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Summary 

Plastics are one of the most widely used multipurpose products, mostly derived from 

fossil resources. Generation and accumulation of waste in the environment from 

tremendous use of plastic materials and depletion of fossil resources raised global 

concern and led to the development of biodegradable plastics (BPs). Biodegradable 

plastics are sustainable materials which undergo biodegradation in natural environmental 

conditions under the action of microorganisms in a limited time frame. Most of the 

biodegradable plastics are polyester based having labile ester bonds present in their 

backbone which makes them susceptible to microbial attack. Poly hydroxybutyrate and 

its co-polymers (PHB & PHBV), poly caprolactone (PCL), polyurethane (PU), 

polyethylene succinate (PES) and polylactic acid (PLA) are few of the widely used 

polyesters. Among the polyesters polylactic acid is the most famous and promising 

recyclable polymer, derived from the cheap renewable resources like sugar cane, potato, 

cassava and rice waste. This polyester has very high developmental prospects. The 

current study focused on the isolation of polyester degrading microorganisms from the 

soil. Isolated fungal and bacterial strains were characterized using microscopic and 

macroscopic features and identification was done using molecular analysis. Based on 

higher polyester degradation activity fungal strains SS2 and S45 while bacterial strains 
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S1, S2, S3 and S4 were selected for further studies. Due to their better degradation 

activity and substrate specificity for selected polyesters fungal strains were investigated 

for their degradation potential against PHB, PHBV, PCL and PU in both emulsion as well 

as film form using polymer emulsified agar plate assays, emulsion assays in broth, soil 

burial and sturm test. Changes produced on the surface and in physical and chemical 

properties of the polyesters were analyzed using Fourier transform infrared spectroscopy 

(FTIR), differential scanning calorimetery (DSC) and scanning electron microscopy 

(SEM). Bacterial strains were found to be efficient degraders of polylactic acid (PLA) so 

further studies were focused on biodegradation of PLA. All four bacterial strains were 

characterized for their growth using general growth media and lactic acid, biofilm 

formation ability on PLA. Degradation kinetics of PLA was also studied using size 

exclusion chromatography (SEC), to describe the effect of biotic (bacterial strains) and 

abiotic factors (temperature, pH, and media components) in biodegradation of PLA at 

ambient temperature (~30°C). Selected bacterial strains S2 and S3 were evaluated for 

their degradation potential against PLA in soil at mesophilic temperature (~30°C) using 

lab-built soil microcosms and role of abiotic factors towards biodegradation of PLA was 

also studied. Lactate as a bio-stimulating agent for PLA biodegradation was also studied. 

Strain S2 was characterized for lipase production during biodegradation of PLA, role of 

purified lipase against PLA biodegradation was evaluated and degradation products were 

determined using liquid chromatography mass spectrometery (LCMS). Whole genome 

sequencing was employed to study the genetic determinants underlying biodegradation 

potential of bacterial strains against PLA.   

Two fungal strains showing biodegradation potential against various polyesters PHB, 

PHBV, PCL and PU and four bacterial strains with the biodegradation potential for PLA 

were isolated. Based on the 18s rRNA sequencing fungal strains were identified as 

Penicillium oxalicum (SS2) and Aspergillus fumigatus (S45) while 16s rRNA sequencing 

identified bacterial strains as Chryseobacterium sp. (S1), Sphingobacterium sp. (S2) and 

two strains of Pseudomonas aeruginosa (S3 and S4). Penicillium oxalicum and 

Aspergillus fumigatus degraded various polyesters and their bioaugmentation in soil 

significantly increased biodegradation of polyesters which was confirmed by observing 
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physical, thermal and chemical changes in the polymers. All four bacterial strains showed 

remarkable biodegradation potential against PLA. In the in-vitro studies (in liquid media) 

it was found that there is minimal role of abiotic factors like pH, temperature, media 

components and hydrolysis towards biodegradation of PLA at 30°C and biodegradation 

was the dominant phenomenon governing the degradation of PLA. Bacterial strains were 

also found to form biofilm on the surface of PLA. Results found from in-vitro studies 

were confirmed in the in-vivo studies and bioaugmentation of soil microcosms with 

Sphingobacterium sp. (S2) and introduction of lactate into the soil media as a 

biostimulant significantly enhanced rate of biodegradation of PLA. Again minimal 

assistance from the abiotic factors towards biodegradation of PLA at mesophilic 

temperature was found.  Sphingobacterium sp. (S2) was found to be lipase producer and 

purified lipase (40KDa) hydrolyzed PL films and oligomers of lactic acid of various 

lengths were detected using LCMS.  Draft genomes of Sphingobacterium sp. (S2) and 

Pseudomonas aeruginosa (S3) indicated presence of the genetic elements like genes for 

biofilm formation and regulation, lactate utilization and presence of various hydrolases. 

These genetic elements are involved in conferring the biodegradation potential to the 

strains against PLA. 

This research-work indicated that soil can be a source for the isolation of polyesters 

degrading microorganisms which can be employed against biodegradation of various 

polyesters. Current study concluded that bacterial strains have the potential to biodegrade 

PLA at mesophilic temperature in liquid as well as soil. Their degradation potential could 

be utilized to develop new bioremediation strategies for management of PLA waste. 

Biostimulation and bioaugmentation strategies could be used synergistically to enhance 

rate of biodegradation of PLA. 
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Plastics are the synthetic molecules having properties good enough to replace everyday 

use of materials made up of wood, leather and metal (Sivan et al.,  2011). They are 

considered to be the most engineered products around the world. The manufacturing raw 

materials of plastics have shown remarkable change over the time, from milk, cellulose, 

coal to petroleum and currently petro-chemical based plastics are more evident in their 

use (McKeen et al.,  2013). Plastics can be classified as thermoplastics and thermoset 

plastics based on their physical and chemical properties. Compact end to end attached 

homo atom carbon chains form thermoplastics stable and inert to biodegradation. While 

the second kind called thermoset plastics carry heteroatoms in their highly crosslinked 

structure. This hetero-specificity makes their ester bonds vulnerable to degradation. 

Plastic made products are considered significant for daily use due to their easy 

availability, high durability, light weight, cheap and these properties on the other hand 

also make them a threat for the environment (Tribedi and Sil, 2013; Derraik et al.,  2002). 

Plastics are either of synthetic or natural origin (Shah et al., 2013). Natural plastics are 

innately biodegradable but their biodegradability depends on the chemical modifications 

that result in varied degree of degradation. Functional groups including hydroxyl, 

carboxyl, and amido give polymers water solubility (Knittel and Schollmeyer, 2008). 
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These polymers include polypropylene, polyethylene, poly(vinyl chloride), polystyrene, 

poly(ethylene terephtalate). Several synthetic polymers such as polyurethane, polyester, 

and some blend of polyethylene with starch, have the property of biodegradability unlike 

the other commodity polymers that are more common in use and non-biodegradable (Kay 

et al., 1993). 

 

Plastics production has increased worldwide since the introduction of synthetic polymers 

in the market. The newer techniques of polymer production from petrochemical sources 

have greatly evolved the plastic industry (Hopewell et al., 2009). Annually 4% of 

petroleum feedstock is consumed for around 140 million tones production of synthetic 

polymers globally (Hopewell et al., 2009; Shimao et al.,  2001; Hoang et al., 2007). 

Plastic manufacturing industry is growing continuously over 50 years (Thompson et al., 

2009). Comparing year 2011 with 1950 plastic manufacturing reached 280 million tons 

from 1.5 million tons and it is expected to surpass 540 million tons in 2020. The demand 

of plastics remains as usual higher in packaging sector during 2011 with over 39% of 

total demand. Whereas building and construction sector constitutes 20.5%, automotive 

8.3% and electronic and electrical utensils serve 5.4% of total demand (Europe, 2012). 

 

Increased polymer manufacturing and consumption is also associated with generation of 

huge amount of waste but methods to manage this waste are not adequate which is posing 

major environmental and health threats. As most of the plastics are non-biodegradable or 

their degradation rate is very slow, therefore they accumulate in the environment which is 

responsible for inestimable environmental threats like air, water and soil pollution 

(Sharon and Sharon, 2017). The common methods for plastic waste disposal are 

landfilling, incineration and recycling. Most of the countries dispose off plastic by open, 

unrestrained burning and land-filling (Smith et al., 2013). Incineration releases pollutants 

in environment causing health issues. Chemicals like dioxins and furans categorized as 

persistent organic pollutants, caused as a results of incineration of poly(vinyl chloride) 

are associated with number of human health problems including enzyme and immune 

disorders and some also may be categorized as carcinogens (Zhang et al., 2011; Lithner et 
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al., 2011). Additives, to make plastic more flexible and stable, and coloring agents also 

releases by products which can affect the workers‘ health who work on plastics 

processing plants (Sun et al., 2006). 

 

Availability of limited disposal methods for plastic waste management, non-

degradability, filling of landfill sites, water and land pollution have raised the 

environmental issues and global concerns. So, the necessity for the design of self-

sustainable biodegradable plastics with favorable properties, which can undergo 

degradation under natural disposal conditions raised and seems to be the way out. This is 

when biodegradable plastics (BPs) started to be developed (Mueller et al.,  2006). 

Biodegradable plastics also started to attract the world‘s interest when the oil crisis hit in 

1970‘s (Nair and Laurencin, 2007). The biodegradable plastics are considered a remedy 

to the issue of waste generation by conventional polymers resulting in attracting a special 

attention from public (Kamiya et al., 2007). Biodegradable plastics are defined as 

materials that are capable of breakdown from complex compounds to the simpler 

components with minimal toxic effects. This decomposition is facilitated by enzymatic 

action of microorganisms in the presence of optimum degrading conditions thus resulting 

in the measurement of the microbial activity through systemized tests. Biodegradable 

plastics appear to serve our environment with a green solution by managing the over flow 

of plastics, by new means of waste management system. It finds a promising strategy in 

place of time consuming recycling process of disposable products which leads to 

environmental hazards. Along with this, biodegradable plastics have also provided the 

means of securing the non-renewable resources of nature (Ren and Frymier, 2003). BPs 

can be easily attacked by microorganisms making them eco-friendly. Introduction of 

labile functional groups such as esters, carbonates, urethanes, orthoesters, anhydrides and 

amides in their structure make them prone to enzymatic hydrolysis. BPs may be 

categorized into bio-based and petrochemical-based plastics. This classification is based 

upon the origin of the polymers being produced as bio-based are derived from natural 

origin like animals, plants, or microorganisms such as proteins (casein, gelatine, wool, 

silk and wheat gluten), polysaccharides (e.g. cellulose, chitin, starch and lignin) and 
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lipids (e.g. animal fats and plant oils). This category also include natural rubber along 

with certain polyesters i.e either produced from bio based monomers like polylactic acid 

(PLA) or naturally produced by microbial or plant resources for example polyhydroxy 

alkanoates (PHAs). They are mostly biodegradable in nature. Petrochemical-based BPs 

are produced from non-renewable materials and are biodegradable to a certain extent, 

examples of such polymers include some straight chain polyesters (e.g. polycaprolactone 

(PCL), polyglycolic acid (PGA), and poly(vinyl alcohol) (PVA) and  copolymers e.g. 

poly(butylene succinate-co-terephthalate) (PBST) (Smith et al.,  2005). It should be kept 

in view that most of the commercial BPs are made up of aliphatic as well as aromatic 

components combined in order to diminish cost and increase performance (Song et al., 

2009). The property of biodegradable plastics to be molded into various shapes and 

resistance of the plastic surface to water seeks attention for daily life use (Gross and 

Kalra, 2002). Biodegradable plastics show remarkable potential in different applications 

e.g., packaging, medical, electronic, textile and transport. Cutlery, dishes and food 

packaging can be composted with food waste without being sorted and thus contribute a 

major role which is a huge advantage to the waste management and to reducing food 

waste and packaging disposal in landfills. According to the current estimates annual 

production of BPs has reached over 300 million tonnes and is exceeding at a rate of 30 % 

annually (Biron et al.,  2014). 

 

BPs are polyester based polymers having labile ester bond present in their structure. The 

presence of ester bonds in biodegradable compounds makes biodegradability their 

inherent property as ester bonds are hydrolysable (Vroman and Tighzert, 2009). 

Depending upon the origin of their raw material, polyesters can be natural or synthetic. 

Natural polyetsers are naturally produced by microorganisms while synthetic polyesters 

can either be produced from natural resource or can be petroleum based. Based on the 

types of monomers present in their backbone polyesters are further divided into three 

types. They can be aromatic having a ringed structure or can be aliphatic with a straight 

chain, or combination of both that is co-polyesters. The degradability of a polymer is 

elucidated by the type of bonding present in the polymer skeleton (Gopferich et al., 
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1996). The biodegradation of aliphatic polyesters can be described in a two step process: 

initially surface erosion of polyester takes place followed by cracks, pits and damage of 

physical appearance, afterwards enzymatic hydrolysis starts, which breaks down the 

larger molecules in to smaller soluble metabolites. These polyester metabolites are easily 

digested by the microbial population (Zheng et al., 2005). The presence of ester, amides, 

glycosides, orthoesters, urethanes, carbonates bond etc., in biodegradable plastics 

highlights the hydrolysability of these compounds as these bonds can be hydrolyzed by 

the release of certain esterolytic enzymes like lipases, esterases, proteases. Polyesters 

biodegrade in the environment in a reasonable time frame and produces less toxic effects 

on the environment. 

 

Aliphatic polyester, linear carbon chained compounds, with high hydrophilicity, extreme 

cystallinity, specific biodegradation profile and a fixed glass transition temperature are 

produced under suitable manufacturing process (Jérôme and Lecomte, 2008). Aliphatic 

polyesters exhibit a range of properties both mechanical and physical, which make them 

comparatively superior over conventional non-biodegradable plastics. These polymeric 

materials find a number of applications and uses in agriculture, horticulture, automotive, 

household, packaging and biomedical fields such as drug delivery system due to their 

high biocompatible and hydrolysable properties (Bikiaris et al., 2006). Among straight 

chain polyesters polyethylene succinate (PES), poly-ε-caprolactone (PCL), polybutylenes 

succinate (PBS), polyhydroxy butyrate (PHB) and poly-lactide (PLA) are the unique 

class of biodegradable polymers, which possess the potential characteristics of 

biodegradability and biocompatibility in different environments. 

 

Poly-lactide (PLA) is bio-based biodegradable polyesters from aliphatic class of 

polyesters, mainly produced from the non-fossil materials containing starch like rice, 

cassava, potato and sugar cane (Garlotta et al.,  2002; Lim et al., 2008). It is the most 

widely studied and popular polyester in the present time with the brightest scope of 

improvement and development. It is considered as a solution to the white pollution 

caused by plastics as it has more than one end-of-life scenarios, hence increasing its 
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waste management options (Ren et al.,  2011). PLA is produced naturally either by 

bacteria or are synthesized by chemical process of poly-condensation and/or ring-opening 

polymerization (ROP) with NatureWorks as the chief manufacturer (Rudnik et al.,  

2010). PLA provides traits comparable to its conventional hardly-biodegradable but 

highly used counterparts like polyethylene terephthalate, polystyrene, and polypropylene 

(Auras et al., 2004). Major attributes of PLA include biodegradability, biocompatibility, 

high mechanical strength, bio-absorbability, high modulus, transparency, low toxicity, 

easy processability and energy savings (Li et al., 2016; Ljungberg et al., 2005). PLA is 

categorized as Generally Recognized as Safe (GRAS) material which further increases its 

scope. PLA has found application in almost all important sectors of life like fibers, 

textiles, packaging, service ware, environmental remediation films and plasticulture 

(Auras et al., 2011). Its biocompatible nature has marked its tremendous use in medical 

industry (Pawar et al., 2014). PLA shows complete biodegradability with rate of 

biodegradation increased by factors like hydrolysis, biodegradation, thermolysis and 

oxidation (Nampoothiri et al., 2010). 

 

With tremendous raise in the demand and manufacture of poly(lactic acid), generation 

and accumulation of PLA waste also increased. Currently composting is considered as 

the most suitable route of disposal for PLA waste. But lack of proper setup for collecting, 

sorting and recycling of PLA products at the end of user life, raises serious limitation to 

implication of composting as the disposal method. This raises another concern that 

disposal of PLA in an inadequate manner would led to the accumulation of its waste in 

environment like other plastics. Due to the limited information available on the 

parameters of biodegradation of PLA in soil at environmental temperature, utilization of 

the soil as bioremediation system has been ignored. So, further research on the 

exploration and construction of more robust waste management systems for PLA is 

crucial. The research work described in this thesis comprises of 7 chapters (counting 

current introduction and literature review as chapter 1 and 2). Second chapter 

comprehensively describes plastics and its environmental impacts, production of 

biodegradable plastics (BPs) as alternative to conventional commodity plastics, 
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importance of polyester-based BPs and diversity of microorganisms and enzymes with 

potential to biodegrade polyesters (refer to chapter 2). The current study was conducted 

with the following focuses: (a) exploration of soil for microorganisms able to degrade 

polyester-based BPs. Biodegradation of various polyesters (PHB, PHBV, PCL and PU) 

was qualitatively stuied using fungal and bacterial isolates and degradation was evaluated 

using different analytical techniques (refer to chapter 3); (b) Isolation and 

characterization of bacterial strains with the potential to degrade poly(lactic acid) at 

mesophilic temperature (~30 °C). Detailed study of degradation kinetics of poly(lactic 

acid) (PLA) was carried out including the effects of different abiotic and biotic factors on 

biodegradation of PLA at 30 °C. The focus of this part of study was to establish the role 

of microorganisms in the degradation of PLA at mesophilic temperature (refer chapter 4); 

(c) Bio-augmentation of lab-built soil microcosms with Sphingobacerium sp. strain S2 

and Pseudomonas aeruginosa strain S3; and bio-stimulation of soil microcosms with 

lactate for enhanced PLA degradation at ambient temperature (~30 °C) was carried out. 

Theme of this in-vivo study was to confirm the results obtained from previous section 

and also evaluate the biodegradation of PLA under natural environmental conditions (soil 

at mesophilic temperature i.e. 30 °C) (refer chapter 5); (d) based on the better 

biodegradation potential in-vitro as well as in-vivo, Sphingobacerium sp. strain S2 was 

used for further used for evaluation of expression of PLA hydrolyzing enzyme. 

Optimization, production and purification of PLA-degrading lipase enzyme was done. 

PLA films were treated with purified enzyme to confirm the degradation potential of the 

enzyme produced by Sphingobacerium sp. strain S2 (refer chapter 6). Finally to 

determine the presence of genetic elements contributing towards the degradation potential 

of our strains against PLA and others, like genes for biofilm formation, lactate utilization 

and various hydrolases were also identified and confirmed in genome annotation studies 

for both Sphingobacterium sp. strain S2 and Pseudomonas aeruginosa strain S3 (refer 

chapter 7). 

 

Current study will demonstrate degradation potential of plastic degrading 

microorganisms, isolated from soil, against various aliphatic polyesters and co-polymers 
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as well with special emphasis on poly(lactic acid) (PLA). This study will establish 

dominant role of microorganisms in biodegradation of PLA at ambient temperature in 

liquid media (in-vitro) as well as in lab-built soil microcosms (in-vivo) with minimal 

assistance from abiotic factors (hydrolysis, temperature, pH etc). Draft genomes of both 

the strains will give information about the genetic elements that are involved in 

conferring different properties to the strains helping in the degradation of PLA like 

biofilm formation, lactate utilization and various hydrolases production. This research-

work shall provide an insight into the missing gap in waste disposal methods used for 

PLA so far. Further research in this area using bio-augmentation and bio-stimulation 

strategies for solid-waste management of PLA could not only come up with the new 

bioremediation methods, already present processes for the recovery of PLA could also be 

improved. This study will act as a reference study providing information regarding the 

enzymes involved in biodegradation of PLA, establishment of more efficient degradation 

methods and construction of simulated systems for PLA waste management using PLA 

degrading microorganisms.  

