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Abstract

This research aimed to evaluate the capacity of acid-resistant purple nonsulfur bacteria, Rhodopseudomonas palustris strains
VNWO02, TLS06, VNW64, and VNS89, to resist A** and Fe** and to investigate their potential to remove both metals from
aqueous solutions using exopolymeric substances (EPS) and biomasses. Based on median inhibition concentration (ICs), strain
VNW64 was the most resistant to both metals under conditions of acrobic dark and microaerobic light; however, strain TLS06
was more resistant to AI** under aerobic dark conditions. High metal concentrations resulted in an altered cellular morphology,
particularly for strain TLS06. Metal accumulation in all tested PNSB under both incubating conditions as individual AI** or Fe**
was in the order of cell wall > cytoplasm > cell membrane. This was also found in a mixed metal set only under conditions of
aerobic dark as microaerobic light was in the degree of cytoplasm > cell wall > cell membrane. Of all strains tested, EPS from
strain VNW64 had the lowest carbohydrate and the highest protein contents. Metal biosorption under both incubating conditions,
EPS produced by strains VNW64 and TLS06, achieved greater removal (80 mg A" L™ and/or 300 mg Fe** L") than their
biomasses. Additionally, strain VNW64 had a higher removal efficiency compared to strain TLS06. Based on the alteration in
cellular morphology, including biosorption and bioaccumulation mechanisms, R. palustris strains VNW64 and TLS06 demon-
strated their resistance to metal toxicity. Hence, they may have great potential for ameliorating the toxicity of A’* and Fe** in
acid sulfate soils for rice cultivation.
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these toxicities have a high potential to produce an adverse
effect on human’s health via food chains (T6th et al. 2016) and
also damage ecosystems through contamination in water en-
vironment (Auger et al. 2013). Specifically, diseases of
neurological-related disorders (Alzheimer) were resulted from
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et al. 2014). It has long been known that there are many ap-
proaches for reducing toxicities of aluminum and ferrous iron
(Panhwar et al. 2016), but the most recent researches have
focused on the concept of bioproducts for sustainable agricul-
tural intensification. The utilization of soil microorganisms
would be attractive to minimize the aluminum and ferrous
toxicities and to enhance the environmental-friendly produc-
tion. Among beneficial microbes, purple nonsulfur bacteria
(PNSB) should be considered as they have high possibility
to reduce methane emission in wetland rice fields for
preventing global warming as well (Kantachote et al. 2016).
Hence, it would be worth to use PNSB for decreasing toxic-
ities of AI** and Fe** in Al- and Fe-rich paddy fields like ASS.
Recently, we obtained the acid-, aluminum-, and ferrous iron-
resistant PNSB strains isolated from acid paddy fields, and
this led to investigate their potential to remove both metallic
ions for applying on acidic farmed rice.

Biosorption is a process of heavy metal removal by inactive
or dead biomass under aqueous solution (Ilamathi et al. 2014);
the retaining of heavy metals within living cells, however, is
known as bioaccumulation (Liang et al. 2014). Biosorption is
highly effective in binding metals of microbes, and they can
use exopolymeric substances (EPS) to bind with heavy metals
for increasing their resistance to them (Panwichian et al. 2011;
Nookongbut et al. 2016). EPS matrix is normally excreted by
microbes under physiological stress progress, which are pre-
sented under natural environmental state and laboratory con-
ditions (Yuan and Wang 2013) to play the key roles in adsorp-
tive and hydrophilous capacity for microbial aggregation
(More et al. 2014). EPS can be categorized into cell-bound
EPS and free EPS based on the proximity to the cell surface.
Cell-bound EPS are tightly linked via a covalent or non-
covalent bond as capsular EPS; however, free EPS as slime
are not directly enclosed to the surface of the cell (Wingender
etal. 1999). EPS as biopolymers, with the components includ-
ing carbohydrates, proteins, and nucleic acids, are able to form
a complex with heavy metals including sodium ion (Xuan
et al. 2010; Nunkaew et al. 2015). Several researchers have
studied on EPS produced under the various stress conditions
by several PNSB strains, such as Rhodopseudomonas
acidophila in the presence of heavy metals (Cu®*, Cr®*,
Cd**) and 2.4-dichlorophenol (2,4-DCP) (Sheng et al. 2005)
and Rhodopseudomonas palustris under the salinity stress
(Nunkaew et al. 2015). A lot of work has been done on EPS
produced by different bacterial genera under acidity stress
(Aguilera et al. 2008) for investigating the removal of alumi-
num (Mikutta et al. 2011) and ferrous iron (Tapia et al. 2013).
However, no work has been done on the production of EPS by
R. palustris strains under an acidic condition to remove both
metallic ions. Therefore, the aims of this study were as fol-
lows: (a) to determine resistant ability to AI’* and Fe** of
acid-resistant R. palustris strains isolated from ASS; (b) to
investigate cell morphology under metal stress and the
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accumulation of AI** and Fe** contents in cellular compo-
nents; and (c) to compare the biosorption capacity between
EPS and biomass of the promising PNSB for gaining better
understanding of resistant mechanisms, prior to use for biore-
mediation in wetland rice fields on ASS.

Materials and methods
Preparations of PNSB inoculums and metal solutions

R. palustris strains, VNW02, TLS06, VNW64, and VNS89,
as the potential acid-, aluminum-, and ferrous iron-resistant
PNSB isolated from paddy fields on ASS (Khuong et al.
2017), including the reference strain Rhodoblastus
acidophilus ATCC 25092 were used in this study. Basal iso-
lation medium (BIM), pH 4.50, was used to grow isolated
PNSB and ATCC® medium 650, pH 5.00, for the reference
strain (Khuong et al. 2017). They were grown in culture broths
and incubated under microaerobic light conditions for 48 h.
After twice washing with 0.1% peptone water, cell pellets
were used to make inoculums by adjustment with 0.1% pep-
tone water to reach an optical density of 0.50 at ODggp. All
experiments in this study used BIM or ATCC® medium 650
with no added phosphate composition, except for inoculum
preparation.

