from marine water sus-
pected to be contaminated hydrocarbon components [11,85,88]. The basis for selecting
these two types of bacteria was the results of phenotypic characterization using the 16-
parameter biochemical test method and isolate genotypic analysis using PCR with the uni-
versal primer sequence pair of the 16S rRNA for the E. coli gene: FPU1 (5'-CCA......ACG-3")
at 518 nucleotides, -537 and RP-U2 at (5'ATCGG (C/T)TAC....TTC-3') corresponding to
nucleotides 1513-1491, DNA template, and Taq DNA polymerase [85,89,90]. The materials
used in the analysis standard included pyrene (sigma), N-hexane (brand) for GC, anhy-
drous Naz2SOs, PA, ethanol, PA, peptone, glucose, nutrient agar, physiological NaCl 0.9%,
yeast extract, aquabides, ethanol, and nitrogen gas.
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2.2 Sampling

Two types of bacteria were used, Bacillus licheniformis strain ATCC 9789 (Bl) and
Sphingobacterium sp. strain 21 (Sb). Bacillus licheniformis strain ATCC 9789 (Bl) was isolated
from the marine sponge Auletta sp. It was obtained from the waters around Kodingareng
Keke Island, a small island included in the Marine Tourism Area of Makassar City, Sper-
monde Archipelago Cluster (Fig. 1.A). Sphingobacterium sp. strain 21 (Sb) was isolated from
marine water suspected to be contaminated with hydrocarbon components, precisely
around Soekarno Hatta port (Fig.1.B) [66]. The sampling point distance of the two locations
(Fig. 1A and Fig. 1B) is approximately 21 km.

Figure 1. Sampling locations of sea sponges and seawater sources of bacterial isolates. The distance
between the two sampling points is + 3.45 Nm; (A) map of Kodingareng Keke Island, part of the
Spermonde Archipelago Cluster, Makassar City Administration. The sampling location of the ma-
rine sponge Auletta sp., the source of BL. Sponge sampling point (red circle) at coordinates S
5°06'38.12'76"; E 119°17'7.76'44"; (B) sampling location of marine water source of bacteria type Sb
(red triangle), obtained around Soekarno-Hatta Seaport, Makassar. The seawater sampling point is
at coordinates S 5°06'25.23'14"; E 119°25'3,21.25".

2.3 Sample Preparation

The candidates for biodegradation bacteria were selected, namely Bacillus licheni-
formis strain ATCC 9789 (Bl) and Sphingobacterium sp. strain 21 (Sb). In the first stage, bac-
terial isolate cells were propagated using the culture method. The culture was carried out
in a test tube, and then the bacterial cells were suspended using aquabides. Incubation for
1 x 24 hours was carried out along with a Gram staining test to confirm the Gram groups
of the two types of bacteria tested. A row of sterilized labelled degradation vials was pre-
pared. Each vial was filled with 10 mL of bacterial suspension, then adapted to the new
environment for 1 x 24 hours in an incubator. In the second stage, 200 mL of pyrene 1000
mg/L was made [6,9,21]. In each degradation vial that already contained a bacterial sus-
pension, 5 mL of pyrene solution was added so that the interaction between the bacterial
suspension and the pyrene solution occurred.

2.4 Performance of bacteria and biodegradation products

Each degradation vial was placed in a shaker incubator and agitated at 200 rpm. The
contact between the bacterial suspension and pyrene (substrate) lasted for 30 days. Every
3 days, biodegradation parameters (optical density) were observed and measured. Meas-
urement of the level of biodegradation was carried out after the interaction time of 10, 20,
and 30 days using GC/MS [19,23,29]. The determination of the level of biodegradation was
carried out using all samples in the vial that had reached an interaction period of 10 days,
and their multiples were extracted using N-hexane to extract the pyrene component that
was not degraded. The N-hexane extract was added with Na250s to attract water compo-
nents and other contaminants that could interfere with the measurement using GC/MS.
The N-hexane extract was then used to obtain data on the performance of bacteria and
components of biodegradation products via GC/MS [4]. The N-hexane extract was also
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used to obtain data on the types of components of the biodegradation product using FTIR,
according to the functional groups shown on the chromatogram [14,68,91]. The percentage
of biodegradation rate and the concentration of non-degradable pyrene was determined
using Equations 1 and 2 [4,15,33].

