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Abstract

PVA is biodegradable plastic and a water-soluble synthetic polymer that plays a significant role in
industry. A large amount of PVA in wastewater causes heavy environmental pollution in terms of
accumulation, disposal, and long-term degradation; therefore it must be removed from wastewater before
the water is discharged. In this study, NS3 mixed microbial culture, capable of completely degrading 5
g.L'1 polyvinyl alcohol (PVA), was isolated from landfill soil using the enrichment culture method. It

completely degraded PVA at an initial concentration in the range 1- 5 g L™ over 5 - 20 days of incubation
with continuous shaking at 30 °C. Moreover, mixed microbial cultures were found to remove PVA at a
high range concentration of 10 - 25 g.L”'. Urea and glucose added to the medium inhibited PVA
degradation by increasing the pH to a strongly alkaline level, which would cause cell viability and
enzyme stability. The FT-IR spectra and SEM imaging revealed the mechanisms and the physical
degradation of PVA films, respectively. PVA uptake in bacterial cells produced a dent in the cell surface,
which represented the consumption of PVA by bacterial cell. The PVA-degrading mixed microbial
culture is the first reported in Thailand and can be beneficial in PVA wastewater treatment.
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Introduction

Polyvinyl alcohol, PVA, is a well-known synthetic polymer that is attracting interest for the
production of biodegradable plastic materials. The main chains of the vinyl polymer are joined only by
carbon-carbon linkages, similar to typical plastics such as polyethylene, polypropylene, and polystyrene.
The major uses of PVA include textiles, paper coating, warp sizing, adhesives, and films. PVA is a water-
soluble polymer. The large amounts of the material used and discarded have become a significant waste
problem. Among the vinyl polymers produced industrially, PVA is the only one known to be mineralized
by microorganisms, but its natural biodegradation rate is slow [1]. Many studies have screened for
isolated PVA degrading microorganisms. Single species, symbiotic cultures, and mixed microbial
cultures have been reported. Most single species that degrade PVA require the addition of exogenous
pyrroloquinoline quinine (PQQ) to the medium. PQQ is a cofactor for PQQ-dependent PVA
dehydrogenase (PVADH), which catalyzes the initial oxidation step in PVA degradation [1]; for example,

Pseudomonas spp. [2], Alcaligenes faecalis [3], and Sphingopyxis sp. PVA3 [4]. In symbiotic system
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cultures, one symbiont usually provides PQQ or other factors for complete PVA degradation. A
cooperative function of two strains may be required for PVA degradation, such as: Pseudomonas sp.
VMI5C, Bacillus megaterium, Sphingomonas sp. SA3, and Cardiobacterium sp. SB68 (SB68), for
symbionts: Pseudomonas putida VMI15A, bacterial strain PN19, SA2, and an unidentified bacterium
(SB69), respectively [5-8]. In some mixed microbial cultures, synergistic effects exist between strains
[9,10]. Several different enzyme systems for the degradation of PVA’s main chain have been reported
[11].

As the number of PVA-degrading microorganisms is limited, and many of those that have been
identified do not seem to be applicable, it is still necessary to search for novel microorganisms or
enzymes with good degradation capabilities. Novel microorganisms that degrade PVA faster or more
readily (i.e., without symbiotic or supplemental compounds) may be used to enhance the degradation of
PVA in wastewater or soil. This would also raise the status of PVA as a biodegradable polymer. In this
study, PVA-degrading microorganisms were initially screened and identified from soils contaminated
with PVA in Thailand. We focus on Thai indigenous organisms that are comparatively easier to introduce
and practice in Thailand. The various conditions of PVA degradation were also experimentally
determined. Finally, the PVA degradation by the mixed culture was characterized both by FT-IR and by a
scanning electron microscope.