The AI** stock preparation was diluted from aluminum
chloride hydrated, AlCl;.6H,0, at 2500 mg AP* L', and iron
stock solution was attenuated by ferrous sulfate heptahydrate
(FeSO4.7H,0) at 5000 mg Fe** L' concentration. They were
diluted with deionized water before filtration using a filter
with 0.45 pum pore size. The ferrous solution was kept under
the dark to avoid photo-oxidation of ferrous ion forming to
ferric iron state. A 1 M HCI was filtered using a 0.45 pm
sterile filter and used for pH adjustment of aqueous mixtures
in all experiments of this study. For evaluating the possibility
to use tested PNSB in paddy fields with high variation of both
metal ions, concentrations used in this study were designed to
be higher than critical contents for rice growth
(68 mg A" L' and 250 mg Fe’* L") (Attanandana and
Vacharotayan 1986; Samaranayake et al. 2012). Hence, the
initial concentrations in all experiments were set at
80 mg L' for AI** and 300 mg L' for Fe** including a
mixture of both metallic ions at 80 and 300 mg L' for AI**
and Fe2+, unless otherwise stated.

Quantification of threshold value causing inhibitory effects
of A*, Fe** on acid-resistant PNSB

Minimum inhibitory concentration (MIC) of each PNSB was
investigated in culture broth without phosphate composition
as previously mentioned. The toxic metal stock solutions for
determination of MIC were prepared by chemical salts as
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previously described. The concentration of each stock was
added into BIM or ATCC® medium 650, ranging from 0 to
1000 mg L' for A* and 0 to 2000 mg L™" for Fe**. A 10%
of each PNSB was inoculated into 18.0 mL toxic BIM broth,
containing designed levels of AI** or Fe**, pH 4.50 in test
tubes (20 mL) for microaerobic light (3000 1x) and serum
bottles (100 mL) for aerobic dark (150 rpm, 30 °C) to follow
optimal growth incubating conditions (Khuong et al. 2017).
For a reference strain, ATCC® Medium 650 broth at pH 5.00
was used instead of BIM broth. After 72 h incubation, for MIC
assay, bacterial growth was measured based on cell turbidity
using a spectrophotometer. MIC is defined as the lowest con-
centration of AI’* or Fe** that inhibits the growth of the test
microorganism as the clear culture broth, while minimum bac-
tericidal concentration (MBC) is the lowest concentration that
kills as no growth after streaking the clear culture broths from
the MIC assay onto BIM or ATCC® medium 650 agar plates
by separating incubation under both conditions for one week.
As we aim to apply PNSB in the paddy fields on ASS, median
inhibition concentration (ICso) of AI** and Fe** was also de-
termined. ICs, is defined as the concentration of the AI** or
Fe?* that inhibits 50% PNSB growth; this value was used to
evaluate the capacity of AI’* or Fe** resistance of each PNSB
strain under acidic condition. For accuracy in this assay, bac-
terial growth was measured by counting viable cells instead of
using a spectrophotometer to measure growth as turbidity. To
determine ICs(, growth inhibition percentages based on viable
cells in log CFU mL ™" of all tested PNSB were computed by
comparison with their control sets as without AI** or Fe**
using probit analysis in SPSS software (SPSS, version 16.0).

Cellular morphology of tested PNSB under influence
of toxicity (AP’* or Fe**)

Only two PNSB strains (TLS06 and VNW64) that
showed very high resistance to both metals from the pre-
vious experiment were used to investigate their cell mor-
phologies under stress of metal ions. Scanning electron
microscope-energy dispersive X-ray spectrometer (SEM-
EDS) was used to observe bacterial cell morphology un-
der stress of each metal and confirmed AI** or Fe** con-
centration in the biomass. A 10% of each culture was
inoculated into 45 mL BIM broth, pH 4.25 containing
either individual of AI** or Fe** at initial concentrations
as previously stated, and this pH was adjusted due to
metals producing more toxicity to bacterial cells com-
pared to pH 5.00. They were grown under microaerobic
light conditions for 48 h; culture broths were centrifuged
at 8000 rpm for 15 min. After twice washing cell pellets
with 0.1% peptone water, each biomass was used to in-
vestigate toxicity of AI** or Fe** on bacterial cells and
metal absorption by SEM technique (JSM-5800LV,
JEOL), with X-ray microanalysis—EDS (Oxford ISIS

300). Bacterial cells were fixed with 2% CsHgO,
(glutaraldehyde) in 0.1 M sodium phosphate buffer
(pH 7.00) for 1 h, followed by washing for three times
with the above mentioned buffer. After that, cells were
mixed with 1% OsQO4 (osmium tetraoxide) for 90 min
and subsequently washed with 0.1 M sodium phosphate
buffer. Then, samples were dehydrated with ethanol con-
centrations of 70-100% for 15 min in each level. Finally,
the samples were coated with gold for SEM and without
gold coating for SEM-EDS detection.

|3+

Uptake and allocation of A** and/or Fe?* toxicity in different

cellular components

Each PNSB at 10% inoculum size was inoculated into 450 or
950 mL BIM broth (pH 4.25) in 1000 mL flasks that contained
individual of A** or Fe?* and a mixture of both metallic ions
at initial concentrations as previously mentioned. Culture
flasks with 450 mL were shaken to provide aeration at
150 rpm, 30 °C under dark for aecrobic conditions, while cul-
ture flasks with 950 mL as a little head space to provide
microaerobic conditions under light intensity at 3000 Ix.
Both incubating conditions as above were set for the reference
strain with the change of medium used as previously stated.
After 48 h, all culture broths were centrifuged at 8000 rpm for
15 min to separate cell pellets and supernatants for determin-
ing AI’* and/or Fe** in each fraction using inductively
coupled plasma-optical emission spectroscopy (ICP-OES) as
described by Soltanpour et al. (1996).