 

 

 

 

 

Aim & Objectives 

 

Aim 

Investigation of soil samples for potential plastic degrading microbial strains. 

Objectives 

1. Isolation and identification of plastic degrading microorganisms.  

2. Evaluation of biodegradation of plastics by fungal and bacterial strains and estimation 

of degradation through different analytical techniques. 

3. Study of degradation kinetics of an aliphatic polyester, Poly(lactic acid) (PLA). 
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4. Evaluation of bio-augmentation and bio-stimulation strategies for PLA degradation  

in soil microcosms at ambient temperature.  

5. Production and characterization of PLA hydrolyzing enzyme. 

6. Degradation of PLA films with purified enzyme (lipase) and estimation of 

degradation products through LCMS. 

7. Genome annotation of Poly(lactic acid) degrading bacterial strains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References   

 

AURAS, R., HARTE, B. & SELKE, S. 2004. An overview of polylactides as packaging 

materials. Macromolecular Bioscience, 4, 835-864. 

AURAS, R. A., LIM, L.-T., SELKE, S. E. & TSUJI, H. 2011. Poly (lactic acid): 

synthesis, structures, properties, processing, and applications, John Wiley & Sons. 

DOI: 10.1002/9780470649848 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 47 

 

BIKIARIS, D. N., PAPAGEORGIOU, G. Z. & ACHILIAS, D. S. 2006. Synthesis and 

comparative biodegradability studies of three poly (alkylene succinate)s. Polymer 

degradation and stability, 91, 31-43. 

BIRON, M. 2014. 2-The plastics industry: economic overview. Thermosets and 

composites (Second Edition)(Eds: Biron M). William Andrew Publishing Co. Inc., 

Oxford, UK, 25-104. 

DERRAIK, J. G. B. 2002. The pollution of the marine environment by plastic debris: a 

review. Marine Pollution Bulletin, 44, 842-852. 

EUROPE, P. R. 2012. How to boost plastics recycling and increase resource efficiency. 

Google Scholar. 

GARLOTTA, D. 2002. A literature review of poly (lactic acid). Journal of Polymer and 

Environment, 9, 63-84. 

GROSS, R. A. & KALRA, B. 2002. Biodegradable polymers for the environment. 

Science, 297, 803-7. 

HOANG, K. C., TSENG, M. & SHU, W. J. 2007. Degradation of polyethylene succinate 

(PES) by a new thermophilic Microbispora strain. Biodegradation, 18(3):333-42. 

HOPEWELL, J., DVORAK, R. & KOSIOR, E. 2009. Plastics recycling: challenges and 

opportunities. Philosophical Transactions of the Royal Society B: Biological 

Sciences, 364, 2115-2126. 

JÉRÔME, C. & LECOMTE, P. 2008. Recent advances in the synthesis of aliphatic 

polyesters by ring-opening polymerization. Advanced drug delivery reviews, 60, 

1056-1076. 

KAMIYA, M., ASAKAWA, S. & KIMURA, M. 2007. Molecular analysis of fungal 

communities of biodegradable plastics in two Japanese soils. Soil Science & Plant 

Nutrition, 53, 568-574. 

KAY, M., MCCABE, R. & MORTON, L. 1993. Chemical and physical changes 

occurring in polyester polyurethane during biodegradation. International 

biodeterioration & biodegradation, 31, 209-225. 

KNITTEL, D. & SCHOLLMEYER, E. 2008. Functional group analysis on oxidized 

surfaces of synthetic textile polymers. Talanta, 76, 1136-1140. 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 48 

 

LI, F.-J., TAN, L.-C., ZHANG, S.-D. & ZHU, B. 2016. Compatibility, steady and 

dynamic rheological behaviors of polylactide/poly(ethylene glycol) blends. 

Journal of Applied Polymer Science, 133,  42919. 

LIM, L. T., AURAS, R. & RUBINO, M. 2008. Processing technologies for poly(lactic 

acid). Progress in Polymer Science, 33, 820-852. 

LITHNER, D., LARSSON, Å. & DAVE, G. 2011. Environmental and health hazard 

ranking and assessment of plastic polymers based on chemical composition. 

Science of The Total Environment, 409, 3309-3324. 

LJUNGBERG, N., COLOMBINI, D. & WESSLÉN, B. 2005. Plasticization of poly(lactic 

acid) with oligomeric malonate esteramides: Dynamic mechanical and thermal 

film properties. Journal of Applied Polymer Science, 96, 992-1002. 

MCKEEN, L. W. E. B. L. W. M. 2013. Introduction to Plastic Properties, In Plastics 

Design Library. William Andrew Publishing, Boston, 43-69. 

MUELLER, R.J., 2006. Biological degradation of synthetic polyesters—Enzymes as 

potential catalysts for polyester recycling, Process Biochemistry, 41, 2124-2128.  

NAIR, L. S. & LAURENCIN, C. T. 2007. Biodegradable polymers as biomaterials. 

Progress in Polymer Science, 32, 762-798. 

NAMPOOTHIRI, K. M., NAIR, N. R. & JOHN, R. P. 2010. An overview of the recent 

developments in polylactide (PLA) research. Bioresource Technology, 101, 8493-

8501. 

P PAWAR, R., U TEKALE, S., U SHISODIA, S., T TOTRE, J. & J DOMB, A. 2014. 

Biomedical applications of poly (lactic acid). Recent Patents on Regenerative 

Medicine, 4, 40-51. 

REN, J. 2011. Biodegradable poly (lactic acid): synthesis, modification, processing and 

applications, Springer Science & Business Media. 

REN, S. & FRYMIER, P. D. 2003. Use of multidimensional scaling in the selection of 

wastewater toxicity test battery components. Water Research, 37, 1655-1661. 

RUDNIK, E. 2010. Compostable polymer materials, Elsevier. 

SHAH, A. A., EGUCHI, T., MAYUMI, D., KATO, S., SHINTANI, N., KAMINI, N. R. 

& NAKAJIMA-KAMBE, T. 2013. Purification and properties of novel aliphatic-



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 49 

 

aromatic co-polyesters degrading enzymes from newly isolated Roseateles 

depolymerans strain TB-87. Polymer Degradation and Stability, 98, 609-618. 

SHARON, C. & SHARON, M. 2017. Studies on Biodegradation of Polyethylene 

terephthalate: A synthetic polymer. Journal of Microbiology and Biotechnology 

Research, 2, 248-257. 

SHIMAO, M. 2001. Biodegradation of plastics. Current Opinions of Biotechnology, 12, 

242-246. 

SIVAN, A. 2011. New perspectives in plastic biodegradation. Current Opinions of 

Biotechnology, 22(3), 422-6. 

SMITH, M., CECCHI, L., SKJØTH, C., KARRER, G. & ŃIKOPARIJA, B. 2013. 

Common ragweed: a threat to environmental health in Europe. Environment 

International, 61, 115-126. 

SMITH, R. 2005. Biodegradable polymers for industrial applications, Boca Raton, CRC 

Press. 

SONG, J. H., MURPHY, R. J., NARAYAN, R. & DAVIES, G. B. H. 2009. 

Biodegradable and compostable alternatives to conventional plastics. 

Philosophical Transactions of the Royal Society B: Biological Sciences, 364, 

2127. 

SUN, H., MEI, L., SONG, C., CUI, X. & WANG, P. 2006. The in vivo degradation, 

absorption and excretion of PCL-based implant. Biomaterials, 27, 1735-1740. 

THOMPSON, R. C., MOORE, C. J., VOM SAAL, F. S. & SWAN, S. H. 2009. Plastics, 

the environment and human health: current consensus and future trends. 

Philosophical Transactions of the Royal Society B: Biological Sciences, 364, 

2153-2166. 

TRIBEDI, P. & SIL, A. K. 2013. Founder effect uncovers a new axis in polyethylene 

succinate bioremediation during biostimulation. FEMS Microbiology Letters, 

346(2), 113-120. 

ZHANG, T., FIEDLER, H., YU, G., OCHOA, G. S., CARROLL JR, W. F., GULLETT, 

B. K., MARKLUND, S. & TOUATI, A. 2011. Emissions of unintentional 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 50 

 

persistent organic pollutants from open burning of municipal solid waste from 

developing countries. Chemosphere, 84, 994-1001. 

ZHENG, Y., YANFUL, E. K. & BASSI, A. S. 2005. A review of plastic waste 

biodegradation. Critical Review of Biotechnology, 25, 243-50. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. A Brief Overview on Plastics: Production and Consumption 

Plastics are long chain polymeric material with properties like inexpensive, lightweight, 

sturdy and resistant to corrosion (Derraik et al.,  2002; Thompson et al., 2009a). Most of 

the plastics are considered as hard-to-degrade and highly persistent materials even from 
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hundreds to thousands of years (Cole et al., 2013; Barnes et al., 2009). With the 

commercialization of plastic in the middle of 20
th

 century, the manufacturing of plastics 

rose promptly, which saw great increase of 622% since late four decades (Thompson et 

al., 2009b). An increase of 84 million tonnes in plastic production was observed in 2014 

in comparison to 2004 with annual production of plastic exceeding 311 million tonnes 

that is estimated to further increase to almost 33 billion tonnes till 2050 (Horton et al., 

2017; Thompson et al., 2005; Rochman et al., 2013). various areas of life where plastics 

are abundantly utilized and their contribution to overall plastic production include 

packaging industry (39.5%), construction supplies (20.1%), automotive industry (8.6%), 

electronic goods (5.7%) and agriculture sector (3.4%) with  rest of the share from 

household appliances and sports material (Europe, 2015). Fig. 2.1 represents some 

common conventional plastics and their consumption. 

 

According to the European Commission report, out of 30,000 diverse polymers enlisted 

in the European Union, 84% of them are represented by thermoplastics (Europe, 2015). 

According to report published by Pakistan Plastic Manufacturers Association (PPMA), 

plastic industry is growing at an annual rate of 17% in Pakistan, and is expected to grow 

further. There are about 6,000 plastic units currently working in Pakistan, from which 

major contribution comes from Punjab, about 60% including 360,000 workforces, 30% in 

Sindh with 180,000 workforce, 7% in Khyber Pakhtunkhwa with 42,000 workforce and 

3% in Baluchistan with 18,000 workforce2 (Daily Times, 2011). 

 

2. Plastic Waste Generation 

The rapidly increasing demand and production of plastics over the last few decades has 

ended up in the production and accumulation of large quantities of plastic litter in the 

environment (Andrady et al.,  2011; Cózar et al., 2014; Eriksen et al., 2014; Wright et al., 

2013). Waste from plastics constitute up to 54% by mass of all the anthropogenic waste  
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Figure 2.1 Global fractional consumption of plastics in the year 2008 (Europe, 2008) 
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materials (Hoellein et al., 2014). The properties like durability, resistance to wear and 

biodegradation and waterproof nature make plastics extremely persistent (Barnes et al., 

2009; Imhof et al., 2012). Plastic waste is generally categorized by size: mega-waste 

(>100 mm), macro-waste (>20 mm), meso-waste (20–5 mm) and micro-waste (<5 mm) 

(Barnes et al., 2009). It is considered among the most widespread anthropogenic 

pollutants of marine, limnic and terrestrial ecosystems (Krueger et al., 2015). Plastic 

debris is found in all environmental compartments including in terrestrial, fresh water, 

oceans, even in areas of less anthropogenic involvement like distant islands and deep sea 

environments as well (Galgani et al., 1996; Van Cauwenberghe and Janssen, 2014; 

Woodall et al., 2014). They can make clumps and transform into a solid rock-like 

substances, called ‗plastiglomerates‘, becoming a part of the volcanic rocks, sediments 

and organic substances and can even contaminating the fossil records as well (Corcoran 

et al.,  2014).  

 

2.1 Plastic waste in marine environment 

Plastic debris is posing a serious threat and damage to global marine environment which 

is estimated to be $13 billion each year (Nairobi et al.,  2014). Plastic waste is found 

everywhere in the marine environments, even in the Polar Regions and the equator as 

well (Barnes et al., 2010; Gregory and Ryan, 1997; Zarfl and Matthies, 2010), from 

distant seashores to densely colonized beaches (Derraik et al.,  2002) and deep down into 

the bottom of the deep sea (Van Cauwenberghe and Janssen, 2014; Woodall et al., 2014). 

According to the data, amount of the plastic to enter the sea is almost 10% of the plastic 

produced globally (Thompson, 2006) and in 2010 about 4.8–12.7 M tons of plastic waste 

was estimated to be present in sea environment (Jambeck et al., 2015). 

 

2.2 Plastic waste in fresh water and soil 

Considerably very limited data about the presence of plastic waste in the soil and fresh 

water reservoirs is available until now (Horton et al., 2017; Eerkes-Medrano et al., 2015; 

Steinmetz et al., 2016; Rillig et al.,   2012). Soil is the possible basin for micro-debris 
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from plastic and their abundance in soil is evident now (Fuller and Gautam, 2016). 

Among various input routes for the plastic debris in soil, use of sewage sludge and 

compost on soil is one important course (Zubris and Richards, 2005). Due to compost 

application, the amount of visible plastic reaching to the soil can reach from 0.016-1.2 kg 

ha
−1

  up to 0.08-6.3 kg ha
−1

  this estimate does not include microplastics and nanoplastics 

(Bläsing and Amelung, 2018). Sewage sludge is the most abundantly used material 

responsible for introduction of micro-plastic in the soil as it is evident that during waste 

water treatment 90% of the microplastic is removed that remains in sludge (Mason et al., 

2016; Mintenig et al., 2017), this number is even higher than the estimated amount of 

plastic in marine surface water. Other ways for the introduction of plastic into the soil 

include plastic mulching, irrigation and flooding, presence of litter along the road-sides 

and trails or utilization of wrong ways for plastic dumping. 

 

3. Hazards of plastic waste 

The pollution by the plastic waste has huge environmental impact that has gained special 

attention from the last few decades. Plastic can act as the absorbent for other pollutants, 

aggregating their concentration even up to 106 times the original amount (Mato et al., 

2001). Almost 50% of the plastics are said to have hazardous monomers, additive or the 

chemical byproducts that can leach into the environment very easily (Lithner et al., 

2011), bisphenol A and phthalates are common examples (Wang et al., 2016; Sajiki and 

Yonekubo, 2003). Hazardous chemicals released from the plastic are known to cause 

cancer and reproductive abnormalities in humans, rodents, invertebrates and even in 

marine populations (Garrigós et al., 2004; Marcilla et al., 2004). A large number of 

studies are there reporting adverse effects of plastic on marine animals and for freshwater 

habitants as well(Gregory et al., 2009; Li et al., 2016b; Wright et al., 2013; Sanchez et al., 

2014 and Holland et al., 2016). Microplastics are also known to cause abnormalities in 

different soil dwelling invertebrates like earthworms (Huerta Lwanga et al., 2016; 

Rodriguez-Seijo et al., 2017; Dongdong et al., 2017). 

 

4. Plastic waste Management strategies  
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4.1 Landfilling plastics 

It is a traditional method of waste management where an excavated part of land is used 

for waste collection. The land remains unavailable for longer period of time because of 

the slow degradation rate experienced in the landfills (Tansel and Yildiz, 2011). Actually, 

the availability of oxygen inside landfill is limited and the limited degradation 

experienced by plastic waste is due to these anaerobic conditions (Tollner et al., 2011; 

Massardier-Nageotte et al., 2006). Another factor that serves to further slower down the 

rate of degradation is thermooxidative degradation inside the landfills (Andrady et al.,   

2011). Another major limitation to landfills is the linear flow of materials i.e none of the 

plastic component or monomer could be recovered from landfills (Hopewell et al., 2009). 

The landfill plastic waste contains certain secondary pollutants of the environment 

(Jianfei et al., 2004). They include volatile organic acids like toluene, ethyl benzenes, 

benzene, xylenes and trimethyl benzenes. These pollutants could release in the 

environment in the form of gases as well as could become a part of leachate (Tsuchida et 

al., 2011; Xu et al., 2011).  

 

4.2 Incineration 

The incineration of plastics, in addition to offering as a source of alternate energy, also 

provides a way to reduce the garbage as a whole as it gets burnt and hence destroyed. 

There can be a 90 – 95% decrease in the volume of garbage through burning plastics. 

Apart from the fact that plastics can be burnt in order to obtain heat energy, and be used 

as an alternate fuel source, the world has reservations about the harmful fumes that are 

released during the burning process (Panda et al., 2010). Technology today makes it 

possible to reduce the hazardous emissions and makes it possible to burn the plastics and 

remain in conformation with the Clean Air Act Amendments of 1990 (Alter et al.,   1993; 

Yakowitz et al.,   1990). While the fumes produced during incineration can be handled, 

the ash that is resulted can be much more harmful. These ashes include fly ash and 

bottom ash. Whereas fly ash is released in the form of fine particles with the smoke, the 

bottom ash, as the name implies remains at the bottom of the incinerator. This must be 

removed by different cleaning methods and disposed of to various dumping sites such as 
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landfills. The dumping of this bottom ash in a landfill poses a threat of water and soil 

pollution due to leachate formation in the form of heavy metals such as cadmium and 

lead, which can have harmful effects. This groundwater and soil contamination can be 

disastrous to drinking water and agriculture and to the general environment as a whole. 

Thus the leachate must be prevented from reaching the water source, which involves the 

implementation of methods such as lining the landfill which may not be a feasible choice 

when it comes to the economy of the method. Efforts are being made to use this leachate 

in a positive manner which encircles areas of applications as in the construction industry 

(Ashori et al.,   2008). 

 

4.3 Plastics recycling 

The best way to dispose of an old material is to recycle that material into a new item of 

use. Before considering the landfilling and incineration options, one would think why not 

recycle the material straightaway? One of the major disadvantages of plastics is that they 

are not easily recycled. In recent times, due to the loss of the valuable material, plastic 

recycling has been taken into consideration. Recycling offers not only the use of material 

in another form but also saves the landfill space and in case of incineration, a huge 

amount of energy that is wasted in burning plastics. The following hurdles have been 

discussed by an author, which make plastics hard to recycle (Rebeiz and Craft, 1995): 

 

(i) Equipment damage due mixing of plastic with materials such as dirt and 

metals; 

(ii) Plastics are a diverse group of materials with each type of plastic having 

invidual structure and dynamic properties such as different melting points, 

rheology and reaction to heating, making recycling a difficult proposition; 

(iii) Reduced solubility of plastics presents another problem, as they make a 

discrete phase with continuous phase; 

(iv) Plastic are not stable over time and loose uniformity; 

(v) Plastic wastes have a relatively low density 
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Recycling process covers the environmental shortcomings of both landfills and 

incineration but it is comparatively costly and ineffective process (Yamada-Onodera et 

al., 2001; Jianfei et al., 2004) because the presence of contaminants can complicate the 

recycling process which can reduce both the quality and production of the recovered 

product (Jianfei et al., 2004; Awaja and Pavel, 2005). 

5. Biodegradable plastics 

Availability of limited disposal methods for persistent plastic waste and its environmental 

impact has grown more global concern. Currently available disposal route for plastic 

waste have their adverse effects on environment as well like incineration causes air 

pollution as it releases poisonous gases, landfill sites are inadequate and recycling is not 

cost feasible (Okuwaki et al.,   2004; Fortelný et al., 2004). As a consequence persistent 

plastic waste is becoming less and less acceptable and necessity of plastic material that 

show biodegradability, biocompatibility, sustainability and releases low-toxicity 

degradation products is apparent. Thus biodegradable plastics (BPs) emerged as a 

solution to this problem and an alternative to the conventional plastics because of their 

eco-friendly nature (Tokiwa et al., 2009). Biodegradable plastics are the materials that 

under natural environmental conditions and microbial enzymatic attack, can undergo 

decomposition from the complex polymeric molecule into simpler compounds and 

biomass (D6813-02, 2013). BPs are very advantageous to the environment for example 

their application to the soil enhances the fertility of the soil and leave less bulky leftovers 

thus reducing the efforts and budget that is wasted for the management of the waste; 

furthermore, biodegradable plastics can be recycled to useful metabolites by 

microorganisms and enzymes. 