Materials and methods

Chemicals and medium

Commercial PVA powders (PVA 117K, PVA 205MB, and PVA 217SB) were purchased from the
Kuraray Company (Japan). The media and chemicals were purchased from the Hi-media, Fluka, Merck,
and Sigma companies. Mineral salt medium (MM) containing 0.5 % (w/v) PVA 117K was the screening
medium for PVA degrading microorganisms. One liter of MM medium contains 1 g of (NH,),HPO,, 1.6
g of K,HPO,, 0.2 g of MgS0,.7H,0 and 0.2 g of KH,PO,, 0.5 g of peptone, 0.5 g of yeast extract, 1 mL
of trace element solution (0.5 mg of Na,M00O,4.2H,0, 0.5 mg of MnSO,, 10 mg of NaCl and 20 mg of
CaCl,.2H,0), 1 mL of vitamin solution (Inositol 0.2 mg, Pyridoxine 0.4 mg, Thiamine 0.4 mg and
Nicotinic acid 0.2 mg), and 10 mg of FeSO,4.7H,0. To add 0.5 % (w/v) PVA to the medium, 100 mL of a
5 % (w/v) PVA 117K solution was used. The mixture of ingredients was then diluted with a one-liter
volume of distilled water, so that the PVA concentration was 0.5 %. The 5 % (w/v) PVA solutions were
prepared by dissolving 5 g of PVA powder in 100 mL distilled water and autoclaving. Fifteen grams of
Bacto-agar was used to create a solid medium. The basic medium (BM) used in this study was composed
of 1 g of NH4NO;, 1 g of yeast extract, 1.6 g of K,HPO,, 0.05 g of MgS0O,4.H,0, 0.05 g of CaCl,, 0.02 g
of FeS0O,.7H,0, and 0.02 g of NaCl per liter final volume [12].

Screening for PVA degrading bacteria

Sixteen soil samples were collected randomly from landfills contaminated with PVA.
Approximately one hundred grams of soil from 1-2 cm below the surface was sampled. The enrichment
culture method was modified from [12]; 5 g of each sample were added into 45 mL normal saline and

shaken with a shaker for 1 h. Then, 2 mL of this solution was inoculated into a 250 mL flask containing
50 mL of the screening medium and cultured at 30 °C on a rotary shaker at 150 rpm.min™ for 7 days. For
the enrichment culture, the mixed microbial culture was further inoculated to new screening medium
twice. A soil sample (actually the mixed microbial culture from it) that could completely degrade 5 g.L™!
of PVA117K was chosen for further study. Five different bacterial strains were isolated from the mixed
culture by the dilution method and were named as strain No. 1 - 5.

Flask culture conditions and PVA degradation patterns

A starter culture was prepared by re-culturing the mixed microbial culture, isolated strain, or the
mixture of isolated strain (a combination of equal volume for each isolated bacterial culture) in PVA
broth. For this, 2 % (v/v) of the NS3 mixed microbial culture, a single isolated culture, or the mixture of
isolated strain was inoculated to 50 mL of 0.5 % PVA medium. The culturing was carried out on a rotary
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shaker at 150 rpm.min”" and at 30 °C until the PVA was consumed. PVA degradation patterns from the
mixed microbial culture were studied at different PVAs (PVA 205MB, PVA 217SB, and PVA117K),
medium types, temperatures, shaking speeds, PVA concentrations (1, 5, 10, or 25 g.L'l), and
supplementations of urea and/or glucose (0 or 1 g.L'l) in the medium. The amount of PVA in the culture
medium was measured by iodometry according to the Finley method [13].

Analysis of PVA concentration

Quantitative determination of the residual PVA concentration was carried out by Finley’s method
[13]. The method is based on the blue color produced by the reaction of PVA with iodine in the presence
of boric acid. The details of this determination are described as follows: 1 mL of cell culture was taken
and centrifuged to precipitate the cells. The supernatant was collected and diluted by distilled water to an
appropriate concentration, 0.5 mL of the diluted supernatant was mixed with 0.75 mL of 4 % (w/v) boric
acid, and 0.15 mL of KI-I, solution was added. The mixture was left at room temperature for 20 min, and
then 2 mL of distilled water was added. The optical absorbance of the reaction mixture was detected at
660 nm. The optical values were compared to a PVA standard curve to determine the concentration of
residual PVA in the medium. A blank culture was used as the reference during the tests. The percentage
of degradation was determined based on the difference of the concentration of initial PVA (A,) and
residual PVA (A,;) divided by initial PVA (Ay) and multiplied by 100. The standard curve was prepared
for a PVA range from 0.01 to 0.1 mg.

Fourier transform infrared spectrophotometry

PVA degradation by the mixed microbial culture was assessed by FT-IR. Thirty milliliters of the
mixed microbial culture was collected at 10 and 30 days. Culture supernatant was collected after
centrifuging at 10,000 rpm.min™' for 10 min at 4 °C. Culture supernatants were freeze dried and used for
the FT-IR analyses. Powder form PVA 117K was used as the control. The FT-IR spectra were recorded
using a Fourier Transform Infrared Spectrophotometer model EQUINOXSS5, Bruker, with a KBr disk as
the blank, scanning from 4,000 to 400 cm’ at a resolution of 4 cm’™'.