To investigate the uptake of AI** and/or Fe** in bacte-
rial cell wall, each cell pellet was thrice bathed with
0.1 M sodium citrate (preparation using deionized water)
for 10 min at each time by a three-fold volume of the
solution (10 mL) to release ionic aluminum and/or iron
from the cell wall and followed by centrifugation
(8000 rpm, 15 min). Afterwards, the concentrations of
AP’ and/or Fe** in supernatants were determined. After
washing cell pellets as in the previous step, bacterial cell
walls were hydrolyzed for determination of AI** and/or
Fe* in the cellular membrane by mixing with 4.0 mL of
lysozyme (1.0 mg mL™") and 6.0 mL of 0.01 M sodium
phosphate buffer. This mixture was incubated under the
hypertonic conditions containing 10.3% of sucrose for
60 min at 30 °C to prevent the fracture of protoplast.
Following this step, the suspensions were centrifuged at
8000 rpm for 15 min to measure the concentration of AI**
and/or Fe?* in the solutions. After centrifugation, proto-
plast pellets were separated by 10 mL of nitric acid (35%)
to measure the accumulation of AI** and/or Fe** in the
cytoplasm. For calculation, the loss of AI** and/or Fe**
from culture supernatants was assumed as the accumulat-
ed amounts in biomasses (cell wall, cell membrane, and
cytoplasm) and undetected amount.
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Removal of A** and/or Fe>* by biomass and EPS
from acid-resistant PNSB

To prepare biomass and EPS for metal biosorption, PNSB
used were grown in 1000 mL of BIM, pH 4.50 (ATCC®
Medium 650, pH 5.00 for reference strain) with the same
medium composition for preparing inoculums under both aer-
obic dark and microaerobic light conditions for 72 h to reach
stationary phase. All PNSB culture broths were harvested by
centrifuging at 8000 rpm for 15 min to separate the cell pellets
as biomasses and supernatants, in which, each cell pellet was
further used for evaluating the removal efficiency of alumi-
num and ferrous iron, while each supernatant was used to
extract EPS for further investigating its removal efficiency.

For soluble EPS extraction, the protocol was modified from
the method described by Eboigbodin and Biggs (2008) as
follows. Briefly, the volumetric ratio of 1:2.2 of culture super-
natant and cold ethanol (4 °C) was incubated for 24 h at —
20 °C to precipitate soluble EPS. Then, the suspension was
subsequently centrifuged at 8000 rpm for 15 min at 4 °C to
obtain EPS, and some portions were used to determine dry
weight (DW) (Ferreira et al. 2016). EPS extract was kept at —
20 °C until use for composition analysis as the following
provided.

Total carbohydrate was analyzed by a colorimetric method
with phenol-sulfuric acid reaction (DuBois et al. 1956) using
glucose as a standard at 485 nm. Total protein content was
measured by bicinchoninic acid at the wavelength of 562 nm
(Smith et al. 1985), and bovine serum albumin was used for
preparing standard protein solution. The nucleic acid concen-
tration was assessed according to Johnson (1981) using opti-
cal density at 260 nm. The EPS concentration was defined as
the total of the following components: total carbohydrate, pro-
tein, nucleic acid, and unidentified component.

According to the results of previous experiments on metal
resistance and EPS component, only strains TLS06 and
VNW64 were selected to study metal biosorption; the initial
concentrations for AI** and Fe** including a mixture of both
metallic ions were set as previously described. The experiment
was performed by adding wet EPS, obtained from cells grown
under aerobic dark or microaerobic light, at an amount equiv-
alent to 50 mg DW to the aliquots volume (20 mL) containing
individual AI**, Fe**, and both metal ions at pH 4.25 for
30 min under conditions of aerobic dark (150 rpm, 30 °C)
and microaerobic light (at 3000 Ix, room temperature) to fol-
low the growth conditions. The pH 4.25 was designed because
the metals under a lower pH give a higher toxicity to organ-
isms including rice; also, this pH is normally found in ASS
(Khuong et al. 2017). Both incubating conditions were inves-
tigated for metal biosorption by EPS as well, and this is be-
cause the redox conditions and light-mediated reactive oxygen
species generation affect on iron forms and also iron binding
(Swanner et al. 2017; Wang et al. 2017) that iron would
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compete with other metals like Al. This is also due to the
major component of EPS being exopolysaccharides; these
compounds are important in transparent exopolymeric parti-
cles (TEP) (Engel et al. 2014). EPS or TEP is normally secret-
ed by aquatic microbes and the compounds, particularly TEP
are degraded by solar radiation, specifically in the UVB range
(Ortega-Retuerta et al. 2009; Wurl et al. 2011). For biomass,
the cell pellets were used instead of EPS by twice washing
with 0.1% peptone, and a portion of biomass was used to
determine DW, and designed amount of fresh cells that
equaled to 2.50 mg DW was mixed in each metal, and a
mixture of AI** and Fe?* solution for biosorption study under
the same condition as EPS biosorption. After 30 min expo-
sure, the EPS or cell suspension was centrifuged at 8000 rpm
for 15 min to remove EPS or biomass. Finally, the supernatant
was used to determine AI** and/or Fe** contents for quantifi-
cation of AI** and/or Fe** biosorption by EPS or biomass. The
metal removal was calculated from the different amounts be-
tween the initial and the remaining concentrations in the solu-
tion. The biosorption capacity was defined as milligram tox-
icity removed per gram dry weight EPS or biomass.

Statistical analysis

All data shown in this study, otherwise stated, are mean values
of three replications with their standard deviations. The data
were subjected to one-way analysis of variance using SPSS
software, version 16.0. Means were separated by analysis of
variance (ANOVA), and the significant differences were
assessed by Duncan’s multiple range tests at P <0.05.
Independent sample ¢ test analysis was used to compare means
between Al and Fe contents in each pair. The function of
Command Syntax in SPSS 16.0 was used to analyze data for
comparing the removal of metals by EPS between
microaerobic light and aerobic dark conditions.