(initial conc.of comp.X)—(final conc.of conp.X)

Conc. Of degr.comp. X (%) = x 100 %, 1)

(Total conc.of comp.)

Total comp.of biodegr.products

Cerc. Of comp. biodegr. Products (%) = x 100 %, )

Tatal conc.of comp.
3. Results

3.1. Morphological analysis

The culturing process of two isolates used as PAH degradators was carried out using
different sources. Bacillus licheniformis strain ATCC 9789 (Bl) was isolated from the marine
sponge Auletta sp., while Sphingobacterium sp. strain 21 (Sb) was isolated from marine wa-
ter and was suspected of being exposed to PAHs. The two test bacteria were selected
based on the biodegradation potential of their PAHs in previous studies [3,5,92]. The pro-
cess of culturing, morphology, and microscopy of the two types of isolates used to de-
grade PAHs, especially pyrene, is shown in Figure 2.

Figure 2. Comparison of the morphology of PAH biodegradator bacterial isolates (pyrene) after 1 x
24 hours incubation; (A) growth of Bl type bacterial isolates; (B) growth of Sb type bacterial isolates.

According to the criteria for phenotypic and genotypic characteristics, isolates Bl and
Sb were selected. Both isolates were cultured, and the culture results were converted into
a suspension. The microscopic analysis results show that isolate Bl was isolated from ma-
rine sponge type Auletta sp., and the sponge was obtained around Kodingareng Keke Is-
land (Fig. 1A) [30,50,93].

The morphology of bacterial isolate Bl (Fig. 2A) can be illustrated as follows: ridged
rod shape, cream color, spread in clusters, endospores, and less clear, while bacterial iso-
late Sb (Fig. 2B) has a ridged rod shape, brown color, different distribution, and lack an
endospore [41,50]. These two types of bacteria have striking differences, not only in terms
of the source of isolates but also different types, strains, characteristics, and Gram groups,
including different morphological and microscopic isolates. Thus, it is suspected that
there are differences in the degradation ability of PAH components, especially pyrene
[39]. Comparison of growth rates between Bl and Sb bacteria on selective media with an
incubation period of up to 30 days can be seen based on the optical density of the growth
of the two types of bacteria measured at Amaks 600 nm [3,9], according to Figure 3.
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Figure 3. The growth curve of bacterial cells Bl and Sb suspended in aquabides media without the
addition of pyrene contaminants.

Based on the optical density (Fig. 3), it was shown that Bl bacteria had a higher optical
density than Sb bacteria. This situation indicates that the population and cell size of Bl
bacteria is large, and growth is more aggressive than that of Sb bacteria. Changes in optical
density according to the incubation period, it can also be assumed that the growth rate of
Bl bacteria is higher than that of Sb bacteria. Thus, it can be predicted that the level and
strength of degradation of Bl bacteria is dominant compared to Sb bacteria. In the incuba-
tion period, for the first 10 days, both bacteria appeared in the adaptation phase. The next
10 days, or an incubation period of 20 days, showed the bacteria in the cell division or
multiplication phase. The incubation period of 30 days showed that bacterial cells have
decreased activity [4,14].

The optical density value of Bl bacteria was higher than that of Sb bacteria (Fig. 3),
indicating that Bl bacteria had higher growth activity than Sb bacteria. The assumptions
regarding optical density data related to the number and size of bacterial cells are directly
proportional to the incubation time in a specific time range. However, it is recognized that
there is measurement uncertainty, so the increase in optical density values can be inter-
preted as not only due to the increase in the population and size of bacterial cells [6,37].
This makes us believe that the contribution of other factors that can affect the optical den-
sity value, such as the machining process, were minimized until the analysis was carried
out under isolated conditions. This condition can be used as a measure to predict that
these two types of bacteria have different biodegradation strengths against PAH compo-
nents, especially pyrene [1,7,14,37].