 

6. Classification of BPs 

Biodegradable plastics depending upon their source of origin can be classified into two 

main categories natural plastics or synthetic plastics. Natural biodegradable plastics are 

basically obtained from the non-fossil materials that include production from plants 

and/or micro-organisms (polyhydroxyalkanoates) or synthesized from renewable 

resources (polylactic acid), while the synthetic BPs are of petrochemical origin 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 58 

 

(poly(glycolic acid), poly(vinyl alcohol) and poly(caprolactone)). However many 

commercial BPs are often composed of polymer blends including both renewable carbon 

and partly petrochemical carbon to increase their performance and maintain 

biodegradability. Generally BPs are classified into following sub-categories Fig. 2.2. 

 

 

6.1 Natural polymers 

These plastics can be produced biotechnologically using plants and mostly microbes. 

Bacterial polyesters, polyhydroxy-alkanoates (PHAs) are the leading polymers in this 

class and have gained much interest because of their biodegradability. Unlike 

conventional petroleum based polymers that take several decades to degrade, 

polyhydroxyalkanoates can be readily bio-degraded using a variety of microorganisms. 

PHAs are straight chain polyesters either naturally produced by bacteria utilizing 

renewable resources including lipids or sugars (Anderson et al., 1990). Different 

polymers of the PHA family are poly hydroxybutyrate homopolymer (PHB), poly 

hydroxybutyrate-co-valerate (PHBV), poly hydroxybutyrate-co-hydroxyhexanoate 

(PHBH), poly hydroxybutyrate-co-hydroxyoctanoate (PHBO), and poly hydroxybutyrate-

co-hydroxyoctadecanoate (PHBOd). PHAs could replace synthetic non-degradable 

plastics for various applications (Philip et al., 2007) such as in packaging industry, 

agriculture and horticulture, fast-food, hygiene, and biomedical applications (Zinn et al., 

2001; Williams et al., 1999). 

 

6.2 Chemically modified natural polymers 

This class of biodegradable plastics consists of polymers that are produced from the 

renewable materials and undergo some chemical modifications to improve their 

mechanical and physical properties. 

 

6.2.1 Starch-based plastics 
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Starch represents main plant energy reserve and is extracted from wheat, rice, maize, 

potatoes, corn etc. There are different ways in which starch can be used to produce 

biodegradable plastics. 

 

6.2.2 Starch blends containing 10–20 % starch 

In oil-based commodity plastics starch is introduced to increase the biodegradability of 

the polymer (De Graaf and Janssen, 2000; Tianyi and Xiuzhi, 2000). Starch accelerates 

the breakdown of the synthetic polymeric chains. Microbes always attack the segment of 

the polymer containing starch thereby making the material porous, thus structure of the 

polymer gets weak enabling it to break apart. 

 

6.2.3 Starch blends containing 40–60 % starch 

Composition of these polymers consists of 40–60 % starch and the rest are additives and 

other biodegradable materials. This class of starch blends is also known as plastified 

starch composites. They have characteristics comparable to conventional plastics like 

polypropylene (PP) and exposure to hot water degrades them. Concentration of starch 

content in them determines their properties. They are biodegradable and compostable and 

show degradation characteristics similar to green waste. These plastics can replace 

traditional plastics in many applications.  

 

6.2.4 Starch blends with 90 % starch 

This class of bioplastics is usually known as thermoplastic starch. Their composition 

mostly have (>90 %) starch obtained from renewable sources. Thermoplastic starch has 

the ability to degrade in aerobic conditions, compost and in aqueous environments a well. 

The products made using theses plastics include compost bags, mulch films and starch-

based tubes. 
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Figure 2.2 Classification of biodegradable plastics 
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6.2.5 Foamed starch 

Foamed starch contains 100 % of starch and is used as a shock-absorbing material, 

antistatic and insulating material. It can be completely composted and show full 

biodegradability as well.  Foamed starch can substitute polystyrene foam in packaging 

applications and starch-based sheets can be applied for disposable products like trays and 

dishes etc. The porous structure of starch foam allows their disposal by composting 

(Tiefenbacher et al., 1993). 

 

6.2.6 Soy-based plastics 

The general composition of raw soy beans is, 18 % oil, 38 % protein 14 % moisture and 

ash and 30 % saccharides and it varies among the varieties of soy beans. Soy plastics can 

possess better physical and mechanical properties than the conventional petrochemical 

plastics and can replace petrochemical, non-biodegradable plastics for engineering 

applications. 

 

6.3 Polymers from petroleum resources 

In this class of polymers, the raw materials are basically derived from the fossil non-

renewable resources. Although their origin is petroleum based, still these polymers are 

considered bio-degradable towards the end of their used life. Some examples of this 

category: poly-ε- caprolactone (PCL), polybutylene succinate (PBS), polyethylene 

terephthalate (PET) and poly-vinyl alcohol (PVOH), etc. Sometimes these polymers are 

also blended with other polymers to acquire desirable characteristics e.g. polybutylene 

adipate-co-terephthalate (PBAT), Modified PET (polyethylene terephthalate). Hydrolysis 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 62 

 

dominates the process of degradation of these polymers and initial attack occurs at the 

ester linkages and the longer polymer chains are broken down into smaller oligomers, 

which are further degraded by microorganisms. 

 

7. Polyester based biodegradable plastics 

Polyesters are among the thermoplastic polymers and presence of labile ester bonds in 

their backbone gives them a predominant position among biodegradable plastics. All 

polyesters are theoretically considered biodegradable as the process used for their 

manufacturing, i.e. esterification process, is a chemically reversible process and can 

easily be reversed with hydrolytic enzymatic action. Polyesters are among the first group 

of BPs and are also the most widely studied polymers. There are various types of 

polyesters which can be prepared using different. Two widely used methods of 

production include ring opening polymerization or condensation polymerization. 

Bacterial fermentation can also be carried out for the production of polyesters (Zinn et al., 

2001; Nair and Laurencin, 2007). 

Based on the types of monomers present in their raw material polyesters can be aliphatic, 

aromatic or the co-polyesters. Aliphatic polyesters have linear chain structure and are 

easily biodegradable but they have low mechanical properties and this is the reason they 

are not considered as suitable to replace conventional plastics. Aromatic polyesters have 

aromatic ring present in their structure which enhances their mechanical properties but 

the biodegradability of this class of polyesters is compromised. A new class of polyesters 

had been developed by the researchers that contain properties from both classes, which 

not only enhances their mechanical and thermal properties but keep them biodegradable 

at the same time. Since the last two decades different companies globally have developed 

a variety of aliphatic as well as co-polyesters and commercialized them under different 

trade names  e.g. Mater-Bi®, GS Pla™, Apexa®, Ecoflex®, Novon®, NatureWorks
® 

etc 

(Hu et al., 2010). Some widely used polyesters have been listed in the table 2.1. 

 

7.1 Natural polyester 

7.1.1 Polyhydroxyalkanoates (PHAs) 
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Polyhydroxyalkanoates are the natural polyesters synthesized by bacteria as energy 

storage source under stress conditions (Doi et al., 1995). These polyesters are naturally 

biodegradable and biocompatible (Wu et al., 2009). Polyhydroxyalkanoates can either be 

short chain length (scl-PHA) PHAs having chain length of (C4-C5), medium chain length 

(mcl-PHA) (C6–C14) and long chain length (lcl-PHA) (Suriyamongkol et al., 2007). 

Currently poly-3-hydroxybutyrate (PHB) and its copolyester 3-hydroxybutyrate-co-

valerate (PHBV) have gained global attention for commercially production as they can be 

synthesized from the renewable resources at a low cost with nominal environmental 

impact. PHB is a semi-crystalline polyester with melting temperature in the range of 160-

180°C. poly(hydroxybutyrate-co-valerate) (PHBV), a co-polyester of 

poly(hydroxybutyrate) and 3-hydroxyvalerate (PHBV), is a semi-crystalline polyester 

with melting temperature (Tm) lower than PHB while glass transition temperature (Tg)  in 

the range of -5 to 201°C (Pouton and Akhtar, 1996). 
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Table 2.1 Commonly used polyesters 

Name Abbreviation 

Poly(butylene succinate) PBS 

Poly-ε-caprolactone PCL 

Poly(ethylene succinate) PES 

Polylactide PLA 

Poly(hydroxyalkanoate) PHB/PHBV 

Poly(butyrate adipate-co-terephthalate) PBAT 

Poly(ethylene terephtalate) PET 

Polyurethane PU 
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Poly (β-Propiolactone) PBL 

Poly(butylene succinate-co-adipate) PBSA 

Poly(butylene succinate-terephthalate-

isophth 

alate-co-lactate) 

PBSTIL 

 

 

 

These polyesters can be produced either by bacterial fermentation or by the chemical 

route of ring opening polymerization (ROP) of optically active-butyrolactone (Reid et al., 

1971). Artificial bone plate and pins have also been developed using these materials. 

PHAs have been widely used for various applications in medical field due to their 

biocompatible and biodegradable nature, including drug delivery systems, surgical pins 

and sutures, and for the replacement of blood vessels. They are considered as potential 

candidate for orthopedic applications. 

 

7.2 Polyesters from fossil resources  

7.2.1 Poly(𝜺-caprolactone) (PCL) 

Poly(caprolactone) is a straight chain polyester with semi crystalline nature having a 

glass transition temperature (Tg) of -60°C and melting temperature (Tm) of 60°C. It has 

an important standing among the aliphatic polyesters group. It is synthesized by ring 

opening polymerization (ROP) of its monomer caprolactone. Microorganisms with the 

potential to biodegrade PCL are found in various ecosystems including aerobes and 

anaerobes while the rate of degradation of is dependent on its degree of crystallinity and 

molecular weight of the polyester. It can also undergo hydrolytic degradation as a 

consequence of the presence of labile aliphatic ester bonds. The compatibility of PCL 

with various other polymers and its physical attributes make it a suitable replacement to 

conventional polymers in different applications (Hideto et al., 2006; Fukushima et al., 
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2010). Poly(ε-caprolactone) (PCL) ) is an approved polyester by Food and Drug 

Administration (FDA) and have found many applications like in drug delivery systems, 

as a biomaterials in prosthetics and sutures. The main attractions of PCL as a commercial 

material are its biodegradability, compatibility with variety of other polymers, good 

processibility, ease of melt processing, high thermal stability and relatively low cost 

(Anodar et al., 2003; Cipitria et al., 2011).  

 

7.2.2 Polyethylene terephthalate (PET) 

Polyethylene terephthalate is a semicrystaline thermoset polymer made up of monomers 

terephthalic acid and ethylene glycol joined via ester bonds (Webb et al., 2013). Globally 

in 2014 annual production of PET was 41.6 MMT which is estimated to exceed 73.39 by 

2020 (Markets et al.,  2015). Presence of repeating aromatic terephthalate backbone and 

the restricted mobility of the polymer chains decreases the biodegradability of the PET 

(Marten et al., 2003). Biodegradation of PET is a surface erosion process and enzymes 

with high temperature stability are required for this (Ribitsch et al., 2015; Then et al., 

2016; Wei et al., 2014). Light weight and mechanical strength of PET makes it favorable 

for being used in various aspects of daily life. It is widely used in packaging industry for 

food and beverages like soft drinks, water and juices. It is also used as fibres, sheets and 

films in electronics, power tools, photographic applications, sports goods, automotive 

parts, houseware, lighting products, textiles and X-ray sheets (Darwin and Sebastián, 

1999). Many microbial enzymes have been reported to be able to degrade PET but still 

complete hydrolysis of the polymer is still a problem and needs further research. 

 

7.3 Polyesters from renewable resources 

7.3.1 Polylactic acid (PLA) 

Poly(lactic) acid (PLA) is an aliphatic polyester with glass transition temperature (Tg) of 

approximately 60°C. PLA is synthesized either chemically or by biologically (Tokiwa 

and Jarerat, 2004) and most frequently used processes are ring opening polymerization or 

direct polymerization. PLA is a polymer of lactic acid which can be obtained from 

renewable resources i.e. starch (rice, cassava, sugarcane, potato etc) (John et al., 2007; 
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Altaf et al., 2007). It is a completely biodegradable and biocompatible material and 

releases no harmful monomers into the environment. Among all the renowned 

biodegradable polyesters PLA is the most widely used and popular material with 

brightest developmental prospects as well (Wang et al., 2009; Ouchi and Ohya, 2004). 

Because of the ecofriendly nature of the polymer it has emerged as a solution to the white 

pollution and an alternative to the conventional plastics as well.  PLA has excellent 

mechanical properties comparable to its counterparts polypropylene, polystyrene and 

polyethylene terephthalate (Lunt et al.,  1998; Auras et al., 2003). Some of the favorable 

properties of PLA which make it an attractive candidate for consumer products include, 

biodegradability, biocompatibility, high mechanical strength, bio-absorbability, high 

modulus, transparency, low toxicity, easy processability and energy savings (Li et al., 

2016a; Ljungberg et al., 2005). PLA has found applications in many areas of life like 

horticultural, medical industry, packaging materials, and automotive manufacturing 

(Okamoto and John, 2013; Rasal et al., 2010; Zhou et al., 2016). Degradation of PLA 

mainly occurs by scission of ester bonds and is induced by a many factors like oxidation, 

thermolysis, photodegradation, hydrolysis and biodegradation (Nampoothiri et al., 2010). 

 

8. Microbial degradation of BPs 

Sustainability of a polymer implies that the plastic material should get disposed of in the 

environment under natural conditions. The key phenomenon governing this approach is 

biodegradation. It is considered as the major mechanism for the removal of contaminants 

or other chemicals that have been released in the environment due to human activities. It 

is a biologically governed process and can be defined as microbial degradation of 

complex polymers in a specified period of time under natural conditions into simpler 

molecules like carbon dioxide, water and biomass (Mohanty et al., 2000). Depending 

upon the availability or absence of oxygen, biodegradation can be either aerobic or 

anaerobic, respectively. In case of aerobic biodegradation, end products of the reaction 

are carbon dioxide, water and biomass while in anaerobic case, end products are carbon 

dioxide, methane, hydrogen sulphide, water and biomass (Leja and Lewandowicz, 2010). 

Biodegradation of polymers is a process controlled by various elements including biotic 
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and abiotic factors and polymer characteristics itself (Artham and Doble, 2008; Gu et al.,  

2003). Biodegradation of plastic by microorganisms is a sequential process. It starts by 

the attachment and adherence of microbes at the surface of the polymer and results in 

development of biofilm over the surface and inside the plastic material followed by the 

severe chemical and physical deterioration of the polymer. This process is called bio-

deterioration. Microbial communities attached to the surface of the polymer excrete some 

extracellular enzymes and break down long chains of the polymers into small monomeric 

molecules able to pass through the microbial membranes, bio-fragmentation. The smaller 

fragments produced are then taken up by the microorganisms and are utilized for 

obtaining energy for different cellular activities. This is the assimilation step and different 

endo-enzymes are involved in it. For complete biodegradation of polymer, it is 

decomposed to simplest molecules of water and carbon dioxide, which are released into 

the environment. Simplified general scheme of biodegradation is shown in Fig. 2.3.  
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Figure 2.3 General scheme of biodegradation (Müller, 2005) 

 

 

 

 

 

 

 

Different characteristics that indicate the degradation of a polymer are surface erosion, 

appearance of cracks, formation of pits and holes, formation and breakage of chemical 

bonds and synthesis of new functional groups. These changes are most commonly 
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detected using techniques like Scanning electron microscopy (SEM) and Fourier 

transform infrared microscopy (FTIR) (Jan and Stanislav, 1997) Heterotrophic 

microorganisms present in the environment readily utilize plastics as their carbon source 

and their biodegradation potential vary from each other (Comstock et al.,  1990; Artham 

and Doble, 2008; Gu et al.,  2003). Approximately 90 different bacterial and fungal 

strains with ability to use biodegradable plastic as their carbon source have been 

described (Kumaravel et al., 2010). These microorganisms are found ubiquitously in 

every environmental compartment and their abundance and biodiversity varies in 

different environments. Microbes with the biodegradation potential are found more 

abundantly in soil and compost while comparatively less number is found in aquatic 

systems like fresh water and marine environment (Emadian et al., 2017).  

 

Different bacterial species able to biodegrade various BPs have been reported in 

literature. Various bacterial strains with the potential to degrade natural and synthetic 

polyesters have been isolated. A number of studies report diversity of bacterial strains 

able to degrade PAHs, isolated from different environmental sections like soil, compost, 

fresh water and marine environments as well. A few of them to be mentioned here 

include Actinomadura sp. AF-555 (Shah et al., 2010) Bacillus sp. AF3 (Shah et al., 

2007),  Pseudomonas lemoignei (Schober et al., 2000),  Nocardiopsis aegyptia (Ghanem 

et al., 2005), Streptomyces sp. SNG9 (Mabrouk and Sabry, 2001), Comamonase sp. 

(Molitoris et al., 1996), Streptomyces venezuelae (Santos et al., 2013) and Variovorax 

paradoxus (Mergaert et al., 1993b). Another bacterial strain Roseateles depolymerans 

strain TB-87 was reported to degrade variety of polyester based biodegradable plastics 

(Shah et al., 2013). Recently Ralstonia sp. strain MRL-TL, a thermophile and 

Brevundimonas sp. strain MRL-AN1 isolated from hot water spring and soil respectively, 

were reported with a potential to biodegrade poly(ε-caprolactone) (PCL), both the strains 

were potential producers of esterase enzyme (Shah et al., 2015; Nawaz et al., 2015). As  

 

compared to PHB/PHBV and PCL, microorganisms with the ability to biodegrade PLA 

in environment are in less abundance due to low susceptibility of the polymer to 
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biodegradation (Tokiwa and Calabia, 2006). There are few reports on the biodegradation 

of PLA and needs further exploration. Amycolatopsis HT-32 isolated from soil was the 

first actinomycetes reported with the ability to biodegrade PLA. About three dozen 

studies have been reported so far with various microbes involved in the degradation of 

PLA. Most of these are from bacterial families Thermoactinomycetaceae, 

Pseudonocardiaceae, Micromonosporaceae, Thermomonosporaceae, 

Streptosporangiaceae and Bacillaceae (Sangwan and Wu, 2008; Copinet et al., 2009; 

Llauro-Darricades et al., 1989; Jarerat et al., 2002; Wang et al., 2011; Liang et al., 2016). 

Recently new bacterial speciesSphingobacterium sp., Chryseobacterium sp. and two 

strains of Pseudomonas aeruginosa isolated from compost have been described to 

degrade PLA at ambient temperature with minimal abiotic assistance (Satti et al., 2017). 

Apart from bacterial strains fungi are also found to be able to biodegrade polyesters. 

Fungi from different groups able to degrade types of polyesters are given in table 2.2. 

Most of the fungal strains reported to biodegrade polyesters belong to Deuteromycota. 

Penicillium funiculosum (IFO6345) was potential degrader of PHB and expressed a serine 

esterase of molecular weight of approximately 33kDa (Miyazaki et al., 2000). Another 

filamentous fungi Aspergillus ustus isolated from deep sea was reported to biodegrade 

PHB under simulated deep sea pressure conditions (Gonda et al., 2000). PHB/PHBV 

degrading fungal strain Aspergillus fumigatus isolated from soil has been described as 

well (Nadhman et al., 2012; Osman et al., 2017). Penicillium oxalicum strain DSYD05-1 

isolated from soil using clear zone method showed degradation ability against PCL, the 

fungi also had wide substrate specificity including PHB and PBS (Li et al., 2012). A 

fungus, Aspergillus sp. strain ST-01 has been found with the ability to biodegrade PCL 

film producing degradation products in the form of low molecular weight organic acids. 

