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Pseudomonas aeruginosa RW9 is a promising candidate for the bioremediation of chromium hexavalent (Cr(VI)) pollution,
as it resists a high concentration of up to 60 mg/L of Cr(VI). Leaving cells exposed to Cr(VI) has large bioreduction
potential, implying its capacity to extract the ions from the contaminated medium.
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| 1. Introduction

Heavy metal pollution has been a great concern around the globe. The compounds often exist as elements that possess
the non-degradability characteristic and persist in the environment over time . Various remediation tools have been
developed to remediate the pollutants. Conventional methods such as physical adsorption &, coagulation B! and
membrane filtration ¥ are among the commonly used techniques to treat metals from industrial effluent. However, such
technologies have contributed to sludge generation as secondary pollution . Apart from that, additional chemicals such
as precipitation and coagulation agents raise environmental and safety concerns &. As for membrane filtration, the
presence of other compounds or particulate matter can cause the membrane to be clogged and need to be replaced
constantly (4. To curb the problem, pre-treatments need to be applied to the wastewater prior to subjection to a membrane
filtration system, which causes the technique to become financially inefficient B. These drawbacks have caused
researchers to shift to the development of microbial remediation as a potential alternative to conventional techniques ..

Microbial remediation using living bacterial strains has been recognized as a promising and efficient method for treating
pollution . In this technique, living strains, often isolated from contaminated sites, are utilized to remediate the target
pollutants. Several strains have been reported to remove ionic metals successfully 8, with those among the most efficient
being from the genus of Pseudomonas &, which is ubiquitous in the environment. The strains exhibit several heavy-metal-
resistant genes, which explain their tolerance to the extreme environment 9 via various adaptation mechanisms 14,
These mechanisms include intracellular sequestration, localization within specific organelles, metallothionein binding,
particulate metal accumulation, extracellular precipitation, complex formation, and extracellular sequestration by
membrane-bound metabolites such as reductase and biosurfactant 2],

In addition to such adaptations, which involve proteomic changes, some of the strains respond to the unfavourable
environment by excreting biosurfactants. A biosurfactant is a surface-active material produced by microorganisms that is
classified according to its molecular weight 131141 |n P aeruginosa, the biosurfactant produced is of low molecular weight
and an anionic glycolipid polymer. However, the role of the metabolite was described as strain-dependent. Some previous
studies reported a significant role of biosurfactants in promoting metal remediation, while others claimed otherwise. The
compound was found to assist in metal remediation by promoting extracellular sequestration while preventing the ionic
metals from breaching into the cells 3. Meanwhile, some other work reported its sole role as a protective barrier to the
cells and did not report it to contribute to the former function 241,

The key to understanding the adaptation strategies of microbial strains lies in the distribution of the pollutants, which
provides an overview of the metabolic paths enabling microbes to survive and persist in heavy-metal-contaminated
environments. Thus, in this study, P. aeruginosa RW9 tolerance was first assessed by subjecting the cells to a range of
Cr(VI) concentrations. The chromium hexavalent (Cr(VI)) was chosen as the model, considering the seriousness of its
pollution of the environment. This is attributed to its application in various industries such as leather tanning, steel
production, wood preservation and textiles [Z. In addition, the ion has also been found to be carcinogenic and teratogenic.
The application of bioremediation is one of the green technologies employed in environmental pollution.

Previous work on P. aeruginosa showed its remarkable ability to degrade long-chain fatty acids, which can be attributed to
its glycolipid biosurfactant. The surface-active metabolite was reported as an excellent emulsifier for a wide range of
hydrophobic pollutants. However, the role of biosurfactants in metal remediation is ambiguous, as some studies have



reported contradictory findings. Previous researchers have reported a role in metal complexation, while others have
suggested otherwise, claiming that its sole function was as a protective barrier to the cells. The barrier helps in shielding
the cells from the direct effect of the ions, this suggests that the role of the biosurfactant was strain-dependent and highly
related to its characteristics.

| 2. Results and Discussion
2.1. Cr(VI) Tolerance of Pseudomonas aeruginosa RW 9

It was found that P. aeruginosa RW 9 can grow well and tolerate up to 40 mg/L Cr(VI), with an OD value ranging from 1.70
to 1.67 as compared to the control (1.71 + 0.20). However, at a concentration of 80 mg/L, the OD (0.90 + 0.06) was found
to be greatly reduced and was considered as showing total inhibition at a concentration of 160 mg/L (OD, 0.33 + 0.10).
Considering the result obtained, the growth profiling of P. aeruginosa RW 9 was further examined at a concentration of
Cr(VI) ranging between 0 and 60 mg/L as depicted in Figure 1. Despite the approximate OD value obtained at the end of
incubation for Cr(VI) with concentrations of 0-40 mg/L, the growth profile obtained was fairly different. It was observed
that cells exhibited slower growth relative to the control (u: 0.63 h™1) as the Cr(VI) concentration increased from 10 to 20
and 40 mg/L, with u of 0.54 h™%, 0.43 h™ and 0.39 h™%, respectively. Towards the end of cultivation, the OD of cells at 20
and 40 mg/L was found to increase steadily after a slight drop at 12 h. At the 12th hour of incubation, at which the
exponential phase was entered, the cells might have started to produce a secondary metabolite that helped them to thrive
in an unfavourably higher Cr(VI) concentration, resulting in the increment of OD observed 131, At 50 and 60 mg/L, the final
ODG600 were 0.62 and 0.60, respectively, which were about 70% lower than those of the control. The pattern observed
might be attributed to severely damaged biomolecules and DNA as a response to chromium toxicity at high concentrations
(261 The result obtained was in agreement with the previous findings on the pattern of bacterial growth of a Pseudomonas
strain reported by L4,
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Figure 1. The growth profile of P. aeruginosa RW 9 at different Cr(VI) concentrations in NB.