Comparison of the optical density (OD) values of the two types of bacteria during
the interaction with pyrene can be assumed to embody the biodegradation power of Bl
and Sb bacteria against pyrene (Fig. 4). It appears that the OD of Bl bacteria is higher than
that of Sb bacteria. The difference in OD values begins to be seen at the 6-day interaction
period, where the OD shown in the interaction of bacteria (Bl + pyrene) is higher than the
OD value of the interaction of bacteria (Sb + pyrene). This situation continues until the
interaction reaches 30 days; even the difference in OD values tends to get wider with the
increase in interaction time. This indicator shows that the biodegradation activity of Bl
bacteria against pyrene is more potent than that of Sb bacteria. In general, it can be said
that both types of test bacteria have degradation activity against pyrene [30,73].

Another indicator that shows that pyrene is degraded by Bl and Sb test bacteria ac-
cording to several degradation parameters, including (1) increasing the temperature at the
interval of 28 - 30 °C during the interaction period between days 10 to 24 and 26 to 30; (2)
there was a change in the pH of the interaction medium at pH 6.64 which gradually de-
creased to pH 5.34 (the interaction medium was slightly more acidic). This condition oc-
curred during the 8- to 30-day interaction period [24,33]; (3) gas bubbles in the interaction
medium were seen on the eighth day of contact, and the population tended to increase
with interaction time; and (4) the smell of fermentation from the interaction medium, ob-
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served on the 10th day of interaction until the 30th day of the measurement period. How-
ever, these four points cannot be used to distinguish the strength of the biodegradation
activity between Bl and Sb bacteria in pyrene biodegradation [2,27,35]

0.6 | @ Bl type bacteria + Pyrene

=i 5b type bacteria + Pyrene
0.5 el 'y e without bacterial isolate

0.4

Oplical density

] 5 1 15 0 25 3y

Contact time {days)
Figure 4. Bacterial cell growth curves Bl and Sb on selective media with pyrene contaminants.

The biodegradation parameters are qualitative data. The difference in the strength of
biodegradation between Bl and Sb bacteria against pyrene can be predicted through the
OD value (Fig. 4). A higher OD value indicates that the growth and development process
of Bl bacteria is more dominant than Sb bacteria in the interaction between bacteria and
pyrene [8,37,74].

3.2. Comparison of the biodegradation performance of test bacteria

Analysis of the difference in the strength of the biodegradation of the two bacteria
tested against pyrene is presented, based on aspects of the abundance of components and
the number of peaks formed (Fig. 5 —7) and types and differences in organic compounds
of degradation products (Table 1-2).
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Figure 5. Comparison of peak abundances of biodegradation chromatograms, interaction time of
10 days; (A) chromatogram of degradation between bacterial isolate Bl and pyrene; (B) chromato-
gram of degradation between bacterial isolates of Sb and pyrene.

The difference percentage of pyrene that did not undergo biodegradation and the
components organic compounds of biodegradation products are shown in Fig. 8-9. It in-
cludes functional groups of organic compounds of biodegradation products (Fig. 10 —11).
These three indicators provide qualitative and quantitative data on the strength of the
biodegradation of the two types of bacteria against pyrene [40,48,61].
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Figure 6. Comparison of peak abundances of biodegradation chromatograms, interaction time 20
days; (A) chromatogram of degradation between bacterial isolate Bl and pyrene; (B) chromatogram
of degradation between bacterial isolate Sb and pyrene.
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Figure 7. Comparison of peak abundances of biodegradation chromatograms, interaction time 30
days; (A) chromatogram of degradation between bacterial isolate Bl and pyrene; (B) chromatogram
of degradation between bacterial isolate Sb and pyrene.