The fungus biodegraded polyhydroxybutyrate (PHB) and poly(tetramethylene 

succinate-co-tetramethylene adipate) as well at 50 °C (Sanchez et al., 2000). A lipase 

producing fungus Rhizopus delemar showed degradation activity against poly(trimethylene 

succinate) releasing oligomers of five to six length monomers 

from the bulk polymer (Walter et al., 1995). Various fungal strains reported to biodegrade 

different polyesters are listed in table 2.2. 
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A bacterial strain Pseudozyma antarctica JCM 10317 was found to be able to biodegrade 

various BPs especially against the mulch films made up of poly(butylene succinate) 

(PBS) and its co-polymer poly(butylene succinate-co-adipate) (PBSA). The strain was 

producer of a cutinase-like  enzyme (Shinozaki et al., 2013). Both thermoplilic as well as 

mesophilic bacteria are able to degrade PES. An esterase producing bacterial strain 

Pseudomonas sp. strain AKS2 have been reported to degrade PES but they have very 

limited distribution in the environment. Bacillus sp. TT96, a thermophile was isolated 

with the ability to degrade PES as well as various other polyesters (Tansengco and 

Tokiwa, 1997), many mesophiles belonging to Bacillus and Paenibacillus have been 

reported as PES degraders (Tezuka et al., 2004). Various reports on biodegradation of 

PET are also present in literature. Bacterial strains such as Fusarium solani, Furarium 

oxysporum and Thermobifida sp. (Araújo et al., 2007; Nimchua et al., 2007; Oeser et al., 

2010) showed cutinase production involved in the biodegradation of PET. In the recent 

past among biodegradable plastics, aliphatic-aromatic co-polyesters have gained special 

attention being considered a solution to the environmental pollution, as they offer 

required mechanical and thermal properties and show biodegradability as well. 

Thermomonospora fusca, a thermophile has been reported to be able to degrade PBAT at 

high temperature within a short time of 3-4 weeks only. R. depolymerans strain TB-87 

and Leptothrix sp. strain TB-71 have been found to degrade various co-polyesters such as 

PBST, PBAT and PBSTIL (Shah et al., 2013; Nakajima-Kambe et al., 2009b). Bacterial 

species reported in literature with the potential to hydrolyze polyesters have been 

described in table 2.3.  
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Table 2.2 Fungal strains with potential to biodegrade polyesters 

Group Polyesters 

hydrolyzed 

Fungal strain References 

Deuteromycota PHB/PHBV A. fumigatus, A. 

penicilloides, 

Acremonium sp., A. ustus, 

Candida guilliermondii, 

Cephalosporium sp., 

Cladosporium sp., F. 

solani, Paecilomyces 

farinosus, P. lilacinus, P. 

funiculosum, P. 

pinophilium, P. 

restricum, P. 

simplicissimum, 

Penicillium sp., 

Verticillium 

leptobactrum,   

(Mergaert et al., 

1993a; Mergaert et 

al., 1994),(Scherer 

et al., 1999), (Kim 

et al., 2000; Sanchez 

et al., 2000), (Iyer et 

al., 2000; Gonda et 

al., 2000), (Matavulj 

and Molitoris, 1992; 

Oda et al., 1995), 

(Mergaert et al., 

1995), (Miyazaki et 

al., 2000) 

,(McLellan and 

Halling, 1988)  

 PCL Aspergillus fischeri, A. 

flavus, A. fumigatus, 

Aureobasidium pullulans, 

Fusarium sp., F. 

moniiforme, F. solani, 

Paecilomyces lilacinus, 

P. argillaceum, P. 

dupontii, P. funiculosum, 

Penicillium sp.,  

(Benedict et al., 

1983; Fields et al., 

1974), (Murphy et 

al., 1996) (Oda et 

al., 1995), (Sanchez 

et al., 2000), 

(Tokiwa and 

Suzuki, 1977) 

 PLA Tritirachium album, P. (Jarerat and Tokiwa, 
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roqueforti,  2001), (Torres et al., 

1996)  

 PEA, PPA, PBA Aspergilus flavus, A. 

fumigatus,, A. niger, A. 

versicolor, A. pullulans, 

P. funiculosum, 

Penicillium sp., 

Pullularia pullulans,  

(Walter et al., 1995), 

(Darby and Kaplan, 

1968)  

 PES, PBS, PET A. fumigatus, Rhizopus 

delemar 

(Nagata et al., 

1997), (Scherer et 

al., 1999)  

Ascomycota PCL Chaetomium globosum, 

Thermoascus aurantiacus  

(Benedict et al., 

1983), (Sanchez et 

al., 2000)  

 PEA, PPA, PBA C. globosum (Darby and Kaplan, 

1968) 

 PHB/PHBV Debaryomyces hansenii, 

Emericellopsis minima, 

(Gonda et al., 2000), 

(Yun et al., 2002)  

Zygomycota PCL R. arrhizus,  (Tokiwa et al., 

1986) 

 PPA, PET Rhizopus delemar (Walter et al., 1995), 

(Nagata et al., 1997)  

 PHB Mucor sp. (Matavulj and 

Molitoris, 1992) 

Basidiomycota PCL Cryptococcus laurentii (Benedict et al., 

1983)  
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 PHB/PHBV Phanerochaete 

chrysosporium, 

Polyporus circinatus 

(Renstad et al., 

1999),  (Matavulj 

and Molitoris, 1992) 

 

 

 

 

Table 2.3 Polyesters degrading bacterial species 

Polyesters hydrolyzed Bacterial strain References 

PHB/PHBV Schlegelella thermodepolymerans, 

Pseudomonas lemoignei, Pseudomonas 

indica K2, Streptomyces sp. SNG9, 

Ralstonia pikettii, Acidovorax sp. TP4, 

Alcaligenes faecalis,  

Pseudomonas stutzeri Schlegelella 

thermodepolymerans,  

Caenibacterium thermophilum, 

Clostridium botulinum, Clostridium 

acetobutylicum 

(Elbanna et al., 2004), 

(Jendrossek et al., 

1995), (Mabrouk and 

Sabry, 2001), (Wang et 

al., 2002), (Kasuya et 

al., 1999), (Kita et al., 

1997), (Romen et al., 

2004), (Abou-Zeid et 

al., 2001) 

 

PCL Clostridium botulinum, Clostridium 

acetobutylicum, 

Amycolatopsis sp., 

Bacillus brevis, Alcaligenes 

Faecalis, Ralstonia sp., Roseateles 

depolymerans 

(Abou-Zeid et al., 

2001), (Oda et al., 

1997), (Shah et al., 

2014), (Nadhman et 

al., 2012)  

PLA  Amycolatopsis  (Jarerat and Tokiwa, 
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Amycolatopsis orientalis  

Amycolatopsis thailandensis  

Saccharothrix waywayandensis  

Kibdelosporangium aridum  

Actinomadura  

Laceyella sacchari  

Pseudonocardia alni  

Pseudonocardia sp.   

Bacillus stearothermophilus,  

Bacillus smithii, Bacillus licheniformis, 

Paenibacillus amylolyticus, Alcaligenes 

sp., 

Geobacillus thermocatenulatus  

Pseudomonas sp.,  

Stenotrophomonas maltophilia , 

Pseudomonas tamsuii,  

Alcanivorax borkumensis, 

Rhodopseudomonas palustris 

2001), (Torres et al., 

1996), (Kawai, 2010),  

(Nakamura et al., 

2001), (Hardaning et 

al., 2001), (Jarerat et 

al., 2006), (Chomchoei 

et al., 2011), (Penkhrue 

et al., 2015), (Jarerat 

and Tokiwa, 2003), 

(Sukkhum et al., 

2009), 

(Hanphakphoom et al., 

2014), (Konkit et al., 

2012) ,(Apinya et al., 

2015), (Tomita et al., 

2003), (Sakai et al., 

2001), (Arena et al., 

2011), (Akutsu-

Shigeno et al., 2003), 

(Hoshino et al., 2002), 

(Tomita et al., 2004), 

(Wang et al., 2011), 

(Jeon and Kim, 2013), 

(Liang et al., 2016),  

(Hajighasemi et al., 

2016)  

PES, PBS R. depolymerans, Leptothrix sp., P. 

Antarctica 

(Shah et al., 2013), 

(Nakajima-Kambe et 

al., 2009a; Nakajima-

Kambe et al., 2009b),  
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(Shinozaki et al., 2013)  

PET Bacillus licheniformis, Bacillus subtilis, 

Thermobifida 

Fusca, T. cellulosilytica, Thermobifida 

alba 

(Oeser et al., 2010),  

(Oeser et al., 2010), 

(Herrero Acero et al., 

2013) (Then et al., 

2016), (Hu et al., 2010) 

Co-polyesters 

(PBST/PBAT/PBSTIL) 

R. depolymerans, Leptothrix sp., P. 

antarctica 

 (Shah et al., 2013), 

(Nakajima-Kambe et 

al., 2009b). 

 

 

 

9. Role of enzymes in biodegradation 

Among various available disposal methods for plastic waste management, enzymatic 

hydrolysis is considered most attractive and effective method so far. Biodegradable 

plastics have labile ester bonds present in their structure which make them susceptible to 

enzymatic attack. Enzymes are target specific and have wide range of substrate 

specificities which allows us to achieve monomer recovery from mixed plastic wastes by 

progressive use of the enzymes (Nakajima-Kambe et al., 2009a). Type and amount of 

enzyme produced varies between species even among the strain of the same species as 

well. Microorganisms can utilize plastics either by their direct action, deterioration of 

plastic or indirect action that is the influence of their metabolic products (Ghosh et al., 

2013). Due to insolubility in water and the large size of the polymer chains, 

microorganisms are unable to carry them directly into the cytoplasm which is the main 

site of biochemical processes. For this purpose, microorganisms have established a 

special approach so that to utilize such materials as their food source. This approach is 

actually the secretion of the enzymes outside the cell where it break apart the polymers 

into smaller chains. These extracellular enzymes along with the intracellular de-

polymerases enzymes are active participants of biodegradation of the polymers. During 
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the process of biodegradation, microorganisms secrete exo-enzymes which result in the 

breakdown of complex polymers and produce smaller fragments such as monomers, 

dimers, and oligomers. These smaller molecules are absorbed inside the microbial cells 

through the cell membranes and are then consumed as carbon source by microorganisms. 

The enzymatic degradation of plastics through microbial cells involves two stages. 

Initially, enzyme adheres to the polymer surface and then catalyzes the cleavage of the 

polymer chains using hydrolysis reactions. Complex polymers disrupt into short chains of 

monomers, oligomers and dimers which can cross the bacterial cell membranes and could 

be used as carbon source (Tokiwa and Calabia, 2004). This process is known as de-

polymerization. To effectively attack the substrate, both the enzymes and its substrate 

must be in close proximity to each other. So the water-soluble substrates are easily 

attacked by the enzymes as compared to the water insoluble substrates. The mechanism 

of the biodegradation of plastics can be easily understood by the flowchart in Fig. 2.4. All 

living cells including microorganisms contain enzymes but the amount and the variety of 

enzymes vary significantly among microorganisms. Enzymes are highly substrate 

specific and thus different enzymes are involved in the degradation of different of 

plastics. These active enzymes have been classified as lipases, ureases, esterases and 

proteases and which degrade the polymer substrate by breaking the ester bonds. Most of 

the BPs are polyester based plastics; their disintegration is carried out by the hydrolysis 

of ester bonds present in them. This hydrolytic attack may be catalyzed by enzymes 

including proteases, esterases, cutinases, lipases, ureases or proteases with different 

substrate preferences and variations in their interfacial activation (Bornscheuer et al.,  

2002). All enzymes with the ability to degrade polyester belong to serine hydrolases and 

have been found to possess the same catalytic triad in their active site. However, the 

organization and dimensions of the catalytic center vary greatly (Mueller et al.,  2007). 

Among the hydrolases carboxylic ester hydrolases are found in all three domains of life 

(Bacteria, Archaea, and Eukaryotes), even a few viruses also contains them. They are 

known to break down an ester bond using hydrolytic attack and produce a carboxylic acid 

and an alcohol. 
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Among the carboxylic ester hydrolases there are two well-known groups: esterases and 

lipases (Levisson et al., 2009). Esterases are specific for short chain fatty acids while 

lipases hydrolyze long chain substrates and this is the main point of difference between 

the two enzymes (Chahinian et al., 2002). Cutinase are another group of enzymes that are 

considered as link between lipases and esterases as they exhibit characteristics of both. 

Different enzymes that have been exploited against different polyesters have been given 

in the table 2.4. 

  

 

Figure 2.4 The mechanism of the biodegradation of plastics 
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Table 2.4 Enzymes with potential to hydrolyze polyesters 

Enzymes Types of plastic degraded References  

Lipase PCL, PLA, (Masaki et al., 2005), (Kawai 

et al., 2011), (Akutsu-Shigeno 

et al., 2003),  (Hoshino et al., 

2002), (Wang et al., 2011) 

Esterase PET, PES, PCL, PBS, PBSA, 

PBST, PBAT, PBSTIL, PLA 

(Hu et al., 2010), (Shah et al., 

2013), (Nakajima-Kambe et 

al., 2009a), (Nakajima-Kambe 

et al., 2009b), (Sakai et al., 

2001),  (Hajighasemi et al., 

2016)  

Protease PLA, PCL (Kawai et al., 2011), (Tokiwa 

and Calabia, 2006), (Jarerat et 

al., 2006), (Penkhrue et al., 

2015), (Apinya et al., 2015), 

(Hanphakphoom et al., 2014) 

Cutinase PCL, PLA, PBS, PBSA, PET (Shinozaki et al., 2013), 

(Herrero Acero et al., 2013), 

(Maeda et al., 2005), (Masaki 

et al., 2005) 

PHA depolymerases PHV, PHB, PHBV, PHO (Schober et al., 2000), (Tseng 

et al., 2007), (Akbar et al., 

2013), (Jendrossek et al., 

1993), (Schirmer et al., 1993)   

Catalase PCL (Tokiwa et al., 2009), (Russell 

et al., 2011), (Shimao, 2001) 
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Serine hydrolase PU, PHA (Shimao, 2001), (Russell et al., 

2011) 

Urease PU (Loredo-Treviño et al., 2011) 

Glucosidases PCL (Tokiwa et al., 2009) 
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Abstract 

The present study was aimed to isolate and characterize microorganisms capable of 

degrading polyester-based biodegradable plastics under natural soil conditions. Two 

fungi, designated as strain SS2 and S45, were isolated from soil that could degrade 

various polyesters of natural as well as synthetic origin, both in emulsion as well as film 

form. Strain SS2 and S45 were identified through 18S rRNA gene sequencing and found 

closely similar to Penicillium sp. and Aspergillus sp., having 100 and 99% similarity with 

Penicillium oxalicum and Aspergillus fumigatus, respectively. P. oxalicum SS2 could 

efficiently degrade polyhydroxybutyrate (PHB) and polyhydroxybutyrate-co-valerate 

(PHBV) emulsion as well as films in liquid medium within 36-48 hrs. The fungus 

showed maximum growth and degradation at 30
°
C that represented its mesophilic nature. 

Furthermore, the role of P. oxalicum SS2 in degradation of polyester films in soil 

environment was evaluated by soil burial experiment in lab-built microcosms where the 

fungus degraded PHB and PHBV films in 7 days. Aspergillus fumigatus strain S45 

showed degradation potential against poly(caprolactone) (PCL) and polyurethane (PU). 

Bio-augmentation of the fungus in soil accelerated biodegradation of PCL film. While 

measurement of weight loss and evolution of CO2 showed breakdown of PU film upon 

inoculation with S45. The biodegradation of polyesters was further confirmed through 

various qualitative assays such as scanning electron microscopy (SEM), differential 

scanning calorimetry (DSC) and fourier transform infrared (FTIR) spectroscopy. 

Aspergillus fumigatus strain S45 was found to show esterase activity during 

biodegradation of PU. This study demonstrated soil as a reservoir for polyester-degrading 

microorganisms which could be utilized for the development of novel waste management 

strategies. 

 

Keywords: Polyesters, Penicillium oxalicum, Aspergillus fumigatus, biodegradation, 

mesophilic temperature 
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1. Introduction 

Plastic is a broad term for a variety of synthetic or semi-synthetic polymeric substances 

(Shah et al., 2008). Its production and consumption is increasing day-by-day due to its 

tremendous application in various industries because of its wonderful characteristics as 

compared to other materials. Excessive use of plastics has generated large amount of 

waste leading to global problem of environmental pollution (Shah et al., 2013). Since 

most of the plastics are non-biodegradable in environment or undergo very slow 

degradation, thus accumulates in air, water and soil, posing serious threats to natural 

ecosystem (Sax et al., 2010). As a solution to this serious problem, a number of 

polyester-based biodegradable plastics (BPs) have been produced and commercialized 

since last two decades (Shah et al., 2013). Biodegradable plastics are considered not only 

eco-friendly but prone to microbial attack as well. They are further categorized into bio-

based and petrochemical-based plastics (Kamiya et al., 2007). Globally annual 

production of BPs has crossed 1 million ton per year, which is attributed to a number of 

factors including the preferred choice of consumer to use eco-friendly materials, better 

performance of bio-plastics as compared to conventional plastics and the introduction of 

plastics in daily life derived from bio-based materials (Shah et al. 2014). Polyester based 

biodegradable plastics, having labile ester bonds in their backbone, are the leading 

polymers in BPs now a day. Presence of ester bonds makes them susceptible to microbial 

attack hence making biodegradability their inherent property. Among biodegradable 

polyesters poly(lactic acid) (PLA), polycaprolactone (PCL), poly(butylene succinate) 

(PBS), poly(ethylene succinate) (PES), poly(hydroxybutyrate) (PHB), poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and polyurethane (PU) are the most 

widely used and studied polymers and also possess the potential characteristics of 

biodegradability and biocompatibility in different environments. These polymeric 

materials find various applications and uses in agricultural and biomedical fields such as 

packaging and drug delivery system, respectively due to their high biocompatible and 

hydrolysable properties (Bikiaris et al., 2006). 
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Polyhydroxyalkanoates (PHAs), especially poly(3-hydroxybutyrate) (PHB) and 

poly(hydroxybutyrate-co-valerate) (PHBV), are among the leading biodegradable 

polyesters used as replacement of conventional fossil fuel based polymers (Nadhman et 

al., 2012). Many researchers reported PHB and PHBV utilizing microorganisms from 

various habitats such as Bacillus, Streptomyces, Acidovorax facilis and Variovorax 

paradoxus, Aspergillus fumigatus and Penicillium sp. from soil (Mergaert et al., 1993). 

Previously, in the author‘s laboratory a PHBV degrading bacterial strain Bacillus sp. AF3 

was isolated from sewage sludge (Shah et al., 2007). Polyurethane (PU) polymer is 

synthesized by polymerization of different components that include: a diisocyanate, a 

polyol and different low molecular weight pre-polymer blocks. These different 

components are joined together to form a PU polymer chain. PU polymer is divided into 

two sub-groups on the basis of types of polyol used in its synthesis i.e. polyester and 

polyether type of PU. Polyurethane resists microbial degradation but generally it was 

examined that polyester type of PU is more susceptible to microbial attack as compared 

to polyether type. Different reports in literature reveal susceptibility of PU to bacterial as 

well as fungal attack. Fungi that have been reported for their ability to utilize polyester 

PU as carbon source include Curvularia senegalensis, Aureobasidium pullulans, 

Fusarium solani, and Cladosporium sp., Nectria haematococca, Penicillium viridicatum, 

P. ochrochloron, Pestalotiopsis microspore, Aspergillus fumigatus and Penicillium 

chrysogenum (Law and Thompson, 2014; Crabbe et al., 1994; Morton and Surman, 1994; 

Cosgrove et al., 2010; Álvarez-Barragán et al., 2016). Different bacterial isolates 

including Bacillus subtilis, Pseudomonas fluorescens, Pseudomonas chlororaphis, 

Pseudomonas aeruginosa and Comamonas acidovorans have also been found to degrade 

PU (Howard et al.,  2002; Shah et al., 2013a; Shah et al., 2013b; Shah et al., 2016). 