Results

Inhibitory effects of AP* and Fe** on acid-resistant
PNSB and cell morphology

Table 1 shows the sensitivity of tested PNSB grown in BIM
broth (without phosphate composition) containing various
metal toxicities at pH 4.50 and 5.00 for the reference strain
under both incubating conditions. Based on values of MIC,
MBC, and ICs, it was found that R. palustris strains TLS06
and VNW64 had the greatest resistance to both AI** and Fe?*.
In contrast, the reference strain, R. acidophilus ATCC 25092
was the most sensitive to both metallic ions. Under AI’* stress
with aerobic dark conditions based on MIC values in a range
of 100-850 mg L', the resistant capacity was ranked as
TLS06 ~VNW64 > VNS89 > VNWO02 > ATCC 25092;
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Table 1 Sensitivity of acid-

resistant PNSB to AP and Fe?* Metal Strain Growth condition

grown in acidic BIM or ATCC ] ] —

650 (for reference strain) broth Aerobic dark Microaerobic light

with no added phosphate compo-

sition containing various concen- MIC 3 MBC ICs0 MIC MBC ICso

trations of individual metal ion (mgL )

under aerobic dark and

microaerobic light conditions for AP* VNW02 750° 750 85.2° 500° 5504 79.24

72h TLS06 850° 900° 175.1% 600° 650° 142.3°
VNW64 850° 950° 128.6° 650° 750° 180.4%
VNS89 800° 800° 116.7° 600° 600° 96.5°
ATCC 25092 100¢ 100° 40.2¢ 100¢ 100° 30.4°

Fe** VNW02 1500° 1400° 579.4° 1500° 1600° 753.5°

TLS06 1700° 1800° 769.3° 1600° 1750 886.4°
VNW64 2100° 2200° 908.1° 20007 2100° 880.2°
VNS89 1100° 1200° 521.9 1000° 1150° 427.4°
ATCC 25092 3504 400¢ 216.64 4009 4509 154.3¢

Significant difference at P<0.05 (*) is used to analyze mean values (n=3) in each column as indicating by

different lowercase letters

under microaerobic light conditions, the resistant capacity
(100-650 mg L") was in the order of VNW64 > TLS06 ~
VNS89 > VNWO02 > ATCC 25092. In Fe** stress under both
incubating conditions, strain VNW64 was the most resistant
to Fe?*, followed by descending order of TLS06 ~ VNWO02,
VNS89, and ATCC 25092. On the basis of MBC values, a
similar result was observed for the sensitivity of tested PNSB
to both metal ions under both incubating conditions as strain
VNW64 was the most resistant to individual A" and Fe**;
while strain ATCC 25092 was the most sensitive. The ICs
values for AI’* of our PNSB strains were in a range of 85.2—
175.1 mg L™ and 79.2-180.4 mg L' under conditions of
aerobic dark and microaerobic light, respectively; and they
were 40.2 and 30.4 mg L™ for the reference strain. For the
Fe?* set, ICso values under conditions of aerobic dark and
microaerobic light were between 521.9-908.1 and 427.4—
886.4 mg L' for our PNSB strains and 216.6 and
154.3 mg L™ for the reference strain. Overall result showed
that strain VNW64 was the most resistant to both metal ions
under both incubating conditions although based on ICsy
strain TLS06 was better to resist AI** under aerobic dark
conditions.

Bacterial cell morphology using SEM after growing
PNSB cells in BIM medium at pH 4.25 with or without
AP* or Fe** under microaerobic light conditions for 48 h
is shown in Fig. 1. For control sets, both PNSB strains
(TLS06 and VNW64) showed rod-shaped cells as normal
cells (Fig. 1a, d). In contrast, strain TLS06 under stress
condition with either A** or Fe** cells was altered as cell
deformations with a wrinkle at the exterior surface (Fig. 1b,
¢); abnormal cells of strain VNW64 differed from strain

TLS06 (Fig. le, f). Table 2 shows the accumulated amount
of aluminum or iron in percent of the total element compo-
nents found in PNSB cells with significantly higher accu-
mulations found in only strain TLS06 with the mean of
1.10% for aluminum and only 0.16% for iron.

Uptake and allocation of AP* and/or Fe?* toxicity
in different cellular components

The uptakes of AI** and/or Fe** in different cellular compo-
nents of tested PNSB and a reference strain are illustrated in
Table 3. Accumulation of AI** or Fe** as individual in all
tested PNSB under both incubating conditions was in the or-
der of cell wall > cytoplasm > cell membrane. This accumu-
lated metal order was also observed in a mixed metal set only
under conditions of aerobic dark as microaerobic light was in
the degree of cytoplasm > cell wall > cell membrane. In de-
tails, under aerobic dark conditions, AI** accumulation in cell
wall, cytoplasm, and cell membrane for sets of individual A"
and a mixture of both metal ions were in the range of 4.70—
15.48, 0.31-16.93, and 0.10-12.51%, respectively. A similar
trend was found for accumulated AI** (%) in an individual
A** set under microaerobic light conditions; 14.78-41.60 in
cell wall, 0.36-26.49 in cytoplasm, and 0.38—18.43 in plasma
membrane. On the other hand, percent AI** in a mixture of
AP* and Fe** under microaerobic light conditions was in the
degree of cytoplasm > cell wall > cell membrane; 0.48-37.75,
12.11-20.84, and 1.09-16.20, respectively.