Based on a comparison of GC/MS chromatograms at 10-day contact of biodegrada-
tion of pyrene components, there were three peaks (Fig. 5A) resulting from the interaction
of Bl bacteria with pyrene, and there were two peaks (Fig. 5B) in the interactions between
Sb bacteria and pyrene, indicating that B1 bacteria more potently reduced aggressiveness
of pyrene compared to Sb bacteria. The GC/MS chromatogram at the 20-day interaction
period between Bl and Sb bacteria against pyrene (Fig. 6A, 6B) showed a relatively similar
appearance to that of the 10-day interaction, especially the number of peaks [94,95].

However, the peak height indicated that the pyrene component decreased more
sharply than in during the first 10 days of interaction. On the other hand, the components
suspected of being biodegradation products experienced a slight increase in peak height,
indicating an increase in the components of degradation products [38,94]. Chromato-
grams for the 30-day interaction between Bl and Sb bacteria with pyrene (Fig. 7A, 7B)
exhibited significant changes, especially in the number of new peaks formed, indicating
that the peak height of the pyrene component experienced a sharp decrease. Ten peaks
were identified in the chromatogram of the interaction of Bl bacteria with pyrene (Fig.
7A), indicating that there were nine components of the bacterial biodegradation product
type BL

In contrast, in the interaction of bacteria Sb with pyrene (Fig. 7B), only six peaks were
seen, indicating five identified peaks with the component of the product of bacterial bio-
degradation of Sb. Numbers and arrows in red (Fig. 5-7) indicate the pyrene component
as a substrate that undergoes degradation [7,40,74]. These results showed that Bl-type
bacteria isolated from the marine sponge Auletta sp. had more aggressive biodegradation
activity and dynamics against pyrene than the Sb type bacteria isolated from PAH-con-
taminated seawater [36,41,96]. The biodegradation dynamics of the two types of bacteria
tested against pyrene are shown in Tables 1 and 2.
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Table 1. GC/MS biodegradation reading data between Bacillus licheniformis strain ATCC 9789 (BI)
biodegradator bacteria against pyrene.

Peak Retention

Num- Time Height peak Quality Compound Name
(%)
ber (Seconds)

Contact time 10 days
1 10.261 156964 94 Ethyl-methylazulene
2 17.467 4366 45 Meso-4,5-Dicyclohexyl-2
3 21.771 4282463 95 Pyrene

Contact time 20 days
1 10.267 730588 94 Dimethylazulene
2 17.467 427236 50 3-dimethyl-methanephosphonate
3 21.796 3809710 96 Pyrene

Contact time 30 days
1 10.273 454990 94 Isopropyl azulene
2 15.165 551463 98 Phenol, 2,6-bis(1,1-dimethylethyl)
3 16.697 420591 97 Benzenemethanol
4 17.467 282380 50 5-methylbicyclo [3.2.0] heptan
5 18.530 247395 95 Phenanthrene
6 21.808 1199647 96 pyrene
7 22.271 277763 48 1-Nonadecene
8 23.885 208195 52 Eicosane
9 23.947 222869 56 Tetrapentacontane
10 26.812 1507974 87 Terephthalic acid

Note: Peak number according to GC/MS chromatogram (Fig. 5 - 7) section A.

Potential formation of pyrene derivative products as a result of bacterial biodegrada-
tion in biodegradation was usingwas studied for bacteria types Bl and Sb . First, the py-
rene molecule is was formed by combining four benzene molecules. The benzene ring
breaks when pyrene undergoes biodegradation through an oxidation reaction mechanism
in one of the benzene structures in several stages through oxidation metabolism [3,94].
The exact process can occur in the second benzene molecule until the reaction ends with
one benzene molecule. Two benzene molecules are broken apart at this stage, leaving two
benzene molecules intact (Fig. 12), possibly forming a naphthalene molecule. This as-
sumption can be proven validly, but it takes a long series ofrequires extensive research, a
super and accurate analysis with the support of a com-plete analysis using NMR [94,95].