Polycaprolactone, semi-crystalline aliphatic polyester is synthesized of a repeat monomer 

called Ɛ-caprolactone. PCL has a melting temperature as low as between 55-60 °C with a 

glass transition temperature of -60 °C. PCL is of great importance industrially as can be 

synthesized by simple ring opening polymerization of Ɛ-caprolactone and is soluble in a 

diverse range of organic solvents. PCL contains aliphatic ester linkages which are prone 

to hydrolytic cleavage leading to hydrolytic degradation of PCL molecule. The nontoxic 
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behaviour of PCL aids in its biomedical application as it also gives good permeability to 

many drugs (Nair and Laurencin, 2007). 

 

Plastics are mostly utilized and dumped in mesophilic environment particularly in soil; 

therefore, it is very important to study the process of degradation for plastics in soil under 

mesophilic conditions. The fate of any pollutant in soil is affected by different factors 

including properties of pollutant, precipitation and soil properties such as temperature, 

pH, moisture, organic matter and additional carbon sources (Reid et al., 2000; Singh et 

al., 2006; Schroll et al., 2006; Grundmann et al., 2007; Fang et al., 2010; Włóka et al., 

2017). 

 

Biodegradation is a complex phenomenon including both biotic and abiotic factors and 

needs more exploration using the high-throughput approaches (Megharaj et al., 2011). 

Co-metabolic biotransformation is considered as the future bioremediation strategy to 

cope with the plastic waste but present information on potential degraders (bacteria and 

fungi) is insufficient and needs more exploration (Krueger et al., 2015). The main focus 

of current study was to explore the soil to isolate polyesters degrading microorganisms 

and evaluate their degradation potential against various polymers using different 

qualitative and quantitative assay. To study the degradation potential of the isolated 

fungal strains in soil under mesophilic conditions was one of the main focuses of the 

study. Moreover, the physical and chemical changes occurred in polymeric materials as a 

result of degradation activity by strain SS2 and S45 were analysed through various 

analytical techniques. 

 

2. Materials and Methods 

2.1. Materials 

Methylene diphenyl diisocyanate (MDI) polyester PU pellets [PU; Mn 5.5 x 10
2 

Da], 

poly(3-hydroxybutyrate) [PHB; Mn 5.0 x 10
2 

Da], poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) [PHBV; Mn 5.5 x 10
2 

Da], Poly(ε-caprolactone) and [PCL; Mn 8.0 x 10
4 

Da] were obtained from Sigma-Aldrich, GmbH, Germany. Tetrahydrofuran (THF) and 
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Chloroform (CHCl3) were acquired from Panreac Quimica, SA. All other reagents used 

were commercial products of the highest possible grade available. 

 

 

2.2. Preparation of Polymer Films and emulsions  

Polymer films were prepared using solvent cast methods. Polyurethane films (~ 0.2mm, 

4cm
2
) were prepared by dissolving 1 g of PU pellets in 100 ml of THF and poured 

equally in 4 clean glass petri dishes. The THF was allowed to evaporate gradually by 

placing the covered petri dishes in desiccators (Shah et al., 2013a). For PHB(~ 0.2 mm, 

1.5cm²)  and PHBV (~ 0.2 mm, 1.5cm²) films were prepared in a way that PHB and 

PHBV powder at a concentration of 0.2 % and 0.3 % respectively were dissolved in 100 

mL chloroform and poured in petri plates (Shah et al., 2010). The plates were dried in 

vacuum desiccator at room temperature and solvent was allowed to evaporate slowly. 

PCL film (  0.2 mm, 1.5cm ) was prepared by dissolving polymer pellets of 0.6  

(wt.vol   
 -
¹) in 100 mL methylene chloride with continuous stirring to obtain a clear 

solution. The solution was then poured carefully into clean petri plates and placed in 

vacuum desiccators over-night to evaporate methylene chloride (Shah et al., 2015). The 

polymer emulsion for PCL was prepared by dissolving 1g of polymer pellets in 40 mL of 

methylene chloride with 10% (wt/vol) triton X-100 through sonication in ultrasonic water 

bath (Yamato, Japan) at 37°C for 15 min followed by homogenization at 10,000 rpm for 

30 min according to the previously described method with some modifications (Nishida 

and Tokiwa, 1993). The emulsion was kept on magnetic stirrer in fume hood for 2 hours 

until all the solvent was evaporated. The emulsions for PHB and PHBV were prepared by 

mixing PHB (0.2%) and PHBV (0.3%) powder in minimal media followed by sonication 

in ultrasonic water bath (Yamato, Japan) at 37 °C for 15 min to prepare milky emulsions 

(Shah et al., 2010). 

 

2.3. Isolation of polyester degrading fungi 

The soil samples were collected in sterilized sample bags from plastic waste dumping site 

in Islamabad. These soil samples were transferred to sterilized pots and placed in dark at 
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room temperature. A couple of different strategies were applied to isolate variety of 

fungi. Soil burial method was used followed by serial enrichment method using PU film. 

The PU film was buried 4-6 inches deep vertically in pots containing soil. 200 ml of 

mineral salt medium (MSM) containing glucose was added to the pot at the time of 

burial, in order to meet the nutrient requirements of microorganisms. The film was 

recovered from soil after 28 d, washed with autoclaved distilled water and shifted to 

Sabouraud Dextrose agar (SDA) plate aseptically. The plate was incubated at 30 °C for 7 

d. After incubation, the film was removed, washed with sterilized distilled water and 

shifted to fresh SDA plates. The process was repeated several time, finally it was shifted 

to MSM agar plate and incubated at 30 °C for 30 d. The composition of MSM was as 

follows g/l; K2HPO4 0.5, KH2PO4 0.04, NaCl 0.1, CaCl2.2H2O 0.002, (NH4)2SO4 0.2, 

MgSO4.7H2O 0.02 and FeSO4 0.001, pH adjusted to 7.0. A fungus, designated as strain 

S45 was selected among 04 different fungal strains, on the basis of maximum growth on 

surface of PU film. Other method implied for isolation was the spread plate method 

which used PHB and PHBV emulsified agar plates. The soil samples were serially diluted 

in normal saline before spreading onto the polymer emulsion plates. After inoculation, 

the plates were incubated at 37°C for 5 d. Fungal isolates showing maximum zones of 

hydrolysis around their growth on polymer emulsified MSM agar plates were selected 

followed by purification and identification. Isolated fungal strains were stored in the form 

of spore suspensions at 4°C for further use. 

 

2.4. Characterization of the isolates 

2.4.1. Morphological and Microscopic Examination 

Colony morphology of isolated fungal strains SS2 and S45 was observed on SDA and 

various features such as conidial and mycelial color, reverse color, colony diameter etc. 

were observed. The fungi were stained with lacto phenol cotton blue and the diameter of 

hyphae, conidia, stipe color, vesicle serration, and appearance on slide was observed by 

compound microscope (Olympus Co. Ltd., Tokyo, Japan) at 100x magnification. 

2.4.2. Phylogenetic analysis 
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Fungal DNA was extracted according to the method of Zhang et al. (Zhang et al., 2010) 

protocol with slight modifications. PCR amplification of 18S rRNA gene was carried out 

with pair of primers, ITS1(TCCGTAGGTGAACCTGCGG) and 

ITS4(TCCTCCGCTTATTGATATGC). The standard PCR reaction of 50µl contain 25µl 

PCR master mix (Platinum super mix 2X, Invitrogen), 5 µl each primer (25 pmol/µl), 6 

µl template DNA and 9 µl of PCR water to a final volume of 50 µl. The PCR conditions 

were set as primary denaturation at 96ºC for 5 minutes, 30 cycles of denaturation were 

repeated at 94ºC for 30 seconds, annealing was done at 55ºC for 45 seconds and 

extension at 72ºC for 45 seconds, followed by a final extension at 72ºC for 10 minutes. 

PCR product was purified with PCR clean up kit to remove any unincorporated primers 

and dNTPs and then confirmed by agarose gel electrophoresis. The amplified PCR 

product was sent to Macrogen, South Korea, for sequencing using ITS1 and ITS4 

primers. Sequences were analyzed through DNA baser and further evaluated by 

comparing the nucleotide sequences available in NCBI (National Center for 

Biotechnology Information) database by BLAST (Basic Local Alignment Search Tool) 

search analysis. Phylogenetic tree was constructed from rDNA sequences by using the 

neighbor-joining method (CLUSTAL software in MEGA 6) (Tamura et al., 2013). 

 

2.5. Biodegradation of polyesters 

2.5.1 Qualitative assays 

2.5.1.1. Plate assay (zone of hydrolysis): 

Polymer emulsified turbid MSM agar plates for PHB, PHBV and PCL were prepared 

using the method described above and inoculated with fungal strains using point 

inoculation method followed by incubation at 30°C.  

2.5.1.2. Broth assay (decrease in turbidity): 

The degradation potential of strain SS2 was also determined by observing its capacity to 

reduce turbidity of the polymer emulsion in MSM. An abiotic control was also setup in 

order to compare any change in opacity of the medium after polymer utilization. 

2.5.1.3. Weight loss (polymer film): 
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Degradation potential of the fungi against polymer films (PHB, PHBV, PCL and PU) was 

evaluated. Polymer films (~0.2 mm in thickness) were introduced in a 100 mL 

Erlenmeyer flask carrying 50 mL minimal salt medium. The film was sterilized by 

washing with 70% ethanol and irradiation with UV for 5 min (UV dosage 10771 J/m
2
) 

and then rinsing with sterilized distilled water to remove ethanol. Flasks were inoculated 

with 2% of fungal spore suspension and incubated in a shaking incubator at 150 rpm and 

30 °C for 7 d for PHB and PHBV while 28 d for PCL and PU. Abiotic control was also 

run in parallel to validate the results. The experiment was run in triplicates. The residual 

films were collected for weight loss every 7
th

 day for PCL and every 3
rd

 day for PU, 

followed by thorough washing with distilled water to get rid of any fungal residues and 

media components. The film was dried through vacuum drying and weight loss was 

monitored compared to the abiotic control. 

 

2.6. Degradation of polyesters in Soil by Penicillium oxalicum SS2 and Aspergillus 

fumigatus S45 

The soil has been collected from a garden located in Horticulture Section of Quaid-i-

Azam University, Islamabad, and used for degradation of polyesters (Table 3.1). Both un-

sterilized and sterilized garden soil was used in the experiment. Chemical and physical 

characteristics of the soil were analysed on the basis of ISO described standards 

(Maliszewska-Kordybach and Smreczak, 2000, Placek et al., 2016). The PHB, PHBV (50 

mg) and PCL films (100 mg) were first weighed and then sterilized in 70% ethanol and 

exposed to UV radiation for 5 mins followed by rinsing with sterilized distilled water. 

These films were separately buried in sterilized soil (30 g) taken in pots and inoculated 

with 10 mg of fungal hyphae in MSM under aseptic conditions and incubated at 30 °C for 

14 d. Pots containing PHB and PHBV were inoculated with Penicillium oxalicum while 

pots having PCL were inoculated with Aspergillus fumigatus. Negative controls were 

setup with plastic films in sterilized soil inoculated with MSM without the fungal strains. 

A similar set of experiment was also established with un-sterilized soil. By the end of the 

experiment films were analysed for their degradation using different analytical 

techniques. The soil microbiota was determined by measuring total viable count 
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(CFU/mL) as previously (Yamamoto-Tamura et al., 2015) with slight modification. 

Nystatin (33 μg m/L) containing nutrient agar was used in case of bacteria, whereas, malt 

extract medium supplemented with chloramphenicol (40 μg m/L) was used for fungi. 

Chloramphenicol containing plates were incubated at 30 °C for 72 h while nystatin plates 

at 37 °C for 24 h.  

 

2.7. Carbon dioxide (CO2) Evolution Test (Sturm test) 

The evolution of CO2 from PU due to biodegradation of the film upon fragmentation by 

microorganisms under aerobic conditions is considered as an indicator for PU 

degradation. CO2 evolved as a result of PU consumption by strain S45, was trapped and 

compared with the amount evolved in case of biotic control under similar conditions. Test 

bottle containing 300 mL MSM with 250 mg of PU film pieces was inoculated with 

fungal strain, an abiotic (PU + MSM) and biotic (Strain S45 + MSM) control was set up 

in separate under similar condition.  Sterilized air was passed through pre-treatment 

chamber consisting of two bottles having 3M KOH for removal of any CO2 already 

present before bubbling it through culture bottles. Magnetic stirrer was used to stir test 

and control bottles continuously. The test was performed at room temperature (30
 
°C) for 

28 d. CO2 produced in test and control bottles was trapped in absorption chamber 

(containing 1M KOH) and quantified gravimetrically by precipitating soluble carbonates 

produced in absorption chamber with the addition of 1M barium chloride and measured 

its dry mass (Josef et al., 1992). Fungal biomass in culture bottles was filtered through 

whatman filter paper and dried in oven at 60 °C over night before measuring its dry mass. 

Polyurethane film pieces recovered from Sturm test experiment were analyzed for any 

physical or chemical changes using different analytical techniques. 

 

2.8. Analysis of Biodegradation 

2.8.1. Scanning Electron Microscopy (SEM)  

The surface topology of treated polymer films were examined by scanning electron 

microscopy (MIRA3 TESCAN) in order to find any structural changes after incubation 

with fungal strains. Film pieces were thoroughly washed with sterilized distilled water 
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and mounted on copper stubs with gold paint. Gold plating was done in vacuum in order 

to increase the conductivity of the samples. Film pieces recovered from abiotic control 

were also examined for comparison.  

2.8.2. Fourier Transform Infrared (FTIR) Spectroscopy  

Fourier transform infrared (FTIR) spectroscopy (Tensor 27, BRUKER, FTIR Series 

Germany) of polyester films were carried out after culturing with fungal strains in order 

to examine changes in the functional groups or chemical structure that corresponds to 

polymer degradation. For this purpose, the film was placed on FTIR sample plate and 

spectra were taken at 500-4000 wave numbers cm
-1

 in single for each sample, including 

abiotic control for comparison. 

2.8.3. Differential Scanning Calorimetry (DSC) Measurement 

Table 3.5 Properties of soil used in the soil burial experiment 

Soil parameters Values 

Sand, % 79 

Silt, % 11.7 

Clay, % 10.3 

Moisture content, % 10.8 

Organic matter, % 3.6 

% of exchangeable K 1.2 

% of exchangeable Ca 85.5 

Cation exchange capacity (CEC), meq/100g 10.8 

Calcium (Ca), mg/kg 1682 

Phosphorus (P), mg/kg  80 

Potassium (K), mg/kg 52 

Magnesium (Mg), mg/kg 168 

Total Nitrogen 0.09 

% Carbon 1.38 

C:N 15.3 
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Differential scanning calorimetry (DSC) technique was used for thermal analysis of 

treated films. For this purpose a Mettler oscillating differential scanning calorimeter 

(DSC 822e, STARe V.9.00 software, USA) was used. In this process, treated film pieces  

were placed in a sealed aluminium pan and an empty pan was used as reference. The 

instrument was calibrated with indium, then samples were scanned at heating rate of 10 

°C/min from -60 °C to 250 °C and finally samples were cooled down at a cooling rate of 

10 °C/min to -60 °C. Thermograms of DSC were studied by using Mettler STARe V.9.00 

software to find polymer melting temperature (Tm) and non-isothermal crystallization 

temperature (Tc).  

 

2.9. Esterase Activity Assays 

2.9.1. Qualitative Assay for Esterase on Tween 20 Agar 

The hydrolytic activity of esterase from strain S45 was determined on tween 20 agar 

according to previously described method (Samad et al., 1989). After incubation of strain 

S45 on tween 20 agar plates, esterase activity was demonstrated as formation of calcium 

complex that is visible around fungal growth throughout the plate. Calcium complex is 

formed due to fatty acids released as a result of esterase activity on tween 20 that binds 

with calcium in the medium. The medium remains clear in absence of esterase. The 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 117 

 

tween 20 medium is composed of (g/L): Peptone 10g, NaCl 5g, CaCl2.2H2O 0.1g, Agar-

agar 20g, Tween 20 10 mL (v/v). 

2.9.2. Quantitative Assay 

Strain S45 was inoculated in 100 ml of liquid MSM containing PU films (250 mg) and 

incubated at 30°C for 28 d in shaker incubator at 100 rpm. Similar culture without PU 

films was used as a control. The experiment was run in triplicate. Samples were collected 

at three days interval, centrifuged at 10,000 x g for 10 min at 4 °C and esterase activity 

was determined in cell free supernatant using p-nitrophenyl acetate (chromogenic 

compound) as a substrate and absorbance was recorded at 410 nm by the method of 

Lesuisse et al. (Lesuisse et al., 1993). The amount of p-nitrophenol released as a product 

is used as an indication of esterase activity (U/ml). Protein concentration was calculated 

by using method of Lowry et al. (Lowry et al., 1951). Dry mass of fungi was calculated 

using method described earlier.  

3. Results and Discussion 

3.1. Screening for Polyester-degrading microorganisms 

 Soil samples were screened for polyester-degrading microorganisms. Initially, a total 

of 56 potential degraders including fungi, bacteria and actinomycetes were isolated but 

the fungal strains designated as SS2 and S45 were selected for further study based upon 

their maximum polyester-degrading ability at 30 °C. 

 

3.2. Characterization of Fungal Strains 

The colony of strain SS2 was initially white in color, which gradually turned dark green 

after 5 d of incubation at 30 °C, while the aerial mycelia remained white. Fungal colony 

observed from lower side of agar plate was off white to pale yellow in color. Microscopic 

examination revealed that its hyphae were 7 µm in diameter, whereas, conidia were 2-3 

mm, smooth and globulus. Strain S45 appeared grey green with white margins on agar 

medium and nascent mycelia turned grey green upon maturity. The common features of 

strain S45 were matched with the descriptions of genus Aspergillus given in the 

FUNGUS HANDBOOK: Identification of Common Aspergillus Species (Klich et al.,  

2002). Smooth globulous conidia and hyphae were observed upon microscopic 
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examination after staining with lacto phenol cotton blue. Both fungal strains were found 

to grow at wide temperature range (20-55
 
°C) with an optimal temperature of 30

 
°C that 

represents their mesophilic nature.  

 

18S rRNA sequencing results were analyzed by comparing the nucleotide sequences 

available in NCBI database through BLAST search analysis. Based on sequence 

homology obtained from NCBI database, the strain SS2 showed close homology to genus 

Penicillium having 100% similarity with P. oxalicum strain QTYC27 (KM103315.1) 

(Fig. 3.1). Thus, strain SS2 was identified as Penicillium oxalicum having accession 

number KY962009. The phylogenetic analysis of 18S rRNA revealed that strain S45 

belongs to genus Aspergillus having 99% similarity with Aspergillus fumigatus 

(KF961003). The nucleotide sequence reported here can be obtained from NCBI 

nucleotide sequence database under accession number KU948302 (Fig. 3.2). 

 

3.3. Degradation activity of isolated fungal strains against various polyesters 

3.3.1. Qualitative assays 

3.3.1.1. Degradation activity on polymer emulsions 

The ability of P. oxalicum SS2 to degrade PHB and PHBV emulsions in broth as well as 

on agar plates was investigated. P. oxalicum SS2 can efficiently degrade PHB and PHBV 

and turned both the emulsions completely transparent within 36 h (Fig. 3.3 & 3.4). PCL 

emulsified agar plates were point inoculated with Aspergillus fumigatus S45. Figure 3.5 

shows the zone of hydrolysis formed on PCL emulsified agar plates around the fungal 

growth. Decrease in turbidity of PCL emulsion was also observed which completely 

became transparent after 5 days of incubation.  