Morphological observations

A PVA film was aseptically prepared by pouring 5 % (w/v) PVA117K solution in a petri dish. It
was dried and cut into small 3x4 cm samples. Fifty milliliters of medium containing a PVA film sample
was inoculated with the NS3 mixed microbial culture and shaken at 30 °C and 150 rpm.min”" for 40 days.
The PVA film samples were collected, dried, and vacuum coated with gold for imaging with a scanning
electron microscope (SEM) (Quanta400, FEI). The degradation was assessed from the images. The
controlled PVA film sample treated without inoculum was assessed similarly.

Results and discussion

Screening of PVA degrading microorganisms

Sixteen soil samples were screened for PVA degrading bacteria using PVA enriched medium
cultures. Only one soil sample, namely NS3, totally degraded PVA initially at 5 g.L"' within twenty days
of culture (Figure 1a). It was collected from a landfill at Ban Nasan, Surat Thani province, which was
contaminated via PVA composting. Five strains (No. 1 - 5) were isolated from the NS3 mixed microbial
culture via the dilution method. Cultivation of these five bacteria cultures together or individually in a
PVA medium no longer showed complete degradation ability. This might be due to the loss of some
strain during isolation, so that symbiotic or synergistic conditions were lost. During the cultivation of the
NS3 mixed microbial culture in PVA medium, bacterial cells grew rapidly where a large amount of cell
flocculation was produced within 7 days. We detected PVA reduction after cell coagulation appeared,
while the mixture of isolated strains only grew in PVA medium and neither cell coagulation nor PVA
degradation occurred. In this study we observed large amounts of mixed bacterial coagulation, which
could predict the PVA elimination in broth culture.
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Figure 1 PVA degradation by NS3 mixed microbial culture cultivated in a PVA medium and the effects
of PVA concentration on PVA degradation over time. a) The time profile of residual PVA in broth culture
with initially 0.5 % (w/v) PVA. b) and c) The mixed microbial cultures were cultivated at 0.1 % (w/v)
and 0.5 % (w/v) of PVA with shaking at 30 °C and 150 rpm.min”. The symbols indicate the cycle
number of re-cultivation as first (1*), second (2™), and third (3"%).
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The PVA degradation ability might change during cycles of culturing, depending on the PVA
concentration. The ability to degrade PVA was reduced when the mixed microbial culture was re-
cultivated in 0.1 % (w/v) PVA (Figure 1b), while its PVA degrading ability was maintained when PVA
concentration was 0.5 % (w/v) (Figure 1¢). Notably, cultivation of the mixed microbial culture with low
PVA concentrations reduced the amount of cell coagulation. It is reasonable that PVA degradation may
have an initiation step dependent on the presence and amount of a certain strain in this mixed microbial
culture. Some research proposed that the PVA degrading process with mixed microbial culture [12] strain
grows in the beginning of cultivation and cuts PVA chains with a high degree of polymerization. Both
extracellular and membrane-oriented PVA degrading enzymes can be produced to cut PVA into smaller
molecules. As the degree of polymerization of PVA decreases, other microorganisms can utilize the
smaller PVA fragments and thrive. Eventually, small fragments emerge to enter into some
microorganisms that produce intracellular enzymes for further degradation of the intermediates. Thus, the
microorganisms in a NS3 mixed microbial culture may sequentially degrade PVA in a synergistic fashion.

Degradation of the different PVA samples

The behavior of mixed microbial culture on biodegradation of the different PVAs was studied in
flask cultures. The types of PVA were PVA 117K, PVA 205MB, and PVA 217SB, and they showed
similar time profiles of degradation (Figure 2a). This indicates that the mixed microbial culture degraded
PVAs over a wide range of degrees of hydrolysis, as PVA 117K has a high degree of hydrolysis (98 - 99
% mol), different from PVA 205MB and PVA 217SB (87 - 89 % mol). Fortunately, the NS3 mixed

culture degraded all these PVA types, which are routinely used in adhesives, paper coatings, and textile
products, suggesting that it has potential for eliminating PVA contamination in the environment.
Nevertheless, the mixed microbial culture isolated from the Pacific Textile Factory in China preferred
degrading PVA with low polymerization over types with high polymerization [12]. This might depend on
the bacterial consortium in a mixed microbial culture.