Individual Fe** uptake in cell wall and cell membrane
was similar under both incubating conditions as the max-
imum level found under microaerobic light conditions,
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Fig. 1 SEM photomicrographs
showing morphological changes
of PNSB grown in BIM broth
with no added phosphate
composition, pH 4.25 containing
80 mg A* L' or

300 mg Fe?* L™" (no metal
addition served as control) for
48 h under microaerobic light
conditions: (a, b, ¢) for strain
TLS06 and (d, e, f) for strain
VNW64

——  at 15,000X
I um

but no different uptake in cytoplasm for both incubating
conditions (see details in Table 3). On the other hand,
uptake of Fe** or AI’* in a mixture of both metallic ions
was similar as the metal uptake in cell wall > cytoplasm >
cell membrane under aerobic dark conditions, while under
microaerobic light conditions found metal accumulated in
cytoplasm > cell wall > cell membrane. However, the met-
al uptakes based on the loss of metal ions from the culture
broths included undetected metals as well. High percent-
ages of undetected metals (AI** and Fe**) are illustrated
in Table 3. Under aerobic dark conditions, the undetected
AP* in an individual A" set (5.56-46.19%) was lower
than in a mixed metal set (47.70-69.11%); while under
microaerobic light conditions, it was 14.68-38.33% and
13.00-28.93%, respectively. However, undetected Fe** in
conditions of aerobic dark and microaerobic light in sets
of individual Fe** (7.31-18.27 and 1.80-8.36%) and a
mixture of both metals (8.67-14.58 and 3.32-10.68%)
was much lower than that of undetected AI**.

Table 2 Analysis of AI** or Fe**

Removal of AP* and/or Fe** by biomass and EPS
from acid-resistant PNSB

EPS production under the optimum growth conditions of all
tested PNSB grown in acidic BIM or ATCC® Medium 650
broth provided biomass that ranged from 0.52 to
0.98 g DW L' under aerobic dark conditions and 0.42 to
0.75 ¢ DW L' under microaerobic light conditions. These
PNSB released EPS in a range of 0.26-0.84 g DW L' under
microaerobic light and 0.15-1.00 g DW L' under aerobic dark.
The reference strain showed the minimum for both biomass and
EPS under both incubating conditions. All data were used to
calculate for setting biosorption experiment to obtain a final
suspension of 2.50 mg dry weight EPS mL ™" in deionized water.

EPS composition of each PNSB under both incubating
conditions as shown in Table 4 found that a major composi-
tion was carbohydrate (42.5-55.8%), followed by nucleic acid
(25.4-31.2%), protein (8.5-17.5%), and unidentified com-
pound (8.1-10.5%). However, under both incubating

using SEM-EDS for its accumu-

.2 . Metal Al Fe
lation in PNSB cells grown in
acidic BIM broth V.V!th no ad‘@ Strain Minimum Mean Maximum Minimum Mean Maximum
phosphate composition contain-
ing 80 mg AP* L™ or (%)
300 mg Fe?* L' under TLS06 0.96 1.10°+£0.12 131 0.10 0.16°+£0.05 027
microacrobic light conditions for — yNwe4  1.37 1.54*£0.11 1.69 1.17 145°£028 2.8

48h

Each value is a mean of ten randomly detected values + standard deviation (S.D.). Different lowercase letters in
each row indicate significant difference at P <0.01
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Table3 Uptake of AI** and/or Fe?* in PNSB cellular parts when grown
in acidic BIM or ATCC 650 broth with no added phosphate composition
containing 80 mg AI** L™, 300 mg Fe** L', and both metals

(80 mg AI** L™" + 300 Fe** mg L") under aerobic dark and microaerobic
light conditions for 48 h

Metal Strain Percent of AI** and Fe* in culture supernatant and PNSB cellular parts
Aerobic dark Microaerobic light
Culture Cell Cell Culture Cell Cell
supernatant wall membrane Cytoplasm Undetected supernatant wall  membrane Cytoplasm Undetected
AP VNWO02  17.08° 11.31° 14.11° 42.49% 14.43° 32.84° 19.39° 18.66° 14.68°
15.-
01%®
TLS06  17.79° 15.48°  10.95° 15.05° 40.73% 13.55¢ 41.60° 9.86° 11.50° 23.49°
VNW64  9.56% 14.81° 12.51° 16.93% 46.19° 10.42¢ 39.50° 7.75° 4.00¢ 38.33°
VNS89  65.52% 7.98  9.71¢ 11.23¢ 5.564 9.43° 26.819 18.43° 26.49° 18.84%
ATCC  56.62% 4734 030° 0.31° 38.04° 60.10° 14.78° 0.38° 0.36° 24.38°
25092
Fe?* VNW02  81.69* 0424 0.13¢ 037° 17.39% 89.60° 1.15° 034 0.55° 8.36"
TLS06  82.36° 0.65*  0.18° 0.51° 16.30° 95.71° 0.93°  0.18° 0.19° 2.99°
VNW64  80.58° 0.48  0.16° 0.51* 18.27° 89.83¢ 1.44* 033 0.55° 7.85
VNS89  82.87° 0.54°  0.18° 0.32° 16.09° 95.91° 0.92°  0.16° 0.19° 2.83°
ATCC 92.12° 027°  0.15° 0.15¢ 731¢ 97.66% 0284 0.12¢ 0.14° 1.80°
25092
AP+ AP
2.