3.3.1.2. Degradation activity against polymer films in broth 

 The degradation ability of strain SS2 was also investigated against PHB and 

PHBV films. P. oxalicum SS2 was found to degrade PHB and PHBV films very 

efficiently and almost 100% of PHB and PHBV film was degraded within 48 h (Fig 3.6 

C-F) while abiotic controls remained intact showing no weight loss. Degradation ability 

of Aspergillus fumigatus S45 against PCL and PU films was determined in minimal salt 
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medium by measuring their weight loss at different time intervals. More than 50 % of 

PCL film was degraded by Aspergillus fumigatus strain S45 within 28 d of incubation 

(Fig. 3.7). Figure 3.8 shows the time course of PU film degradation at 30
 
°C after 28 d. 

The rate of degradation was slow and 15-20% decrease in weight was observed till the 

end of experiment. Recently, a consortium of strain MZA-75 and MZA-85 has been 

developed that could degrade PU more efficiently as compared to individual strain (Shah 

et al., 2016). During PU film degradation, an esterase activity was detected in the culture 

broth. Enzymes that degrade solid substrates possess certain properties that enable them 

to adsorb to the surface of substrates. It has been reported that a hydrophobic protein 

adheres to the plastic surface at first and then drags a plastic-degrading enzyme on to its 

surface (Shah et al., 2015; Ohtaki et al., 2006). Both the films in un-inoculated (abiotic) 

control were also incubated for 28
 
d for comparison showing no weight loss. Based on 

the results obtained from qualitative assays it was found that Penicillium oxalicum strain 

SS2 was a potential degrader for PHB and PHBV while Aspergillus fumigatus strain S45 

showed better degradation ability against PCL and PU. 
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Figure 3.5 Evolutionary analyses of fungal isolate SS2 using the Neighbor-Joining  

method as implemented in MEGA 6. SS2 was identified as Penicillium oxalicum 
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Figure 3.6 Evolutionary analyses of fungal isolate S45 using the Neighbor-Joining 

method as implemented in MEGA 6. S45 was identified as Aspergillus fumigatus 
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Figure 7.3 Zones of hydrolysis around colonies of Penicillium oxalicum strain SS2 on 

plastic emulsified MSM agar plates after 04-05 days of incubation; (A) PHB (B) PHBV 

 

 

 

 

Figure 3.8 Degradation of PHB and PHBV emulsion by Penicillium oxalicum strain SS2. 

The turbidity of PHB (A) and PHBV (B) emulsions disappeared after treatment with 

strain SS2 within 36 h 
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Figure 3.9 PCL emulsion incubated with Aspergillus fumigatus strain S45 Plate assay (A) 

broth assay (B) 

 

 

 

Figure 3.10 Degradation of PHB and PHBV film by Penicillium oxalicum strain SS2. 

PHB (C) and PHBV (E) films were degraded by strain SS2 in 48 h, as indicated in (D) 

PHB and (F) PHBV 
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3.3.2. Quantitative assays 

3.3.2.1. Biodegradation of polyesters in soil microcosms 

 Quantitative assays for biodegradation were performed for both the strains 

depending upon their substrate specificities. Soil is considered as one of the naturally 

occurring biodegradation medium for different pollutants (Włóka et al., 2017). Different 

characteristics of soil like texture, bulk density and porosity, organic matter content, 

cation exchange capacity, carbon to nitrogen ratio etc. influence not only the nutrient and 

water dynamics in the soil but also the flora and fauna in it (McClaugherty et al., 2011). 

Living organisms present in the soil, predominantly microorganisms (fungi and bacteria) 

and other animals, play a significant role in the process of decomposition. Lab scale soil 

burial experiment was carried out to determine the role of P. oxalicum SS2 and A. 

fumigatus S45 in degradation of aliphatic polyesters, as a simulation of an actual soil 

environment. The garden soil was thoroughly characterized and its constituents are 

presented in Table 3.1. The experiment was performed by burying the polyester films 

(PHB & PHBV) separately in sterilized and un- sterilized soil, both inoculated with P. 

oxalicum SS2 while PCL film inoculated with A. fumigatus S45. Separate controls were 

run for both sterile and non-sterile soil containing polyester films but without the fungal 

strain. The rate of degradation of PHB and PHBV films in both sterile and non-sterile 

soils was determined after every 24 h while for PCL films rate of degradation was 

determined every week. Almost 99% of PHB and PHBV films were degraded on 6
th

 and 

7
th

 day of incubation (Fig. 3.9), respectively, as indicated by the remnants of the films 

and 95% weight loss was achieved for PCL at the end of 28 d. In case of controls, 

minimal weight loss was observed (Fig. 3.10). CFU of soil sample was calculated for 

both bacteria and fungi. Based on the results, both the bacterial and fungal population 

was calculated as 1.7 × 10
7 

CFU/g and 5× 10
3 

CFU/g, respectively, while our test strains 

This SS2 and S45 were not found as part of the indigenous fungal population of the soil. 

clearly demonstrates the potential of our fungal strains to degrade polyesters in soil 

environment under mesophillic conditions, which can be implied in bio-augmentation 

strategies to biodegrade even the other polyesters. The soil used in the experiment 

seemed to support biodegradation of the polymers, it was loamy sand type soil and soil  
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Figure 3.11 Time course of degradation of PCL film by Aspergillus fumigatus strain S45 

 

 

Figure 3.8 Time course of degradation of PU film by Aspergillus fumigatus strain S45.  

Triangle, uninoculated control; Circle, inoculated with strain S45 
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Figure 3.9 Time course of weight loss of PHB (A), PHBV (B) films treated with  

Penicillium oxalicum strain SS2 within 6 and 7 days respectively. 
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texture would have provided good aeration and surface area for microbial colonization. 

Other chemical properties of the soil like organic content, C/N ratio, particle size and 

mineral levels also increased bioavailability of the polymer and microbial attachment on 

the polymer surface. 

3.3.2.2. CO2 Evolution 

Biodegradation of PU film was studied in Sturm test using Strain S45 and the degradation 

efficiency against PU was studied in terms of difference in CO2 evolved both in test as 

well as control vessels (biotic and abiotic). High amount of CO2 was recovered after 

quantification in test vessel as compared to both biotic and abiotic control, as shown in 

Table 3.2. Higher values of standard deviation (g) were observed which is normal while 

working with the biological systems, as they can change their growth patterns any time. 

CO2 evolution test has been used to evaluate biodegradability of photosensitized 

polyethylene (PE), starch-PE, extensively plasticized polyvinyl chloride (PVC), and 

polypropylene (PP) (Yabannavar and Bartha, 1994).
 

Different methodologies and 

modifications have been proposed regarding measurement of carbon dioxide evolved 

during degradation of polymers as well as aliphatic and aromatic compounds (Kim et al., 

2001). 

 

3.4. Analysis of Degradation of Polyester Films  

3.4.1 Fourier-Transform Infra-Red (FT-IR) Spectroscopy  

FTIR spectroscopy is a very handy tool to evaluate the appearnce of new bonds or 

deformation of existing chemical bonds. Therefore, products formed due to degradation 

and/or incorporation of chemical moieties into the polymers such as branches, addition of 

co-monomers, introduction of unsaturation can be observed using this technique 

(Hoshino et al., 2002; Dřímal et al., 2007; Das et al., 2015). The changes in functional 

groups of PHB and PHBV during degradation were examined through FTIR 

spectroscopy (Fig. 3.11). For PHB, a peak at 1743 cm
-1

 representing C=O decreased in 

intensity and appeared at 1737 cm
-1 

which is not only indicative of decrease in carbonyl 

functionality but also a decrease in the amorphous phase due to preferential degradation 

leading to relevant increase in crystalline phase. Intense peak at 1032 cm
-1 

representing 
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C-O of the ester linkage greatly decreased in intensity and appeared as multiple small 

peaks at 1032 cm
-1 

and 1054 cm
-1 

indicating breakdown of ester linkages by microbial 

esterases. In case of PHBV, a peak at 3026 cm
-1 

represent C-H (SP2) stretching, 

disappeared in the treated PHBV films. Moreover, a new sharp peak emerged at  

1723 cm
-1 

representing carboxylic functionality. These observations represent hydrolysis 

of the polymer chains resulting in formation of carboxylic acids. The decrease in intensity 

of peaks in the area 2868 cm
-1 

to 2979 cm
-1

 indicates intensity of C-H (SP3) stretching 

has been decreased by conjugation. Peak at 1032 cm
-1 

represent C-O of ester functional 

group in the untreated control and its disappearance in the treated PHBV sample indicates 

hydrolysis of ester bonds in the PHBV films exposed to microbial treatment. Major 

changes observed in the FTIR spectrum of PHB and PHBV films indicated hydrolysis of 

ester functionality and preferential degradation of the amorphous regions in polymer 

leading to increase in crystallinity with degradation. 

 

Changes in the functional moieties of the PCL films that were prone to degradation when 

inoculated with Aspergillus fumigatus were also analyzed by FTIR spectscopy (Fig. 

3.12). Appearance of several new peaks within the range of 600-1200 cm
-1

 was observed. 

Visible shift of peak from 2861 cm
-1

 to 2892 cm
-1

 can be observed. Change of the peaks 

in this region is indicating the cleavage of C-H bond in aliphatic CH2 group. The 

emergence of a peak from 3273 cm
-1

 to 3330 cm
-1

 indicates stretch of N-H group 

demonstrating fungal activity.  Peaks within the region of 1200-1800 (C=O at 1743 cm
-1

) 

shows the carbonyl stretch of esters. The emergence of peak from 3559 to 3587 

highlights the presence of O-H stretch. The appearance and disappearance of peaks in the 

above mentioned regions demonstrated that during the process of biodegradation the 

polymer carbonyl group at one place might broke and got converted to a hydroxyl group 

(alcohol) somewhere else in the spectra which led to conversion of alcohol into 

respective ketones and aldehydes (Skariyachan et al., 2018). Khan et al. (Khan et al., 

2017) claimed the appearance of characteristic C-H asymmetric and symmetric stretching 

peaks at 2927 and 2864 cm
-1

, respectively in his Lactobacillus sps. lipase mediated PCL 

degradation. Osman et al. (Osman et al., 2017) in his study of PU degradation attributed 
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the peak at 2956.2 to be decreased to a lower wave number due to breakdown of C-H 

bond in aliphatic group. Appearance of a peak at 3467 cm
-1

 was observed in the test 

which indicated the formation of amide bond. The findings of this study were found 

consistent with the results of Esmaeili et al. (Esmaeili et al., 2013) where he studied 

biodegradation of low density polyethylene (PE) in soil by a consortium of Lysinibacillus 

xylanilyticus and Aspergillus niger. 

 

FTIR spectrum is indicative of degradative changes in soft segment of the polyester PU 

(Fig. 3.13). A peak at 2956.2 (representing vibration of C-H in aliphatic CH2) has 

substantially been decreased in intensity in FTIR spectrum of test sample as compared to 

abiotic control. Since a bulk of aliphatic CH2 is present in the soft segment of PU, 

reduction in intensity of peak may represents breakdown of polymer chain. Another peak 

at 1725 cm
-1

 corresponds to stretching of ester functional group, almost disappeared in 

spectrum of treated PU films. Shen et al. (Shen et al., 2015) attributed the peak at 1725 

cm
-1

 to ester stretching in the PU soft segment, a substantial decrease in its intensity may 

be due to decrease in ester linkages during breakdown of the soft segment. In addition, a 

peak at 1146 cm
-1

 represents symmetric stretching of C-O-C in polymer chain. Pramanik 

et al. (Pramanik et al., 2015) in his In vitro study of surface modified poly(ethylene 

glycol)-impregnated sintered bovine bone scaffolds on human fibroblast cells correlated 

this signal to symmetric ether stretching. 

 

3.4.2 Scanning Electron Microscopy (SEM) 

The progression of degradation was confirmed by SEM micrographs. SEM of PHB and 

PHBV films recovered from soil after 6 and 7 d respectively, was performed to observe 

morphological modifications over the surface of film and compared to that of untreated 

control. Presence of pits, cracks and holes in the test sample after microbial action, as 

compared to untreated control can be observed (Fig. 3.14). To further demonstrate the 

degradation of PCL films after incubation with fungal strain Aspergillus fumigatus S45, 

the films were analyzed through scanning electron microscopy (SEM). The micrographs 

depicted surface changes in polymer films such as pits, cracks and holes showing the 
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activity of the strain S45 (Fig. 3.15). While in comparison no such morphological 

changes were observed in abiotic control. Khan et al. (Khan et al., 2017) reported similar 

SEM micrographs with physical morphological change in PCL films such as holes, 

cracks and pits. 

SEM micrographs showing changes in surface morphology of the treated PU 

demonstrated emergence of deformities in the surface of PU film by the test strain S45. 

Fungal growth can be observed in SEM micrographs on PU surface in the form of hyphae 

and spores (Fig. 3.16). The adhesion of spores and hyphae to the surface of PU 

demonstrated the establishment of a biofilm that leads towards PU degradation (Howard 

et al., 1999). Here, the SEM micrographs showed changes in surface morphology of PU 

film such as appearance of pits and holes. Likewise, the Alicycliphilus sp. (Oceguera-

Cervantes et al., 2007) and Comamonas acidovorans TB35 (Akutsu et al., 1998) have 

already been reported that deteriorate the surface morphology of PU film in the form of 

pits and holes, as examined by SEM. 
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Figure 3.10 Time course of weight loss of PCL film treated with Aspergillus fumigatus 

S45 

 

Table 3.6 Dry cell mass (g) and amount of CO2 (g) evolved as a result of breakdown of 

PU film by Aspergillus fumigatus in Sturm Test through a course of 30 d. 

SD: Standard deviation (g) 

 

 

Sample Dry cell mass (g) 

(day 01) 

SD Dry cell mass (g) 

(day 30) 

SD CO2 (g) SD 

Test 0.05 0.50 15.68 0.84 10.05 0.73 

Control 0.05 0.60 3.80 0.69 3.20 1.0 
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Figure 3.11 FTIR spectra of films treated with Penicillium oxalicum strain SS2. PHBV  

(A)  PHB (B). (A) Pink line: control; green line: test (B) Blue line: control; pink line: test 

 

Figure 3.12 FTIR spectra of PCL films inoculated with Aspergillus fumigatus strain S45  

after 6 weeks of fungal activity. Test (Red) and control (Blue) 
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Figure 3.13 FT-IR spectra of PU film pieces before and after incubation with  

Aspergillus fumigatus in Sturm Test. Both test (B) and control (A) spectra are compared 
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3.4.3. Differential Scanning Calorimetry (DSC) for Thermal Analysis 

A DSC curve taken for PHB and PHBV films before and after enzymatic degradation 

showed remarkable changes in thermal properties of the polymers. In case of PHB, the 

melting temperature Tm of microbially treated film increased upto 172
o
C from 168

o
C in 

control. In case of PHBV, melting temperature Tm decreased from 172
o
C to 158

o
C (Fig. 

3.17). Changes in thermal properties of polymer like melting temperature can be related 

to degradation of polymers as a result of microbial attack. It was observed from the DSC 

curves that PHB has been degraded preferably in the amorphous region that can be 

deduced from the rise of melting point. FTIR analysis of PHB also directed towards an 

increase in crystallinity of the polymer after exposure to microbial treatment. A decrease 

in crystallinity has been observed for PHBV. Decrease in crystallinity allowed swelling 

of the polymer by allowing movement of the water molecules into the chains of the 

polymer thus resulting into the degradation of the chains hence de-polymerization. In 

case of PHB there was a remarkable change in the structure of polymer after microbial 

treatment so that it‘s  Tg and first Tm curves have merged, showing complete deformity 

in structure of the polymer. Coelho et al. (Coelho et al., 2010) and Osman et al (Osman et 

al., 2017) also reported the degradation of polymer with changes in its thermal properties 

using DSC. DSC analysis was carried out for PU films before and after culturing with 

strain S45 in MSM. The melting temperature (Tm) of treated PU film was increased from 

191  C to 196  C that represents changes in morphology of PU film after degradation (Fig. 

3.18). PU is semicrystalline segmented polymer consisting of polyisocyanate with 

crystalline hard segment and polyester polyol soft segment which is amorphous in nature. 

Jenkins and Harrison (Jenkins and Harrison, 2008) while studying enzymatic degradation 

of a semicrystalline polymer polycaprolactone (PCL) observed increase in crytallinity of 

polymer, attributed to prefrential degradation of the soft segment by the enzyme. In our 

study, the rise in melting temperature after treatment may be the result of similar increase 

in crystallinity of the exposed PU sample. Prestsch et al. (Pretsch et al., 2009) prepared 

polyester urethanes using methylene-bis(4-phenylisocyanate) (MDI), butandiol and 

polyadipate diol and studied its accelerated degradation in distilled water at 80˚C using 

DSC. He observed increase in melting peaks as well as crystallinity of the polymer after 
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treatment. Coelho et al. (Coelho et al., 2010) also used this technique to identify changes 

in polyethylene polymer after degradation. 

 

 

 

 

Figure 3.14 SEM images of both PHB (A-C) and PHBV (D-F) films recovered  

from soil inoculated with Penicillium oxalicum strain SS2 

 

 

Figure 3.15 SEM images of PCL films recovered from  

(A) non-inoculated sterile soil  

(B) sterile soil inoculated with S45  
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(C) non-inoculated non-sterile soil  

(D) non-sterile soil inoculated with S45, on the top is un-treated control 

 

 

Figure 3.16 SEM images of PU films pieces after incubation with strain S45 in Sturm 

Test for 30 d. (A-B) Micrographs of abiotic control taken at different magnification 

(x1.0K, x5.0K) (C-D) test samples before washing (x1.0K, x5.0K) (E-F) Micrographs of 

test samples after washing (x1.0K, x5.0K). Above is non-treated control 
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Figure 3.17 Differential Scanning Calorimetry thermograms taken for PHB and 

PHBV films recovered from soil burial experiemnt incubated with strain SS2.  

(A) PHB (B) PHBV (C) control (T) test 
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Figure 3.112 Differential Scanning Calorimetry thermograms taken for PU films after 

incubation with strain S45 in Sturm Test for 30 d. (A) Abiotic control, (B) Test sample 
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3.5. Enzyme Activity Assays 

Aspergillus fumigatus strain S45 was inoculated on Tween 20 agar plate. After 

inoculation and incubation of test strain, hydrolytic activity of esterase was demonstrated 

by formation of calcium complex that was visible around fungal growth. Fatty acids were 

released as a result of esterase activity on tweens 20 that bound with calcium in the 

medium and formed calcium complex. The medium remained clear in the absence of 

esterase enzyme (Fig. 3.19). Kumar et al. (Kumar et al., 2012) also used tween 20 agar 

plates to analyze the hydrolytic activity of Bacillus sp. DVL2 lipase/esterase enzyme. 

Emanuilova et al. (Emanuilova et al., 1993) used tween (fatty acid esters of poly-oxy-

ethylene sorbitan) agar plates for the detection of Bacillus lipase/esterase activity. 

Specific activity of esterase enzyme was increased steadily from 0.1440 M/Min/mg at 

day one and reached its maximum upto 2.687 M/Min/mg at day 15 and then dropped to 

0.2953 M/Min/mg till day 27 in the presence of PU as sole source of carbon in 

comparison to control. The role of esterase enzyme in degradation of PU has already 

been reported in our previous study (Nakajima-Kambe et al., 2009).
 
Mathur and Prasad 

(Mathur and Prasad, 2012) detected the activity of esterase enzyme from Aspergillus 

flavus in cell free supernatant after 30 d of incubation, using p-nitrophenyl acetate as 

substrate. Both the FTIR and DSC analysis clearly indicates breakdown of polymer as a 

result of hydrolysis of ester linkages connecting soft segments. The cleavage of ester 

bonds accompanied by gradual increase in esterase activity during the time course 

experiment substantiated our belief that esterase might have catalyzed the degradation of 

polymer chain. Different authors have found polyester PU degrading enzyme from 

different microbial strains that catalyze ester hydrolysis (Crabbe et al., 1994, Shah et al., 

2013b). 