Second, the use of glassware and analytical instruments during the sample prepara-
tion process leads to the possibility of equipment contamination with naphthalene com-
ponents due to human error. If the second assumption is valid, this is an oversight from
our analysis work, but it was emphasized that work was carried out correctly and accord-
ing to the procedure during the testing process. This can also be seen in the data in Table
2, as no naphthalene was detected even though the procedures we carried out were iden-
tical and simultaneous [4,96].

Table 2. Data of GC/MS biodegradation results between biodegradator bacteria Sphingobacterium
sp. strain 21 (Sb) against pyrene

Peak  Retention Time Height Quality C dN
ompound Name

Number (Seconds) peak (%)
Contact time 10 days
1 17.467 127964 52 1,3-dimethylbutyl phosphonate

2 21.777 4010224 96 Pyrene
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Contact time 20 days

1 17.467 407716 52 2H-Tetrazole
2 21.789 3481296 95 Pyrene
Contact time 30 days
1 10.273 2826324 94 Dimethyilazulene
2 16.698 261361 97 Benzenemethanol
3 17.467 263235 52 2H-Tetrazole
4 21.796 2788232 96 Pyrene
5 23.883 229305 58 Tricosane
6 26.812 1144755 87 Terephthalic acid

Note: Peak number according to GC/MS chromatogram (Fig. 5 - 7) section B.

The results of the biodegradation of Bl bacteria against pyrene were indicated by the
GC/MS readings (Table 1). Several benchmarks indicate that there was biodegradation of
pyrene as a substrate by type Bl biodegradator bacteria, including: first, the decrease in
the peak height of the pyrene component, which is analogous to the decrease in pyrene
concentration due to changes in structure, decomposition, degradation, and reduction in
components as a result of bacterial activity type Bl [1,6,8]. Second, the decrease in the per-
centage area of the pyrene component is a sign that the concentration of pyrene reduces
as the interaction time between Bl bacteria and pyrene increases. Third, the percentage of
the total composition of the biodegradation product increased with contact time between
Bl bacteria and pyrene. Furthermore, the number of components formed tends to increase
following the increase in interaction time [2,96].

However, the number of these components is not entirely seen as the end product of
degradation. The final product of bacterial pyrene biodegradation cannot be ascertained
with a constant. Components of biodegradation products (Tables 1 and 2) can be divided
into two categories: First, components with product quality > 90% (similarity level indi-
cated by reference or GC/MS library) are assumed to be the final products of biodegrada-
tion according to contact time. Second, components with content of <90% are intermedi-
ate products [95]. The final product of biodegradation is still very likely to change towards
a simple organic compound in the form of methyl if the interaction time is added as long
as it is believed that bacteria are still working (the biodegradation process will continue).
The components of the biodegradation products (Tables 1 and 2) can be said to be inter-
mediate products [94,95,97].

Certain bacteria can carry out the biodegradation of compounds containing carbon,
where bacteria can convert carbon into energy, so it is assumed that there are almost no
constant and permanent biodegradation products. These components will continue to
change until they reach simple organic compounds because bacteria in carrying out their
biodegradation function act as enzymes, so that the biodegradation of pyrene as a sub-
strate may be a fermentation reaction, and then it cannot be categorized as the final prod-
uct of bacterial biodegradation because the component may be a transition product
[19,62,66,98].

The analysis of the biodegradation process for Bl bacteria against pyrene, according
to the GC/MS reading data (Table 1), was identical to the biodegradation data for Sb bac-
teria against pyrene (Table 2). Comparative analysis of the biodegradation strength be-
tween Bacillus licheniformis strain ATCC 9789 (Bl) and pyrene based on interaction time
showed that the symbiont bacteria of the marine sponge Auletta sp [4]. The biodegradation
power is relatively balanced compared to Sphingobacterium sp. strain 21 (Sb) isolated from
marine water contaminated with PAHs. However, it does not necessarily mean that ma-
rine sponge symbiont bacteria have weaker biodegradability against PAH components
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than bacteria isolated from marine water contaminated with hydrocarbon component pol-
lutants [15,18,98]. General conclusions regarding the biodegradation strength of marine
sponge symbiont bacteria compared to bacterial isolates from seawater contaminated
with PAHs require a comprehensive bacterial investigation and analysis [48,71,97].