Fe™  ynwo2 16024 8.53%  1.86¢ 4.48° 69.11° 21.89° 17.34° 14.9¢° 31.23° 14.53°
TLS06  22.17° 7.90*  3.81° 5.08" 61.04° 23.34° 15.65° 16.20° 27.49° 13.00¢
VNW64  16.18¢ 8.90* 3.51° 4.64° 66.76° 16.44° 18.75° 14.06° 37.75° 20.33°
VNS89  18.72¢ 7.85%  2.73¢ 3.16° 67.54% 18.22¢ 20.84* 13.61¢ 26.95° 20.39°
ATCC  44.72° 470°  0.10° 2.78¢ 47.70¢ 57.39° 12.114 1.09° 0.484 28.93°

25092

F62+

VNW02  86.78" 2.19°  0.62° 1.74* 8.67° 94.05% 0.89° 0.44° 1.31° 3.324
TLS06  85.94° 222°  0.61° 1.72° 9.51% 93.20° 0.81°  0.40° 1.10° 451°
VNW64  81.33° 265 037 1.07° 14.58° 89.89¢ 1.61%  0.40° 1.40° 10.68°
VNS89  84.72° 2.18°  0.51° 0.65° 11.94° 85.90¢ 0.85% 0.42% 1.39° 7.46°
ATCC 90.26 0.67°  0.06¢ 0.15¢ 8.86° 94.79° 0.71¢  0.20° 0.844 3.45¢
25092

Each value is an average of three determinations. Different lowercase letters in each column indicate significant difference at P <0.01 (**)

conditions, strain VNW64 had the minimum carbohydrate
content but the maximum contents for nucleic acid and pro-
tein; while the opposite result for all component contents was
observed in a reference strain. Among the other PNSB strains
compared with strain VNW64 and the reference strain, it was
found that under both incubating conditions, strain TLS06
showed significant differences for almost EPS composition
contents with strain VNW64 but similar with the reference
strain, except for protein content as a significantly higher con-
tent. However, only strains VNW64 and TLS06 showed the
highest resistant to both metal ions as previously described.

Therefore, only strains VNW64 and TLS06 were chosen for
testing biosorption to remove AI** and/or Fe?*.

The use of biomass and EPS of the great potential PNSB
strains for biosorption (AI** and Fe**) under both incubating
conditions is presented in Fig. 2. Regarding an initial concen-
tration of 80 mg AI** L ™!, the removal efficacy of A** by EPS
of both strains under both incubating conditions at pH 4.25
was significantly higher than biomass, and a significantly
higher removal efficiency was found in VNW64 compared
with strain TLS06 (Fig. 2a). For example, AI** removal effi-
ciency by EPS from strains TLS06 and VNW64 under
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Table4 The component of exopolymeric substances (EPS) produced by PNSB strains of R. palustris and R. acidophila ATCC 25092 grown in BIM,
pH 4.50 and ATCC 650 broth, pH 5.00 under aerobic dark and microaerobic light conditions

Strain Growth condition

Aerobic dark Microaerobic light

Carbohydrate ~ Nucleic acid Protein Unidentified ~ Carbohydrate ~ Nucleic acid  Protein Unidentified

(%)
VNWO02 48.5°+1.11 29.7%+135  13.1°+£130 8.7+0.26 49.9%°+12 28.6°+1.9 123403 92420
TLS06 49.6*+£2.79 275%+182  13.5°+£123  94+1.75 52.2% 124 27.0°+1.6 11.0°40.7 9.8+1.5
VNW64 42.5°+£3.70 31.28+2.00 175°+131  8.8+1.08 46.6°+3.5 30.18+2.0 152°+0.6 8.1+1.7
VNS89 54.2%+2.69 27.0°+1.18  9.2°+1.06 9.6+1.65 54.9°+2.1 26.8°°+£0.9 8.99+04 94+1.7
ATCC 25092 53.1°+3.66 26.8°+£329  9.6°+0.20 10.5+2.05 55.8°+£15 25.4°+0.6 859407 10.3+0.6
Sig (s # (] ns L] ] (s ns

Values are means and their S.D. (n =3). Different lowercase letters in each column indicate significant difference at P <0.05 (*) and P <0.01 (**); ns,

non-significant (P > 0.05)

microaerobic light conditions was 36.12 and 60.10% for indi-
vidual set and 27.33 and 52.47% for a mixed metal set (Fig.
2a). On the other hand, under the same condition, the removal
efficiency by both biomasses was 8.55 and 12.98% for indi-
vidual and 8.47 and 13.46% for a mixture of AI’* and Fe*".
Similarly, for acrobic dark conditions, removal percentages by
both EPS (TLS06 and VNW64) for individual AI** and a
mixture of both metal ions were 29.71 and 59.63% and
36.56 and 57.06%, respectively; on the other hand, removal
efficiencies by both biomasses were 12.70 and 26.11% for sets
of individual and 9.92 and 20.20% for a mixture of AI’* and
Fe®*. Overall result showed that strain VNW64 was the most
effective for removing AI** by EPS and its biomass under
individual AI** or a mixture (AI** + Fe**) under both incubat-
ing conditions.

100 - aTLS06
ns - aVNW64
~ 80
s
= 60
g
5 40
o,
Z 20
0

Aerobic dark

Microaerobic light

Fig. 2 Removal of metals (a) for AP* and (b) for Fe®* using biosorption
by exopolymeric substances (EPS) or biomass (BM) of PNSB in acidic
condition (pH 4.25) containing 80 mg AI** L' and/or 300 mg Fe** L™
under conditions of aerobic dark and microaerobic light. Different upper-
case and lowercase letters indicate significant differences for removal

@ Springer

The removal efficiency of Fe** (initial 300 mg L") by EPS
of both PNSB strains under both incubating conditions had
the similar trend for individual Fe>*, and a mixture of AI** and
Fe** with the removal efficiency of AI** and a mixture of AI**
and Fe?* (Fig. 2a, b). However, in the comparison between
both PNSB, strain VNW64 achieved a higher efficiency to
remove individual Fe** and also mixed metals than strain
TLS06 by only EPS under both incubating conditions as re-
moval efficiency by their biomasses the significant differences
was found only in a mixed metal under aerobic dark condi-
tions (Fig. 2b). For instance, the removal efficiencies of Fe**
under microaerobic light conditions by EPS from strains
TLS06 and VNW64 were 18.99 and 50.96% in individual
and 22.71 and 47.54% in mixed metal ions; while by their
biomasses were 9.58 and 9.75% for the individual and 8.04

oTLS06
VNW64

Fe2!' remoy al (%)

Microaerobic light

Aerobic dark

efficiencies by a pair of EPS—biomass and a pair of strains TLS06—
VNW64, respectively. No significant difference (ns) and ** (P <0.01)
are used to indicate effect of incubating conditions on removal of metal
ions by EPS from both strains
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and 9.37% for the mixed metal ions. Under aerobic dark con-
ditions, removal percentages of Fe** by EPS (TLS06 and
VNW64) were 38.21 and 44.23% as compared to biomasses
(15.79 and 18.49%) for individual F ¢**. On the other hand,
removal percentage of Fe** was lower in a mixed metallic ion
as 31.55 and 43.64% by EPS (TLS06 and VNW64) and 12.19
and 21.44% by both biomasses.