 

4. Conclusion  
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 The current study concludes that P. oxalicum SS2 and Aspergillus fumigatus 

strain S45 has potential to degrade various polyesters based biodegradable plastics within 

reasonable time period, therefore it is expected that they could have ability to biodegrade 

other aliphatic, aromatic as well as their co-polymers. The conditions for soil microcosms 

experiment could be further optimized in order to maximize the degradation rate of 

polyesters and for future application of the fungal strains in simulated systems. Enzyme 

system from the strains could be exploited in development of sustainable biochemical 

monomer recovery methods for plastic waste management. 
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Figure 3.113 Production of esterase enzyme was confirmed by both quantitative and 

qualitative assays. (A) Specific activity of esterase enzyme in cell free supernatent during 

inbuation of PU film pieces with Aspergillus fumigatus strain S45 in MSM as sole source 

of carbon. The samples were taken at three day intereval upto the maximum of 27 d. A 

gradual increase in esterase activity (specific activity) (●) and crude enzyme activity (▲) 

was observed till 15
th

 day of incubation followed by a decrease till the end of experiment. 

(B) Production of esterase on Tween 20 agar plate 
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Abstract 

Four bacteria, Chryseobacterium sp., Sphingobacterium sp. and two strains of 

Pseudomonas aeruginosa, with the ability to biodegrade poly(lactic acid), PLA, at 

mesophillic temperatures (~30ºC) were isolated. Their growth and formation of biofilm 

on PLA was characterized. To establish the biodegradation role of these bacteria and to 

assess any possible influence of abiotic factors in the biodegradation of PLA at 30ºC, the 

biodegradation rate of each strain was measured as the reduction of weight average 

molecular number (Mn) of PLA. A rapid reduction of PLA Mn was observed when 

incubated with each strain. Abiotic controls showed very slow degradation rates. Only the 

P. aeruginosa isolates were able to grow on lactate suggesting that there is a novel 

mechanism for degradation by Chryseobacterium sp. and Sphingobacterium sp. All four 

strains were capable of forming biofilm over PLA films consistent with the observed 

polymer degradation. This comparative study establishes the role of these isolates in the 

degradation of PLA at ambient temperature without or minimal assistance from abiotic 

factors.  

 

Keywords: Bacterial degradation, Mesophillic temperature, biofilm, poly(lactide), 

composting 
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1. Introduction 

Inadequate and inappropriate disposal methods are causing accumulation of persistent 

plastic waste in the environment. Due to these environmental burdens and scarcity of 

non-renewable resources used in the manufacture of non-biodegradable plastics, an ever-

increasing global concern is raising. A solution to these concerns has gained exceptional 

attention in the form of biodegradable plastics (BPs) and biopolymers produced from the 

renewable materials. Biopolymers with good mechanical properties and self-

sustainability have emerged as potential alternatives to non-biodegradable conventional 

plastics. Poly(lactic acid), PLA, is a straight chain biodegradable polymers with great 

developmental scope among other polyesters currently present in the market (Lasprilla et 

al., 2012; Castro-Aguirre et al., 2016; Jiménez et al., 2014). PLA is a thermoplastic, 

biocompatible, recyclable, biodegradable, and compostable polymer produced from 

annually renewable feedstocks (e.g., corn, cassava, wheat, or rice) and is generally 

regarded as safe (GRAS) by the United State Food and Drug Administration (FDA) 

(Drumright et al., 2000; Jamshidian et al., 2010; Sawyer et al.,  2003; Dorgan et al., 

2001). PLA has found various applications in multiple sectors of life such as medical, 

agricultural, textile, and packaging. In the medical field, it is widely used due to its great 

biocompatible property, various biomedical applications include use in suture, bone 

fixation, microsphere used in drug release, and tissue engineering (Mehta et al., 2005; 

Zhao et al., 2004); in agriculture, it has been used for compostable bags and horticultural 

materials; in textile, PLA has being use for non-woven textiles and disposable garments; 

in packaging, it has been mainly utilized in disposable food packaging like cups, 

lamination films, sundae and salad cups etc. (Auras et al., 2006).  

 

With such a growing commercialization of PLA, increasing interest is given to its end of 

life scenario. PLA can be recovered and disposed in all common end of life scenario, 

recycling, composting, and/or incineration. However, it provides a unique advantage to 

be biodegraded when PLA is contaminated in applications such as packaging and 

agriculture (Castro-Aguirre et al., 2016). PLA abiotic degradation is one of its limiting 

factors for ambient temperature biodegradation, it has been commercialized to be 
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degraded in industrial composting facilities. Among various studies regarding 

biodegradation of PLA, one prevailing notion is that the abiotic processes drive the 

degradation PLA with high average molecular weight with little or no assistance from the 

microbes and degradation of PLA in such cases in mainly attributed to the abiotic 

chemical hydrolysis of PLA by water and subsequent utilization of the low molecular 

weight (<10 kDa) degradation products by microbes (Agarwal et al., 1998; Lunt et al 

1998; Ghorpade et al., 2001; Longieras et al., 2007; Sangwan and Wu, 2008; Saadi et al., 

2012; Copinet et al., 2009). Other investigators suggest that in addition to abiotic 

hydrolysis, microbes are capable of producing hydrolases that can cleave the backbone of 

the high molecular weight PLA and play a substantial role in its degradation (Jarerat and 

Tokiwa, 2001; Masaki et al., 2005; Watanabe et al., 2007; Karamanlioglu and Robson, 

2013). As composting is increasingly being applied to PLA disposal (Castro-Aguirre et 

al., 2016), it is imperative to get complete knowledge about the role of microbes in 

biodegradation of PLA, so that the efficiency of the composting process can be 

optimized. In addition exploring other strategies beyond industrial composting may 

increase the utility and market of PLA.  

 

So far, around three dozen of studies have been reported focusing the role of bacterial and 

fungal species degrading PLA. Majority of the bacteria reported so far with potential to 

biodegrade PLA belong to families Pseudonocardiaceae, Thermomonosporaceae, 

Micromonosporaceae, Streptosporangiaceae, Bacillaceae and Thermoactinomycetaceae. 

The fungal species are mainly from the phylum Ascomycota (Trichocomaceae, 

Hypocreaceae) and Basidiomycota (Tremellaceae) (Sangwan and Wu, 2008; Jarerat et 

al., 2002). Despite these reports, our understanding about the role of microbes in PLA 

degradation as well as its degradation mechanism is still limited. Furthermore, the 

majority of these studies have been conducted at temperature above 40
ᵒ
C.  

 

The aim of this study was to isolate bacterial strains that have a role in the biodegradation 

of PLA at mesophilic temperature (30
ᵒ
C). We provided a comprehensive report on the 

degradation of PLA by the recently isolated four bacterial strains by monitoring the 

https://en.wikipedia.org/wiki/Trichocomaceae
https://en.wikipedia.org/wiki/Hypocreaceae
https://en.wikipedia.org/wiki/Tremellaceae
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reduction in its weight average molecular number and the contribution of abiotic factors 

in the degradation.  

2. Materials & Methods 

2.1 Materials & strains. 

Poly (lactic acid), PLA, 2003D was purchased from NatureWorks LLC, Blair, NB. The 

average molecular weight (Mw) of the resin was 2 x 10
5 

Da, and the weight number 

average molecular number (Mn) was 1 x 10
5 

Da. The resin was used as received. 

Pseudomonas aeruginosa PA01 was used as a control in several experiments. 

 

2.2 PLA film production 

PLA resin was vacuum-dried over night at 40
ᵒ
C before processing. Microextruder model 

RCP-0625 (Randcastle Extrusion Systems, Inc., Cedar Grove, NJ) was used to cast PLA 

films. The processing temperature of different zones (from hopper to die) was set 

between 193 and 210°C, and the speed of the screw was adjusted to 27 rpm. The 

extruded films were of 0.02 ± 0.01 mm thickness. 

 

2.3 Preparation of compost piles 

Compost produced at Michigan State University (MSU) Composting Facility, was a 

mixture of dairy manure and straws in equal proportion (1:1). The mixture was first fed 

into bays and allowed to heat up to 55°C by intrinsic microbial activity. To maintain 

homogeneity, the mixture was turned every 72 hours. After few days, the mixture was 

taken out of the bay and piles were set up. Following the initial active phase, compost 

was allowed to attain the desired properties over a period of 6-12 months; finally, large 

unwanted and inert material was screening out from the compost. 

 

2.4 Media and chemicals 

Luria Bertani broth (LB) and tryptic soy broth (TSB) were purchased from Bacto
TM

, MD, 

USA. R2A and tetrahydrofuran (THF) were supplied by Difco
TM

,
 

MD USA and 

Pharmaco-Aaper (KY, USA), respectively. R2broth (R2B) contained per liter, yeast 

extract 0.5g, casamino acids 0.5g, proteose peptone 0.5g, soluble starch 0.5g, sodium 
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pyruvate 0.3g, magnesium sulfate 0.05g, dipotassium phosphate 0.3g, dextrose 0.5g. All 

the other chemicals and reagents were commercial products of the highest available 

grade. 

2.5 Isolation of PLA degrading bacterial strain 

The compost sample was used as the inoculum for enrichment using M9 minimal 

medium supplemented with PLA films (1.5 cm x 1 cm, and 0.02 mm thickness) as the 

sole carbon source. For the sterilization purpose film was thoroughly washed with 70% 

ethanol and after drying ultraviolet light was irradiated for 5 min. The composition of M9 

minimal medium was all in g/L Na2HPO4.7H20 12.8, KH2PO4 3.0, NaCl 0.5,NH4Cl 1.0, 

and 1mM MgSO4, 1mM CaCl2, 3x10
-9

M (NH4)6Mo7O24.4H2O, 4x10
-7

M H3BO3, 3x10
-8

M 

CoCl2.6H20, 1x10
-8

M CuSO4.5H20, 8x10
-8

M MnCl2.4H20, 1x10
-8

M ZnSO4.7H20, 1x 

10
-6

M FeSO4.7H2O. About 25 mL of freshly prepared M9 minimal medium was taken in 

a 100 mL Erlenmeyer flask containing PLA film pieces as the only carbon source was 

inoculated with compost samples (1g) and incubated at 30
ᵒ
C and 70 rpm for 7 days in a 

shaker. After seven days of incubation, two pieces of PLA film were removed from this 

culture very carefully maintaining the aseptic conditions and reinoculated to fresh M9 

medium with new PLA film pieces as fresh carbon source. About 100 µL of the culture 

from previous flask was also incubated for next 7 days using the same settings as 

described above. This protocol was used for a serial enrichment through six consecutive 

weeks to obtain true PLA degraders that colonize the surface of the PLA film as well as 

pelagic populations. Using the classic serial dilution method about 100 µL culture from 

the final week flask was spread onto the R2A plates and incubated at 30
ᵒ
C for one week 

to recover the enriched bacterial population with the potential to survive on PLA as food 

source over the course of 42 days. Morphologically distinct four bacterial colonies 

designated as S1, S2, S3 and S4 were picked and further streaked for purification. 

Purified colonies were stored at -80
ᵒ
C until further use.  

 

2.6 rRNA amplification and sequencing of bacterial isolates 

16S rRNA sequencing technique was used to identify the isolates. Cultures grown to their 

late log phase were utilized for DNA extraction using Alkaline PEG lysis reagent 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 155 

 

(Chomczynski and Rymaszewski, 2006). Bacterial culture (10 µL) was mixed with 100 

µL of the reagent followed by incubation at incubated room temperature for 15 min. The 

reaction mixture was vortex gently and used as template in PCR amplifications using 27F 

primer (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1389R primer (5′ 

ACGGGCGGTGTGTACAAG-3′).  Each PCR reaction mixture contained master mix 

(Go Taq® Green Master Mix, PROMEGA Madison, WI USA) 25 µL, template 2 µL, 

each primer in quantity of 1.2 µL while total volume was adjusted up to 50 µL using 

Milli Q
®
 water. The reaction conditions were as follows: DNA was denatured at 94

ᵒ
C for 

5 min followed by amplification for 45 s again at 94
ᵒ
C, annealing was done at 55.5 

ᵒ
C for 

45 s followed by extension for 1 min at 72
ᵒ
C. The reaction was further incubated at 72

ᵒ
C 

for 7 min. The PCR products were further purified using QIAquick
®
 PCR Purification 

Kit (50) (QIAGEN Sciences, Maryland, USA). DNA was quantified using a NanoDrop
®

 

ND-1000 spectrophotometer and ND-1000 V3.1.8 software (Wilmington,DE, USA). A 

mixture of purified PCR products and 4 primers, 27F, 355F, 1100R and 1389R and sent 

to Michigan State University Genomics Facility (MSU-RTSF) where Sanger sequencing 

was done. A consensus sequence using sequence data from all four primed reads was 

constructed using SeaView 4.6.1 (Gouy et al., 2010).The final consensus sequence for the 

four strains was deposited in GenBank with the accession number (KY432686, 

KY432687, KY432688,  KY432689).  

 

2.7 Identification and phylogenetic analysis 

Isolates were initially identified using the SeqMatch function of the MSU-RDP 

(rdp.cme.msu.edu). Closely related species were downloaded from the RDP and 

neighbor-joining algorithm was applied as implemented in MEGA 6 (Molecular 

Evolutionary Genetics Analysis) to construct a phylogenetic tree software using ClustalW 

(Tamura et al., 2013). A total of 467 aligned bases were included in the analysis, and the 

dataset was bootstrapped to 1000 replicates (Felsenstein et al.,  1985; Saitou and Nei, 

1987).  

 

2.8 Characterization of isolates  
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Isolated strains were characterized physiologically for their growth on TSB and 0.3% 

lactic acid. Initially isolates were grown overnight in LB to obtain a cell concentration of 

approximately 10
8
 cells/mL. Culture (100 µL) was used as inoculum. Isolates were 

grown in 250 mL baffled side-arm flasks using 100 mL of TSB and M9 supplemented 

with 0.3% lactic acid individually at 30 ºC and 70 rpm in a shaker incubator for 24 hours. 

Bacterial growth was observed every 1 hour using a spectrophotometer (Spectronic 21D) 

Milton Roy
®
 at 600 nm. The 600-660 nm range is selected to measure growth of bacteria 

in the colored media to avoid the interference caused by the absorbance of shorter 

wavelengths by most organisms.  

 

2.9 Degradation assay of PLA using bacterial isolates 

All four isolates were tested individually for their capability of degrading PLA and a 

growth curve was obtained using PLA as sole carbon source. One mL of an overnight 

culture of the isolates grown in TSB was centrifuged for 15 min at 10,000 x g in a 

microfuge. The supernatant was decanted while pellet was washed using M9 minimal 

medium. The re-pelleted cells were re-suspended in M9 minimal medium lacking a 

carbon source to and cell culture at a concentration of approximately 10
8
 cells/mL was 

obtained and used as inoculum for the degradation assay of PLA with the isolates.  

PLA beads were washed thoroughly before and after autoclaving to get rid of any loose 

partials attaching on the surface of the beads or any leachate that comes out of the beads 

upon heating during autoclaving. Autoclaving was done at 121
ᵒ
C and 15 psi for 30 min. 

These beads were added in about 25 mL of freshly prepared M9 minimal medium using a 

250 mL side arm flask as sole source of carbon, 100 µL of the above mention inoculum 

was introduced into the flask and incubated at 30ºC and 70 rpm for 6 weeks. Both 

controls and isolate growths were performed in duplicate. Bacterial growth was observed 

by measurement of optical density at 660 nm using a spectrophotometer (Spectronic 

21D). Viable cell counts on R2A media were also determined over the course of the 

experiment.  

 

2.10 Effect of abiotic and biotic factors on degrading PLA  



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 157 

 

The effect of abiotic and biotic factors on the degradation of PLA was determined in 

separate experiments. In order to minimize chances of abiotic degradation of PLA, 

ethanol was used for sterilization of PLA beads instead of autoclaving them. Inoculum 

was developed by growing two of our screened bacterial isolates, strain S2 and S3, in 

TSB for 12 hours, in separate flasks. About 15 mL of these cultures were centrifuged, and 

cells were thoroughly washed using fresh M9 minimal medium (without any carbon in it) 

and used as inoculum. PLA sheets (1.5 cm x 1 cm) were used in this experiment. The 

sheets were sterilized with 70% ethanol prior to use by soaking them in ethanol for 2 min 

and later on washed with sterilized milliQ
®
 water to get rid of any residual ethanol on the 

sheets. About 25 mL of freshly prepared M9 minimal medium was taken in a 50 mL 

Erlenmeyer flask and PLA films were introduced in as sole carbon source along with 2 

mL of the above-mentioned inoculum and incubated at 30
ᵒ
C and 70 rpm for 6 weeks. 

This setup was used for both the strains S2 and S3 in separate. Abiotic controls were 

setup both in both milliQ
®
 water and minimal medium in similar way to check any 

possible influence from the components of the minimal media on hydrolysis of PLA. The 

influence of pH on hydrolytic degradation of PLA was determined by setup both abiotic 

controls in buffered (Tris-HCl, pH 7.2) as well as in non-buffered conditions. All the 

experiments were done in triplicates.  

 

2.11 Release of leachate upon heating PLA beads 

Another experiment was setup to confirm the influence of thermal treatment on PLA 

beads and release of loosely attached particles in the medium upon heating. A selected 

strain S4 was used for the experiment and an inoculum with a concentration of 

approximately 10
8
 cells/mL was prepared using the method previously described. Three 

flasks were setup in the experiment, one with PLA beads in M9 that was autoclaved and 

used as such, second flask with PLA beads in M9 that was autoclaved followed by 

vigorous shaking to remove the loosely attached particles from the beads into the 

medium, after which the beads were removed and only the liquid containing any leachate 

was used for further inoculation. A third flask was setup as negative control containing 

only autoclaved M9 medium and no beads. All the three setups were inoculated with 
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strain S4 and flasks followed by incubation at 70 rpm and 30
º
C in a shaker for 24 h and 

growth was monitored every hour using spectrophotometer (Spectronic 21D). 

 

 

2.12 Assessment of the ability to form biofilm by the isolated strains on surface of 

PLA film 

To confirm the potential to form biofilm by isolated strains on the surface of PLA, a 

biofilm assay was conducted in 24-well polystyrene plates based on a formerly described 

protocol (Merritt et al., 2005), with  slight modifications. A standard microtiter plate 

assay for biofilm was modified by adding sterilized sheets of PLA into the wells (24 

wells). PLA sheets were cleaned using ethanol (70%) as described in previous sections. 