3.3. Biodegradation performance

Comparative analysis of the biodegradation strength between Bl and Sb bacteria
against pyrenes was based on interaction time (Fig. 8). In general, it can be seen in the total
pyrene that was not degraded by the test bacteria.

M Bl type bacteria Wl Sb type bacteria

ST l] u5, 15

87,11
K287 83,84
BO)
6171 . BLO0

B0
a0
0

[

1] )

20 3

Tolal pyrene nol degraded (%)

Contact time (days)

Figure 8. Comparison of the percentage of pyrene components as a substrate not degraded by Bl
and Sb bacteria based on interaction time.

The results of the analysis of the biodegradation activity of the tested bacteria on the
pyrene component showed no significant difference in the strength of the biodegradation.
However, there were differences in the total degraded pyrene component at several times
of observation and measurement. The dominance of the biodegradation power of B1 bac-
teria against pyrene was seen in the contact phase for the first 10 days. In the second 10-
day contact phase, it appears that the biodegradation strength of the two types of bacteria
tested is relatively balanced [2,96].
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Figure 9. Comparison of the percentage of the total components of bacterial biodegradation prod-
ucts of Bl and Sb types to pyrene based on interaction time.

Even in the third 10-day contact phase, the biodegradation strength of Sb bacteria
appears to outperform Bl type bacteria (Fig. 8). These results have implications for the
total biodegradation products predicted to follow a relatively undifferentiated pattern.

Aspects of the percentage analysis of the total components of the biodegradation
product as a result of the work of the two types of bacteria tested against pyrene (Fig. 9)
showed a similarity in the path of biodegradation strength [7,14]. The percentage of total
biodegradation products of Bl test bacteria in the first 10 days of contact phase was greater
than that of Sb's total biodegradation products. However, in the second 10 days of contact,
the percentage of total biodegradation products between the two test bacteria showed
similar results. Even at the third phase of contact, the 30th day of the interaction period,
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the percentage of total biodegradation products of Sb type bacteria was more significant
than that of Bl type bacteria [5,11,94,95].

An overview of the energy aspects of most molecular vibrations relates to the infra-
red region. Molecular vibrations can be detected and measured in the infrared spectrum.
The results of the FTIR spectra analysis showed that after the interaction between the py-
rene component and the suspension of the test bacteria, the pyrene component decom-
posed into simple organic compounds, which could be analyzed based on the wave-
numbers of the functional groups according to the FTIR chromatogram shown by the Bl
and Sb test bacteria [6,12,68,99].

| P LT —aoH
s0—] - - - - - - i & hydroxyl func. group_ }

4000 3800 3000 200 2000 1750 1800 1280 1600 750 sbo

Figure 10. FTIR spectrum showing functional groups of organic components in the biodegradation
performance of Bacillus licheniformis strain ATCC 9789 (Bl) against pyrene after 30 days of interac-
tion.

The results of FTIR analysis (Fig. 10) showed one of the degradation products of sim-
ple organic compounds in the form of phenol, alcohol monomers, hydrogen-bonded al-
cohol, a carboxylic acid group, carboxylic acid hydrogen bonds, or aromatic carbon-hy-
drogen bonds. Absorption in the range 3200-3600 cm, specifically 3444.87 cm, indicates
the presence of the -OH functional group. The absorption at 2958.80 and 2929.87 cm-!
showed a peak with a characteristic shape of the absorption region of C-H alkanes. The
absorption area of 1610-1680 cm, precisely at the peak of 1639.49 cm™, shows a typical
shape representing C=C alkenes [95,99].