Removal of individual AI** by EPS from both PNSB
(TLS06 and VNW64) showed no significant difference under
both incubating conditions (microaerobic light and aerobic
dark); however, its removal in a mixed metal set under condi-
tions of aerobic dark was significantly higher than
microaerobic light (Fig. 2a). Removal of Fe** by EPS from
both PNSB in sets of individual and a mixed metal resulted to
significant increase under conditions of aerobic dark com-
pared to microaerobic light that was observed only in EPS
from strain TLS06 (Fig. 2b).

Discussion

Capacity of PNSB resistance to toxicities of AP*
and Fe”* under acidic condition

Results in Table 1 found that all tested PNSB grew up under
both metal toxicities at the contents which were much higher
than the highest values found in paddy fields on ASS (Khuong
et al. 2017) and also the critical levels for rice growth as
previously stated. For example, under conditions of
microaerobic light and aerobic dark, ICsq values from F et
set showed up to 886 and 908 mg L', but their values from
the AI** set were maximum at 180 and 175 mg L', respec-
tively. This indicates that our acid-resistant PNSB might be
used for bioremediation of rice grown on ASS due to their
resistance to high concentrations of both toxic metals under
acidic condition at pH 4.50. It is not surprising that all PNSB
strains tested were more sensitive to AI** than Fe** under both
incubating conditions; this is because of their biological func-
tions. Aluminum is unnecessary for the metabolism of organ-
isms; while iron is used as a micronutrient for the growth and
metabolism of microbes (Bose and Newman 2011). This leads
to aluminum being more toxic than ferrous iron for both bac-
teria and rice.

All organisms require an amount of trace elements includ-
ing some heavy metals for their growth, but excessive levels
of metabolic metals can be detrimental to organisms. For
PNSB, the high concentrations of both aluminum and ferrous
showed an adverse effect on shaped cells (Fig. 1) although
they were able to resist on AI** and Fe** under acidic condi-
tions. As a result, the present study revealed that the morpho-
logical characterizations of bacterial cells were changed into
wrinkle at the exterior surface and bleb-like structures on the
surface in BIM broth at pH 4.25 containing 80 mg AP* L' or

300 mg Fe** L' concentrations under microaerobic light con-
ditions for 48 h. The results are in accordance with the previ-
ous study as heavy metals, such as Cu and Zn, altered the
cellular morphology of Rhodobium marinum NW16 and
Rhodobacter sphaeroides KMS24 from rods to filamentous
or dumbbell shapes (Panwichian et al. 2011). The change of
cell surface to cell elongation resulted from the reduction of
surface area—volume ratio, and this reduction ratio significant-
ly decreased the uptake sites on the cell surface for the heavy
metals (Neumann et al. 2005). Hence, cell elongation might be
an adaptive response of bacteria under stress conditions. This
is supported by the evidence that more accumulation of alu-
minum in strain TLS06 caused more abnormal shaped cells
compared to iron with less accumulation (Fig. 1b, ¢ and
Table 2).

Uptake and allocation of AP* and/or Fe?* toxicity
in different cellular components

In general, the biosorption process of heavy metals pertained
to two stages. Firstly, it is defined as passive biosorption
(biosorption) due to metabolism independent of metal ions
that are absorbed to the cell surface by functional groups (car-
boxyl, amine, hydroxyl, phosphate, sulfur, sulfide, etc.) on the
cell wall component (Boeris et al. 2016). This step takes im-
mediately less than 30 min by principles of metal binding,
which included coordination, complexation, ion exchange,
physical adsorption (e.g., electrostatic) or inorganic micro-
precipitation (Goyal et al. 2003). Subsequently, it is called
active biosorption (bioaccumulation) as metals were
transported to the cell membrane and enter into the cytoplasm.
This step might take more than one month (Wang and Chen
2006). Both steps of AI** and/or Fe** biosorption were stud-
ied in this work, and Table 3 shows that both metal ions were
the most to uptake using passive biosorption as the most abun-
dant found in the cell wall. However, high metal levels in this
study allowed cells to uptake metal ions using active
biosorption for increasing cell resistance to metals as some
of the metals changing to be complex as an evidence of unde-
tected metal ions. The results are in accordance with
R. marinum NW16 and R. sphaeroides KMS24 as amounts
of Cu®* and Zn** accumulated in cell wall > cytoplasm > cell
membrane (Panwichian et al. 2011).

As the loss of metal ions was the difference between initial
concentration and the remaining amount in the culture super-
natant. This means that undetected metal ions might be in a
complex form or acting for biological roles, particularly for
Fe?* (Bose and Newman 2011). However, the amount of un-
detected AI’* was much higher than undetected Fe**
(Table 3); this could be explained by the lower removal effi-
ciency for Fe’* compared to AI**. For example, under
microaerobic light and aerobic dark conditions, strain
VNW64 gained the highest uptake of AI** roughly 90% but

@ Springer



226

Ann Microbiol (2018) 68:217-228

only 10.17 and 19.42% of Fe*, respectively. The lower re-
moval efficiency was due to the higher initial concentration of
Fe** compared to AI**, including competition between cat-
ions with bivalency compared to trivalent cations. This led
to more accumulation of aluminum than iron in bacterial cells
(Table 2) although aluminum is an unnecessary element for
biological functions. As the ability of metal accumulation un-
der aerobic dark was higher than under microaerobic light
conditions were found only for Fe**, this suggests that Fe**
might be used for biological functions in a higher level under
aerobic conditions. It should be noted that for AI** resistance
of PNSB-like strain TLS06 in addition of both metal
biosorptions, other mechanisms should be involved. This is
supported by altered cell shape under stress of Al**, which
was much more frequent than under stress of Fe** compared
to the control (Fig. 1a, b, c).