Culture conditions for PVA degradation

The choice of medium for PVA degradation was examined. The BM gave 97 % of polymer
degrading, while MM gave 86 % after 15 days of incubation. The pH of both media was mostly stable
and neutral throughout cultivation (Figure 2b). Due to its simpler composition and easier preparation, the
BM was chosen for further experiments. A comparison of the degradation time profiles at 30 and 35 °C
indicated similar completion times, but 30 °C showed higher intermediate rates (Figure 2¢). Moreover,
lower culture temperatures under 30 °C retarded PVA biodegradation (data not shown). Continuous
shaking increased PVA degradation, whereas no or limited shaking failed at the early period of culturing
for polymer elimination. However, PVA degradation at this insufficient aeration was revealed after
prolonged culturing over 15 days (Figure 2d). This is possibly due to aeration by the enhancing growth
of the first active strains in the mixed culture, producing essential growth factors for the other strains that
grew relatively slowly to secrete the enzymes for starting actual PVA degradation [14]. The proposition is
that early stages of cultivation showed that some strains grew without PVA degradation. In addition, PVA
degradation has been detected with prolonged cultivation past five days, which was corroborated by the
current experiments. Most PVA degrading microorganisms have been identified as aerobic bacteria
belonging to Proteobacteria, Firmicute, Fungi, and Actinomycete [5]. An anaerobic-aerobic bioreactor
model showed that the dominant bacteria degrading PVA were Proteobacteria [16]. This indicated that
Proteobacteria could grow under both anaerobic and aerobic conditions and were responsible for PVA
degradation. This phylum has been demonstrated to dominate printing and dyeing wastewater [17] and
showed abundant bacteria species in the mixed culture on PVA degradation processed. [12].

PVA degradation by a mixed microbial culture was investigated at different initial PVA
concentrations in the range 1 - 25 gL™' (Figure 2e). About 97 % of PVA from 1 gL of initial
concentration was removed within 5 cultivation days. The mixed microbial culture removed the polymer
by about 90, 80, and 50 % within 20 cultivation days when the initial PVA concentration was increased to
5,10, and 25 g.L™", respectively. This reveals that the NS3 mixed microbial culture has potential for the
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degradation of PVA at high concentrations. Prior reports have found that high PVA concentration
inhibited degradation by a mixed microbial culture [18]; however, the mixed microbial culture in this
experiment still started PVA degradation, even though PVA concentration was increased to 25 g.L"'. All
these results suggest that superior biodegradation depends upon the composition of a microbial
community, and that it is synergistic. As mentioned, NS3 mixed microbial may possibly have an effective
application in textile wastewater treatment under limiting aeration and PVA concentration load.
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Figure 2 Factors affected PVA degradation by the NS3 mixed microbial culture. a) Degradation of
different types of PVA. b) Comparison of medium types MM and BM. Effects of choices of c) culture
temperature at 30 and 35°C, d) shaking speed (I) continuous shaking at 150 rpm.min"'; (II) shaking for 30
min per day at 150 rpm.min’’; or (III) without shaking, ¢) PVA concentration, and f) supplementation

with urea and/or glucose in medium. All studies used 0.5 % (w/v) PVA as the initial concentration, except
fore.
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According to prior reports, the degradation of PVA can depend on the medium composition.
Inorganic nitrogen sources such as NaNO;, NH4NO;, (NH4),SO4, and urea have enhanced PVA
degradation more than organic nitrogen sources, such as yeast extract, peptone, or beef extract [12]. The
ratio of carbon sources to nitrogen sources and the pH of the medium influence PVA degradation. We
tried supplementing carbon and nitrogen in the medium to increase PVA degradation. Urea as an
inorganic nitrogen source was added in the basic medium at 1 g.L"' to help evaluate PVA degradation.
The polymer removal pattern was similar to that without supplemented urea, but during the cultivation it
increased the pH to alkaline levels 7.5 - 8.5. Urea did not promote PVA degradation because sufficient
nitrogen was already available in the medium (Figure 2f). Glucose supplemented at an initial
concentration 1 g.L"' in the medium gave 2-fold higher polymer degradation, changing it from 11 % to 20
% at 5 days of cultivation. It was preferentially utilized by bacterial consortiums for growth and
consequently increased initial biodegradation. This is called the “priming effect”, when glucose
stimulates PVA mineralization [9]. However, adding glucose to the medium decreases PVA degradation
over long periods of time. The equal combination of urea and glucose at an initial concentration 1 g.L™
promoted PVA degradation to 30 % over the initial culture period, and then completely inhibited it in
prolonged culturing (Figure 2f). Moreover, the higher the glucose concentration, the stronger the
inhibition observed. The pH of culture media containing urea and glucose varied within 7.5 - 9.05 at the
end of incubation. Adding urea and glucose increased the pH to strongly alkaline levels, causing the
demise of microorganisms and the instability of PVA degrading enzymes. The pH influences all
biological processes, including growth and PVA degradation activities of the microorganisms. The
enzymes secreted by mixed Bacillus sp. and Curtobacterium sp. actively degrade PVA in an alkaline
solution with initial pH 8 [9]. In another case, the enzyme activity of PVA degrading bacteria decreased
when the pH of the medium was not held at the optimally neutral (pH 7) level [19]. The optimal pH value
for PVA degradation by a mixed culture isolated from paper mill treatment was pH 8, showing the
shortest period for complete degradation [18]. All these data corroborate this current study, in that PVA
removal was best when pH was about 7 - 8, which is suitable for bacterial growth and the stability and
function of PVA degrading enzymes.