The absorption area is 1500-1600 cm-1 and shows the typical shape of the aromatic
C=Cbond. The peak of the absorption indicates the presence of aromatic cyclic bonds. The
absorption area is 1050-1300 cm?, indicating the presence of the C-O functional group,
precisely at the peaks of 1093.64; 1192.01; and 1261.45 cm”, suggesting the absorption of
compounds that have a-OH (hydroxyl) functional group, each indicating a compound of
alcohol, ether, carboxylic acid, and ester groups. Aromatic rings with C-H bonds appear
at absorption in the range of 690 to 900 cm!, while at peaks of 40.67 and 794.67 cm, they
indicate the presence of aromatic cyclic bonds [4,21,95,99]. These results indicate the suit-
ability of the components of simple organic compound biodegradation products of type
B1 bacteria against pyrene (Table 1).

Figure 11. Spectrum showing functional groups of organic components in the biodegradation per-
formance of Sphingobacterium sp. strain 21 (Sb) against pyrene after 30 days of interaction.
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FTIR spectra analysis (Fig. 11) shows the components of simple organic compounds,
the result of pyrene biodegradation of Sb bacteria. In general, it can be said that these
simple organic components are the result of the decomposition of pyrene components in
the form of alcohol group organic compounds. In phenol, groups of alcohol monomer,
hydrogen-bonded alcohol, phenol carboxylic acid monomer, and carboxylic acid hydro-
gen bonds will be absorbed in about 3200-3600 cm! and 3446.79 cm, indicating the pres-
ence of the -OH functional group. Absorption at 2924.09 and 2852.72 cm™ showed a typical
peak shape identical to the C-H absorption region of alkanes [38,99,100}.

Determining and selecting the type of test bacteria that has dominant biodegradation
power over other types of bacteria, which is the purpose of this research, was carried out
by comparing all the analyzed variables. Based on these variables, it is known that the
bacterial isolate of Bacillus licheniformis strain ATCC 9789 (Bl), isolated from the marine
sponge Auletta sp., has a relatively balanced biodegradation power against pyrene com-
pared to bacteria of the Sphingobacterium sp. strain 21 (Sb) which was isolated from marine
water contaminated with PAHs [97,101]. Supposing the contamination of the hydrocar-
bon component increases, it is predicted that it will have an impact on decreasing the
quality of ground and surface water so that the availability of clean water will decrease
[102] both in water areas (sea), land, and air. In that case, it is feared that the data will
contribute to increasing global warming and, in the long term, can cause climate change.

4. Discussion

The study of qualitative and quantitative aspects of the biodegradation performance
of the two isolates (Bl and Sb) showed contradictory results. The qualitative analysis of
the biodegradation performance of Bl bacteria against pyrene showed a stronger aggres-
siveness than Sb bacteria. This is based on the GC/MS chromatogram and the number of
biodegradable components after 30 interactions which reached 10 components (Fig. 7A
and Table 1) [17,94]. These results are confirmed by the FTIR spectrum, which appears to
be more complex, including visible functional groups, as a manifestation of the biodegra-
dation products in the form of simple organic compounds (Fig. 10). Qualitative analysis
of the biodegradation performance of Sb, according to the GC/MS chromatogram, identi-
fied only six components (Fig. 7B and Table 2) [18,96].

Similarly, the FTIR spectrum appears simpler (Fig. 11). The results of the quantitative
analysis found that for the biodegradation performance of the two types of bacteria
against pyrene, it appears that Sb bacteria are relatively stronger than Bl bacteria [21,99].
The percentage of pyrene components that were not degraded by Bl bacteria (61.71%) was
relatively higher than that of Sb bacteria (60.00%) (Fig. 8). This suggests that the biodegra-
dation performance of Sb bacteria is relatively higher than that of Bl bacteria. These data
are corroborated by the percentage of bacterial biodegradation performance of Sb
(39.00%), slightly higher than the performance of bacteria Bl (38.29%) (Fig. 9) for pyrene
components [3,5,11,23]. This result is influenced by the adaptability and biodegradation
mechanism that these two types of bacteria can exert on the pyrene component.