Removal of AP* and/or Fe** by biomass and EPS
from acid-resistant PNSB

The bacterial EPS has negative functional groups, such as
carboxyl (-COOH), hydroxyl (-OH), and amide (N-H) for
binding metal ions (Hou et al. 2013). As the EPS proportion
in R. palustris strains VNW64 and TLS06 was similar with
R. palustris PP803 (Table 4 and Nunkaew et al. 2015, carbo-
hydrate > nucleic acid > protein > unidentified compound),
strain PP803 had galacturonic acid as the most important part
in EPS for binding Na* in aqueous solution (Nunkaew et al.
2015). This suggests that R. palustris strains also used their
EPS for binding other cations, such as AI** and Fe**. Bacterial
EPS has the ability for AI’* adsorption which was also ex-
plained via a binding mechanism as AI’* that was embedded
by functional groups; —OH, N-H, C=0, and C-N are found in
loosely bound EPS and tightly bound EPS (Ruan et al. 2013).
For aluminum biosorption by biomass or EPS, the efficiency
of adsorption of AI** was significantly different between
strains VNW64 and TLS06 (Fig. 2). This reflected to the
EPS component of both strains as significantly higher of pro-
tein content in the former strain resulting to higher removal
efficiency (Table 4 and Fig. 2). In addition, strain VNW64
might have the tightly bound EPS being attached with bio-
mass that provided higher efficiency to its biomass. This in-
dicates why strain VNW64 was the most resistant to both
metal ions among the tested PNSB (Table 1). It is not surpris-
ing that the removal efficiency of EPS was much better than
biomass (Fig. 2a); this is due to a limitation of time exposure
as only 30 min; so too little for bioaccumulation by live bio-
mass. The maximum adsorption capacity of Chryseomonas
Iuteola TEMO5 was 55.2 mg AI** ¢! for 1 h incubation with
initial concentration of 5 mg L™ under optimal condition
(Ozdemir and Baysal 2004). In this study, biosorption capac-
ity of VNW64 biomass was roughly 13 mg AI** g~! for only
30 min, but the initial concentration was much higher. This is
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because the removal efficiency in this study was not high as
the maximum was only 60%; and this suggests that optimal
conditions of biomass or EPS dose, exposure time, pH value,
and initial concentration of toxicity should be investigated to
achieve the greatest efficiency.

Biosorption of Fe** by EPS as individual was higher than
that of a mixture with AI** (Fig. 2b); this is due to that in the
presence of AI**, EPS might have impact by AI** separation
from Al-EPS mixture to form [Alé(OH)lz(HzO)12]6+ and
[Al,5(OH);,]”* which prevented other cations in exposure to
the binding sites (Lee et al. 2004). The offered mechanism can
be explained that a component of EPS as carboxyl group (R-
COOH) cause to be the formation of ferrous oxalates
(FeC,0,4) including both ferrous formate dihydrate
(FeC,04.2H,0) and ferrous formate hydrate (FeC,04.H,0)
(Tapia et al. 2016), and other organic compounds (Tapia
etal. 2013). Due to Fe?* has a biofunction for organisms, this
led to no significant difference observed for the removal effi-
ciency by biomasses from both PNSB (Fig. 2b). However,
strain VNW64 showed significantly higher efficiency to bind
with Fe** in mixed metal ions than strain TLS06 under aerobic
dark conditions. This implies that the former strain might have
tightly bound EPS as previously described; and this led to its
more metal resistance.

It is clearly shown that oxygen levels affect the removal of
metals by EPS from both PNSB in the presence of iron as
removal of AI** in a mixed metal with Fe**, which was signif-
icantly higher in aerobic dark compared to microaerobic light
conditions (Fig. 2a). This is because redox values affect iron
forms to less solubility under higher oxygen levels (Swanner
et al. 2017); thus, this led to increase in binding sites for AP to
bind with EPS. The presence of iron significantly changed re-
moval of Fe** and AI** by both EPS under aerobic dark com-
pared to microaerobic light conditions (Fig. 2) indicating that
oxygen levels produced more influence on metal removal than
that found for light intensity. This is an evidence of no signif-
icantly different for individual AI** by both EPS under both
incubating conditions (Fig. 2a). As EPS, particularly TEP are
degraded by light (Wurl et al. 2011), this could be a short
exposure time to light of EPS as only 30 min biosorption so
no damage of both EPS by light. EPS from strain TLS06
showed significant increases to remove Fe* in both sets of
individual and a mixed metal under aerobic dark conditions,
suggesting that its EPS property differed from EPS from strain
VNW64 (Table 4). This might be that EPS from strain TLS06
was sensitive to light as higher metal (AI** and Fe**) removal
efficiency was found under aerobic dark (Fig. 2a, b).

Conclusions

The resistance capacity of potential acid-resistant PNSB to the
toxicity of AI** and/or Fe** was found at a higher level than
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critical concentration for rice growth; this is because they used
both biosorption and bioaccumulation mechanisms including
adaptation of cell shape. The highest protein content in EPS
component of strain VNW64 corresponded to the highest re-
sistant to both metal ions and also metal biosorption efficien-
cy. The overall result proved that the tested acid-resistant
PNSB, especially strains VNW64 and TLS06, have the high
possibility to be applied for bioremediation of paddy fields on
ASS to improve rice yield.
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