Investigation of PVA biodegradation by FTIR

PVA is a polymer with a carbon chain backbone and hydroxyl groups attached to methane carbon
[20]. Kawai and Hu [11] reported that the extensive published studies have established a two-step process
in the biodegradation of PVA, first by oxidation of two hydroxyl groups leading to B-diketone structures
or oxidation of one hydroxyl group obtaining monoketone structures, and then second by either
hydrolysis of B-diketone structures of oxidized PVA (oxiPVA) by a B-diketone hydrolase (oxiPVA
hydrolase) or aldolase reaction involving the monoketone structures of oxiPVA. To assess the
biodegradation of PVA in our experiments, FTIR spectra were measured for biodegradation over 30 days.
Two spectra are shown in Figure 3 (native PVA (a) and PVA degraded for 30 days (b)). The spectrum of
the native PVA was similar in its coarse features to the spectra of PVA biodegraded for the 30 day
periods. The peak in the region 3,600 - 2,600 cm™ is related to stretching vibrations of OH group [21]. It
is attributed here to the carboxyl groups presented in all samples. An absorption band at 1,714 em’ was
attributed to the carboxyl group in PVA, and was due to the stretching of C=0 and C-O. However, it is
missing from PVA biodegraded for 30 days. Additional absorption peaks at 1,651 and 1,404 cm™ were
observed for 30 days, which were identified as a -diketone structure and methyl formed by the scission
of several carbon bonds, respectively [9].

The morphologies of PVA and degraded PVA were observed under SEM (Figure 4). The microbial
populations on the PVA films held in the medium for 40 days were observed (Figures 4b - 4d). Some
bacteria appeared on the film surface and penetrated into the PVA matrix. In addition, a dent appeared in
the cell surface when culturing for 40 days (Figure 4d). The cell surface structural change was similar
with Sphingopyxis sp. strain 113P3 cultivated for 2 days on PVA medium [22] and Sphingomonas sp. Al
after exposure to alginate [23]. The dent appearing on bacteria seemed to be playing a role similar to that
of them. The cell surface structure change is induced by PVA, and a dent in the cell surface seem to be

704 Walailak J Sci & Tech 2020; 17(7)



Biodegradation of Polyvinyl Alcohol by Mixed Microbial Culture Duangkhaetita KANJANASOPA et al.

http://wjst.wu.ac.th

related to the uptake of PVA. These morphologies confirm the degradation of PVA using mixed
microbial culture.

1.0

/
217502 — {
N

0.7 08 0.9

Transmittance [Fa]

06

154868 —

Y
.
I
o
&
o
&

05
1651.04 —

T T T T
4000 300 3000 2800 2000 1500 1000 ano
Wavenumber cm-1

Figure 3 FTIR spectra of native PVA (a) and PVA degraded for 30 days (b).

Figure 4 SEM images of PVA films incubated in the medium for 40 days. PVA film incubated without
inoculation of bacteria was used as the control, shown in a) at 20,000x. b, ¢, d) The NS3 mixed bacteria
are visible at the magnifications of 1,000%, 5,000x%, and 20,000x, respectively. Arrows indicated a dent in
the bacterial cell surface.
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Conclusions

In conclusion, NS3, a mixed microbial culture, degraded PVA types with both high and low degrees
of hydrolysis. PVA degradation occurred best in cultures at 30 °C with shaking at 150 rpm.min”. The
NS3 degraded PVA at concentrations from 1 to 25 g.L'1 but, at the high end of this range, the degradation
rates were comparatively low. A combination of urea and glucose repressed PVA assimilation because
the culture turning alkaline could affect the viability of microorganisms and the stability of PVA
degrading enzymes. FT-IR analyses of the PVA samples with and without degradation were assessed to
gain insights into the degradation mechanisms and intermediate products. SEM imaging showed the
physical degradation of PVA films and ultrastructural change in the cell surface of bacteria relating to the
PVA uptake into the cell.
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