To further confirm the effect of Cr(VI) on the cells, FESEM analysis was conducted to compare the morphological changes
of the cells in the control experiment to those of those cultivated in higher initial concentrations of Cr(VI) (Figure 2). It was
found that the cells in the control experiment were multitudinous compared to the cells in higher Cr(VI) concentrations. It
was also observed that, at high Cr(VI) concentrations, the cells seemed to exhibit a rough surface, which was attributed to
the adsorbed Cr ions. Similar findings were reported by 18191 |n addition, the cells also appeared to be elongated at
higher Cr(VI) concentrations. According to 2], cells elongated into filaments as the result of continual longitudinal growth
without cell division. The ability of cells to divide was abolished by DNA damage due to the effect of chromium toxicity,
which resulted in the induction and expression of the division inhibitor SulA.



Figure 2. FESEM image of P. aeruginosa RW 9 after 24 h fermentation at 10,000x magnification: (a) Medium without
Cr(VI) (control); (b) Medium with 10 mg/L Cr(VI1); (c) Medium with 160 mg/L Cr(VI).

2.2. Chromium Removal Mechanisms

The highest removal efficiency was obtained for 10 mg/L, with a lesser effect on the cell growth (Figure 3). Thus, this
concentration was chosen to further investigate the potential removal mechanism of P. aeruginosa RW 9, which was about
100 times the permissible Cr(VI) concentration for wastewater effluent 29, |t was observed that the Cr(VI) was reduced as
early as 4 h, with a dominant mechanism of extracellular sequestration (Figure 4). The sequestration was speculated to
be enabled by the production of membrane-associated products such as an extracellular enzyme (reductase) and
biosurfactant, as depicted in Figure 5. These metabolites are predominant in most Pseudomonads 2. The more the
metabolites that were produced, the lesser the amount of Cr(VI) being adsorbed onto the cells. The secreted metabolites
readily reduced and/or sequestered Cr(VI) to Cr(lll) extracellularly. This prevented the penetration of the ions into the cell
membrane since Cr(Ill) cannot readily diffuse into the cell membrane as Cr(VI) ions. On another occasion, it was reported
that the presence of an underlining biosurfactant decreased the amount of pollutants adsorbed on the bacterial cell wall,
thus protecting the bacteria from the toxicity 22, The increasing trend of the extracellular Cr(VI) obtained was in
accordance with the gradual decrease in the intracellular and surface-bound Cr(VI) concentration over time.
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Figure 3. Cr(VI) removal efficiency at different initial Cr(VI) concentration.
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Figure 4. Time profile of Cr(VI) concentration in the broth (residual—patterned column), Cr(VI) accumulated in the cells

(intracellular—grey column), Cr(VI) bound to the cell surface (surface-bound—black column) and Cr(VI) sequestered
outside the cells (extracellular—clear column).
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Figure 5. Proposed removal mechanisms of P. aeruginosa RW9.

FTIR analysis was conducted to determine the functional groups involved in the Cr(VI) binding (Figure 6).
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Figure 6. FTIR spectra of P. aeruginosa RW9 in NB without 10 mg/L of Cr(VI) as control (single-line), and NB with 10
mg/L of Cr(VI) (double-line) at 24 h of incubation.

2.3. Biosurfactant Quantification and Characterization

The orcinol test confirmed the presence of a biosurfactant as one of the metabolites that contributes to Cr(VI) extracellular
sequestration (Figure 7). It was observed that the presence of Cr(VI) had slightly enhanced the production of
biosurfactant relative to the control, which was also reported in previous studies by 231241 At the end of the fermentation
process, 235 mg/L of biosurfactant was produced with 10 mg/L Cr(VI), slightly higher than the control (221 mg/L). In
another report, 600 mg/L of biosurfactant was produced compared to control (200 mg/L) in Cd-treated cells 23, which is in
accordance with the pattern of biosurfactant produced observed in this study. The increment was explained as being due
to the expression of a rhIB gene that is enhanced in the presence of metals. rhiB is responsible for encoding the
rhamnosyl transferase involved in the final step of L-rhamnosyl-3-hydroxydecanoyl-3-hydroxydecanoate synthesis 241,
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Figure 7. Biosurfactant synthesis profile. Biosurfactant synthesis in control experiment (dark column); biosurfactant
synthesis in the presence of 10 mg/L Cr(VI) (clear column).

| 3. Conclusions

It showed that P. aeruginosa RW 9 was able to remove up to 85% of 10 mg/L Cr(VI). It was found that extracellular
sequestration was the main Cr(VI) removal mechanism of this strain, which accounted for more than 50% of the total
removal. The finding also suggested that Cr(VI) induced biosurfactant synthesis, and the biosurfactant was identified as a
rhamnolipid. It showed that there was metal complexation formation considering the peak shifting recorded by the spectra.

As future work, a detailed study will be conducted to elucidate the role of biosurfactants in Cr(VI) removal in P. aeruginosa
RW 9.
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