Based on the data of biodegradation parameters such as fermentation reactions, in
the form of OD values, changes in pH, interaction temperature, and the presence of gas
bubbles and fermentation odoursodors combined with GC/MS and FTIR data, it can be
said that both types of bacteria can carry out the biodegradation function of pyrene. The
biodegradation products are organic compounds for example alcohol, aldehyde, and car-
boxylic ac-ids. The level of performance of the biodegradation of the two types of bacteria
(Bl and Sb) against pyrene is relatively tiny [36,95,99]. The biodegradation mechanism is
an oxidation reaction, namely, the entry of -OH molecules, followed by the breakup of one
benzene molecule, which marks the change in the structure of pyrene into a carboxylic
acid product. Ideally, biodegradation can run continuously until the final product is
reached, namely benzanoate molecules in the form of cinnamate and pinacol products,
provided that the interaction time is extended and it is believed that there are still bacteria
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in the working biodegradation reactor. This process is called the final reaction or the ter-
mination step of biodegradation [27,31,39,88].

The illustration in Fig. 4, shows a symbiont of the marine sponge Auletta sp., a group
of Bacillus bacteria, Bacillus licheniformis strain ATCC 9789 (Bl), with relatively similar
pathways for metabolism or pyrene biodegradation using Sb bacteria isolated from marine
water contaminated with PAHs. In general, it can be said that the biodegradation mecha-
nism of PAHs is similar to the biodegradation process of other types of PAHs, such as
anthracene and phenanthrene [39,46,102].

The rate of metabolism of PAHs by microorganisms depends on the number of aro-
matic rings. This biodegradation mechanism also has similar metabolic pathways to py-
rene using Mycobacterium sp. PYR-1 [45,56,88] through the oxidation pathway of breaking
one benzene molecule so that a new molecule is formed in the form of a carboxylic com-
pound and frees H2O molecules. According to the illustration (Fig.12), there is a limiting
factor that inhibits the biodegradation process of microorganisms against PAHs compo-
nents so that the biodegradation is not complete or leaves the aromatic benzene molecule.
Thus, the biodegradation process converts carbon elements into energy through metabolic
pathways, and the oxidation reaction proceeds slowly and even stops completely
[19,23,66].

The results of this study are expected to be developed for screening of other types of
bacteria from various sources that can biodegrade hydrocarbon components, especially
PAHs [94,95]. The achievements of this research also open up opportunities for using these
bacteria in the bioremediation of other types of pollutants, such as pesticide residues,
heavy metals, and microplastics, so that the goal of formulating crystalline carbonoclastic
bacteria can be realized [12,21,64]. The aim is a form of environmental protection against
the threat of contamination by toxic components

5. Conclusions

Some of the findings obtained from this study are summarized in several conclu-
sions: The two types of test bacteria (Bl and Sb) can degrade pyrene components. A qual-
itative study based on the number of components and FTIR spectrum showed that Bacillus
licheniformis strain ATCC 9789 (BI) had relatively stronger aggressiveness in the biodegra-
dation of pyrene than Sphingobacterium sp. strain 21 (Sb). Quantitative analysis showed
that the biodegradation performance of Sb bacteria for pyrene components was relatively
stronger than that of Bl bacteria. The total percentage of bacterial biodegradation products
of Sb type (39.00%) was slightly higher than that of Bl type biodegradation products
(38.29%) achieved during the interaction period of 30 days. The biodegradation products
of the two test bacteria (Bl and Sb) against pyrene were simple organic compounds with
alcohol and carboxylic acid groups. The bio-degradation performance of the two types of
bacteria tested against pyrene followed the same path, namely, carbon metabolism as an
energy source through oxidation reactions.
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