The assay was set up with 4 replicates for each strain grown in 750 µL of fresh R2B with 

and without the addition of PLA and inoculated with 150 µL of an overnight culture of 

the strains. After incubation for 48 hours at 25°C, the PLA sheets were transferred to a 

sterile tube and treated in parallel with the microtiter plates to evaluate the amount of 

biofilm developed over the surface of PLA films. The broth was decanted from the 

microtiter plates after the time of incubation and the wells were very carefully rinsed 3 

times with water to avoid loss of biofilm. About 900 µL of crystal violet (0.5%) was used 

to stain the biofilm sticking to the wells for 15 min and a second wash with water was 

done for 3 times again. Excess water was removed from the plates by gently taping them 

on paper towel and then about 900 µL of acetic acid (30%) was added to the wells and 

incubated for 15 min. The purple color of crystal violet was measured in a BioTek Epoch 

plate reader at 600 nm. A positive control was set up using a biofilm producing bacterium 

Pseudomonas aruginosa strain PAO1. An un-inoculated well was considered as negative 

control. The absorbance of the respective controls was deducted from the absorbance of 

the tested strains for the quantification of biofilm. PLA sheets were treated separately in 

sterile tubes using the same volume of crystal violet and acetic acid. Finally, 900 µL of 

the acetic acid extract from the PLA sheets was transferred to clean microtiter plate and 

absorbance was quantified in n BioTek Epoch plate reader at 600 nm.  
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2.13 Analysis of degradation kinetics of PLA 

Size exclusion chromatography (SEC) was used to determine the rate of change in the Mn 

and Mw of the PLA samples. PLA samples were dissolved in THF maintaining a ratio of 

10 mg of PLA sample to 5 mL
 
of solvent. Samples were allowed to dissolve in the 

solvent completely followed by filtration using a 0.45 µm PTFE filter. Filtered samples 

solution was injected into a gel permeation chromatography (GPC) system from Waters 

Inc (Milford, MA). The system is comprised of a set of four columns (HR-1, HR-2, HR-3 

and HR-4 Waters‘ Styragel) interfaced with a Waters Breeze2
®
 software, a Waters 1515 

isocratic pump, a Waters 717 autosampler and a Waters 2414 refractive index detector. 

THF was used as the mobile phase at a flow rate of 1 mL/min for 50 min at 35
ᵒ
C. A 

universal calibration curve made with poly(styrene) with the Mark-Houwink‘s constants, 

K = 0.000174 L.g
-1

 and α = 0.736, was used to determine the absolute Mw and Mn of PLA 

when dissolved in THF. 

 

2.14 Statistical analysis 

To evaluate statistical significance of the treatments and variation of Mw over time, one 

way ANOVA, and Tukey‘s HSD test were performed using Minitab software. p-value 

was set at <0.05 as threshold for level of significance.  

 

3. RESULTS & DISCUSSION 

3.1 Isolation, identification and phylogenetic analysis of PLA degrading bacteria 

Current study was designed to isolate microorganisms with the ability to biodegrade PLA 

at ambient temperature and measure the degradation kinetics of PLA by the isolated 

strains. We used the classic enrichment culture technique with PLA as sole carbon source 

to enrich for populations from compost capable of degrading PLA. After six weeks of 

serial enrichments, four bacterial strains were isolated on R2A plates from the last 

transfer using the spread plate method. These isolates were designated as S1, S2, S3 and 

S4 and were morphologically different from each other on an agar plate. All four isolates 

(S1 to S4) were identified by comparative sequence analysis of 16S rRNA. Most of the 

PLA degrading bacterial isolates reported previously were from the actinomycetes 
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(Tokiwa and Jarerat, 2004). Our isolates were from three different classes, extending the 

phylogenetic diversity of PLA degraders, as shown in Fig. 4.1. Based on the sequence 

homology obtained using the seqmatch program from the RDP (rdp.cme.msu.edu), strain 

S1 shared highest homology to the genus Chryseobacterium and showed a Sab of 0.958 

to Chryseobacterium sp. NUl3D48h-1. Strain S2 was most closely related to the genus 

Sphingobacterium (a Sab of 0.974 with Sphingobacterium thalpophilum Y19). Strains S3 

and S4 were most closely affiliated with the genus Pseudomonas (0.992 Sab to 

Pseudomonas aeruginosa BUP2 and 0.998 identity to Pseudomonas aeruginosa; 

BAC1137, respectively). Based on the Sab scores, strain S1 could be identified to the 

genus Chryseobacterium while strains S2, S3 & S4 had Sab scores above 0.97, 

suggesting that their affiliation can be made to species level. Sphingobacterium and 

Chryseobacterium belong to the phylum Bacteriodetes, but are members of different 

classes, Sphingobacteria and Flavobacteria, respectively. Pseudomonas aeruginosa 

belongs to the phylum proteobacteria and class gamma-proteobacteria. Both these phyla 

are known to have environmentally important species with diverse degradation abilities. 

Sphingobacterium had already been reported to have a role in the degradation of mixed 

plastic waste, PAHs and pesticides (Muenmee et al., 2015; Abraham and Silambarasan, 

2013) and Chryseobacterium has been studied for its potential to degrade PLA in 

different environments (Walczak et al., 2015) while Pseudomonas aeruginosa is well 

known for its role in degradation of different polymers including PAHs, oil, and dyes 

(Nachiyar and Rajkumar, 2003; Howard et al.,  2002; Das et al., 2015). It has also been 

reported to have potential to degrade PLA nano-composites (Shimpi et al., 2012).  
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Figure 4.1 Evolutionary analyses of isolates S1-S4 using the Neighbor-Joining method 

using MEGA 6. The numbers at the branch points represent bootstrap values of 1000 
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replicates. The sequence divergence is represented by a bar of 5%. S1 was identified as 

Chryseobacterium sp, (accession # KY432686), S2 as Sphingobacterium sp, (KY432687), 

and S3 and S4 as Pseudomona aeruginosa (KY432688 and KY432689, respectively). 

 

 

 

 

3.2 Release of leachate into the media upon heating PLA beads 

Initial growth experiments using PLA beads autoclaved in minimal media and inoculated 

with isolated strains displayed biphasic growth with a sharp increase in turbidity during 

the first 6-8 days followed by a lower rate of growth through 35 days (later shown in Fig 

4.5). We suspected that the early growth spurt might have resulted from release of carbon 

from the PLA beads by autoclaving. To test for this, we grew isolate S4 under several 

different conditions including M9 media autoclaved with beads and autoclaved M9 media 

from which the PLA beads had been removed after autoclaving (Fig 4.2). Inoculated M9 

media without a carbon source served as the control and as expected, showed no evidence 

of growth. The media from which the beads had been removed after autoclaving had a 

reproducible increase in OD from 6-10 hours followed by no evidence of growth 

thereafter, through 24 hours. The flask containing autoclaved PLA beads in M9 and 

inoculated with S4 showed rapid increase in the optical density value during the first 

hour, then remained flat for 7 hours followed by an increase in optical density that 

paralleled the flask from which the beads were removed through 12 hours. We interpret 

the early increase in OD was due to the physical deterioration of the beads which led to 

visible particles in the media contributing to the OD. The second growth spurt we 

attribute to the leaching of metabolizable carbon from the autoclaved beads, which after a 

lag of 6-8 hours provides measureable growth. While the amount of carbon eluted from 

the beads as a result of autoclaving was measureable, it appears to be a minor contributor 

to the growth of these isolates on beads. 

 

3.3 Growth curves of isolates 
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Fig. 4.3 shows the growth curves of the isolates on TSB. Strain S1 and S2 were found to 

grow at a slower rate, doubling in approximately 6-8 hours, compared to Pseudomonas 

aeruginosa strain S3 & S4, doubling in approximately 4-5 h, as indicated by growth 

curve in Fig 4.3. The lag phase varies from 1-2 h (Pseudomonas aeruginosa strain S4) up 

to the maximum of 4 h (Chryseobacterium sp. strain S1) whereas strain S2 and S3 had no 

apparent lag phase. Both the strains S3 and S4 had a faster doubling time than strain S1 

and S2. Lactic acid is thought to be the degradation product of PLA that is easily 

metabolized by PLA degrading strains (Iniguez-Franco et al., 2016). With this in mind  

 

 

Figure 4.2 Growth of S4 on leachate from PLA beads upon autoclaving 
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Figure 4.3 Growth of isolates on TSB at 30 ºC depicting general growth pattern of the 

isolates. 
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              Figure 4.4 Growth of isolates on 0.3% Lactic acid pH (7) at 30ºC 
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Figure 4.5 Optical density measured at 660 nm for the isolates growing on  

PLA and a negative abiotic control 

  

Figure 4.6 Cell count of the isolates growing on PLA as sole source of carbon 
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we tested the behavior of our strains in media supplemented with lactic acid as the sole 

carbon source. Both Pseudomonas aeruginosa strains grew with same growth rate for the 

first 4-5 h following by an increased growth rate for strain S4compared to strain S3 (Fig. 

4.4). These results are consistent with the well-documented growth for Pseudomonas 

aeruginosa in lactic acid (Gao et al., 2012; Brown and Tata, 1987; Kemp et al.,  1972). 

We detected no growth of Chryseobacterium and Sphingobacterium isolates on lactic 

acid similar to previous reports in the literature for other isolates in these genera (Shen et 

al., 2005; Liu et al., 2012; Ahmed et al., 2014). 

 

3.4 Degradation of PLA by individual isolates 

PLA degradation ability of all isolates was measured by growth in M9 having PLA as the 

only carbon source for six weeks. Strains, S3 and S4, grew well in M9 medium in the 

presence of PLA beads as observed by a gradual rise in optical density and cell count 

(Fig. 4.5 & 4.6) (Tomita et al., 2004; Tomita et al., 2003). The analysis using GPC was 

done to evaluate the reduction in average molecular weight of PLA. A gradual reduction 

in Mn was observed during the time course of degradation (Fig. 4.7). Mn was dropped in 

case of abiotic control too but at a rate slower as observed in case of the test samples. 

During the first two weeks, no significant difference (p˃0.05) was observed between the 

trend in reduction of molecular weight for both the test and the abiotic control. 

Thereafter, there was a detectable difference in that the isolates had a greater rate of 

molecular weight reduction. This correlates with the second phase of growth of the 

isolates on PLA from 14 d through 42 d.  As the glass transition temperature (Tg) of PLA 

is ~60°C, autoclaving induces thermal and hydrolytic degradation in the PLA beads as 

previously reported (Valente et al., 2016; Kubyshkina et al., 2011; Yoganarasimha et al., 

2014).  All four bacterial strains took two weeks to acclimate and begin degradation of 

the intact PLA beads. In a second set of experiments PLA sheets were used to monitor 

degradation. The PLA sheets were sterilized by dipping in ethanol (70%) for 2 min 

followed by washing with sterilized milliQ
®

 water to eliminate the deterioration of PLA 

by autoclaving. Two abiotic controls were setup under two different conditions, minimal 

media and milliQ
®
 water under buffered and non-buffered environment. According to 
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previous reports, microorganisms have limited role in degradation of PLA at elevated 

temperature (>50 °C) and attribute degradation to abiotic degradation processes until 

PLA reaches Mn<10kDa (Sangwan and Wu, 2008; Saadi et al., 2012; Lyu et al., 2007). 

Lyu et al. showed that when PLA films were exposed to temperature up to 90°C in water 

medium the hydrolysis process was accelerated and degradation occurred within 2-3 

days, while the same PLA films took 3-5 years to disappear at a decay rate of 0.4 x 10
10

 

M
-1

 s
-1 

when exposed at 37°C and pH 7.4. In this experiment, we measured only the 

degradation of PLA. The GPC analysis demonstrated a slow rate of PLA degradation of 

the unbuffered H2O control – autocatalytic reaction- and a small apparent increase in Mn 

for the remaining controls as reported previously (Kale et al., 2007b; Kale et al., 2007a) 

during the first three weeks followed by slow degradation (Fig 4.8). The test strains (S2 

and S3) showed a significant reduction (p˂0.05) in Mn observed over the course of the 

experiment suggesting the string role of these bacterial strains in hydrolysis of PLA at 

low temperature.  

 

Table 4.1 shows values of rate constant for zero order reaction (linear equation) of 

Mn/Mno vs time for each system. As previously mentioned, we observed very little 

reduction of molecular weight in our abiotic controls. Furthermore, there was no 

difference in the rate of reduction of molecular weight in buffered or unbuffered 

environments, indicating minimal influence of the components of minimal medium on 

PLA hydrolysis and no change in the rate of hydrolysis due to change in pH.  The rate of 

degradation for the isolates was significantly different from the controls (p˂0.05), clearly 

indicates the potential role of Sphingobacterium sp. (S2) and P. aeruginosa (S3 and S4) 

in the degradation of PLA at around ambient temperature (30 °C), without minimal 

assistance from the abiotic degradation process. The data was also analyzed for reaction 

order (i.e., zero to second order) and the isolates were zero-order reactions, suggesting a 

strong dominance of biotic over first-order abiotic degradation processes  (Iniguez-

Franco et al., 2016; Lyu et al., 2007). 
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Figure. 4.7  Mn /M0 as function of time at 30°C representing reduction in Mn. Lines show 

zero-order fitting curves and are presented for visual guidance, Mn/Mno=a+k*t. 

 

Figure 4.8  Mn/Mo as function of time at 30 °C representing reduction in Mn. Lines are 

presented for visual guidance  
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Table 4.1 Rate constants, k, for PLA at 30 °C in two different systems and media 

k (g/(mol.d
-1)

) for H20 and minimal media 

Tests Unbuffered system Buffered system 

Minimal media control -0.0065 ± 0.0006
b
 -0.0003 ±   0.0007

a
 

H2O control -0.0052 ± 0.0014
b
 -0.00003 ± 0.0010

a
 

S2-MM-NB -0.0263 ± 0.0004
c
 N/A 

S3-MM-NB -0.0276 ± 0.0005
c
 N/A 

Note: Experimental data was fitted to a linear reaction with an equation type Mn/Mno = a 

+ k*t. Mn /Mno is the ratio of molecular weight at time t, a is the intercept a t=0, and a 

zero-order reaction the rate of reaction is represented by k, S2 is Sphingobacterium sp. 

and S3 is P. aeruginosa. Values within a column having same letter are not significantly 

different at p≤0.05. 
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3.5 Biofilm formation of the isolates on PLA sheets 

All the strains were individually tested for biofilm formation using a modified microtiter 

assay. A 24-well polystyrene plate was used to provide a volume sufficiently large to be 

supplemented with pre-sterilized squares of PLA sheets. P. aeruginosa PAO1 was used 

as a positive control. The results are presented in Fig. 4.9. All the isolates produced a 

small amount of biofilm (<0.4 A600nm) in microtiter plates as compared to P. 

aeruginosa PAO1 (1.3 A600nm). All the strains produced more biofilm on the surface of 

PLA than in the wells, in contrast to the control strain. It is noteworthy that the presence 

of PLA in the P. aeruginosa PA01 cultures stimulated biofilm formation in the wells. 

This was not the case for the two P. aeruginosa isolates S3 & S4 where any increase in 

biofilm in the wells was not statistically significant (Table 4.2). Nonetheless the 

formation of a reasonably robust biofilm on PLA by all four isolates is consistent with the 

observed degradation of PLA by these strains. There are few reports in the literature 

regarding the formation of biofilm on PLA, a highly hydrophobic surface (Iovino et al., 

2008, Sousa et al., 2011) and to our knowledge, ours is the first quantitative measure of 

biofilm on PLA film by isolated PLA-degrading strains. Since most of the bacterial 

surfaces are hydrophobic in nature so any polymer with hydrophobic surface will repel 

the bacterial surface and prevent biofilm formation that explains why there is less 

probability of formation of biofilm on PLA. This generally prevents PLA from 

supporting the formation of biofilm on its surface. Biofilm mediated bioremediation is a 

very well documented phenomenon, and it has been reported in the literature that biofilm 

formation by bacteria under different conditions is related to their ability to survive in 

harsh hostile condition and in bioremediation of pollutants in the environment (Chien et 

al., 2013; Pal and Paul, 2008; Singh et al., 2006).  
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Figure 4.9 Biofilm formation by the isolated strains and PLA as a stimulus to biofilm 

formation ability.  Surface area of the wells used for biofilm formation by the strains = 

0.000601 m
2
; surface area of the PLA sheets used for biofilm formation by the strains = 

0.0003 m
2 
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Table 4.2 Biofilm formation of isolates under different conditions 

Strains 

Biofilm on 

wells with 

R2B only 

 

(A600nm) 

Biofilm on 

wells with R2B 

supplemented 

with PLA 

sheets 

(A600nm) 

Biofilm on 

PLA sheets 

pulled out of 

the wells  

(A600nm) 

Control 
1.329 ±  

0.075
a
 

2.285 ±  0.697
b
 0.653 ±  0.077

c
 

Chryseobacterium, (S1) 
0.149 ±  

0.022
a
 

0.246 ±  0.042
a
 0.862 ±  0.157

b
 

Sphingobacterium, (S2) 
0.184 ±  

0.018
a
 

0.244 ±  0.010
a
 0.749 ±  0.116

b
 

Pseudomonas 

aerugionosa, (S3) 

0.297 ±  

0.044
a
 

0.356 ±  0.045
a
 0.988 ±  0.172

b
 

Pseudomonas 

aerugionosa, (S4) 

0.272 ± 

0.045
a
 

0.349 ± 0.053
a
 1.040 ± 0.201

b
 

Values within a row having same letter are not significantly different- 

Tukey-Kramer Test at p≤0.05 
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4. Final Remarks 

In this study four bacterial strains, Chryseobacterium sp. strain S1, Sphingobacterium sp. 

strain S2, and Pseudomonas aeruginosa strain S3 & S4, were isolated and found capable 

of degrading PLA efficiently at ambient temperature above measured abiotic rates. These 

strains were found to form abundant biofilm on the surface of PLA sheets, which 

probably enhances the degradation process by keeping secreted hydrolytic activities 

localized. This study demonstrates that biodegradation of PLA can take place at ambient 

temperature and further studies in this area can help introduce new bioremediation 

strategies, improve already present processes, and create new recovery routes for PLA 

polymers. 
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Abstract 

Biodegradation of poly(lactic acid) – PLA – films in soil matrix under mesophillic 

conditions was evaluated using natural attenuation, bio-augmentation and bio-

stimulation. Rate of mineralization was found to be very slow as 10% in soil at 150 d and 

there was no evidence of abiotic degradation of the polymer at 30ºC. Bioaugmentation 

with previously isolated PLA-degrading bacteria, Sphingobacterium sp. strain S2 and 

Pseudomonas aeruginosa strain S3 and stimulating the native microbial community with 

0.2% sodium lactate significantly enhanced the mineralization rate of PLA to 22% and 

24%, respectively at 150 d. No adverse effect on soil health as well as its nitrification 

potential was observed in response to biodegradation and bioremediation strategies. Bio-

stimulation and bio-augmentation enhanced the rate of mineralization of PLA in soil than 

the natural rate of degradation, and both strategies have no ecotoxic effect on soil 

microbial population, hence considered as potential routes to enhance the degradation of 

PLA at ambient temperature. 

 

Keywords: PLA, polylactide, composting, soil ecotoxicity, nitrification 
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1. Introduction 

Polylactide, PLA, is a biodegradable aliphatic polyester, produced from non-fossil 

resources including cassava, corn, starch and sugarcane (Altaf et al., 2007; John et al., 

2007). Currently, PLA is the most popular biobased polymer with real prospect to 

become a commodity plastic (Nampoothiri et al., 2010; Ouchi and Ohya, 2004; Wang et 

al., 2009). Due to its favorable properties, easy processability, biocompatibility and 

biodegradable nature, PLA has found diverse applications in numerous sectors such as 

horticulture, medical, textile, and packaging (Li et al., 2016; Ljungberg et al., 2005; Zhou 

et al., 2016). PLA could become a solution to ―white-pollution‖ due to its lower 

environmental footprint and biodegradation profile. Several studies indicate the lower 

environmental footprint of PLA with respect to its fossil counterparts; however, further 

research regarding its end-of-life (EoL) scenarios are still needed. A major concern about 

PLA‘s EoL biodegradation scenario is its slow biodegradation rate in compost and 

ambient temperatures (Krause and Townsend, 2016; Hottle et al., 2016; Song et al., 

2009). Biodegradation behavior of PLA in the environment has been extensively studied, 

and isolation of pure microorganisms (actinomycetes, bacteria and fungi) with the 

potential to degrade PLA has been explored (Karamanlioglu et al., 2017). With the 

increasing understanding of PLA‘s biochemical and biodegradation processes and the 

composition of microbial communities able to degrade PLA, research studies are 

focusing on using PLA-degrading microbes to tailor its aerobic biodegradation. Most of 

the described PLA degrading microorganisms are aerobic (Sangwan and Wu, 2008; 

Csikós et al., 2015; Lipsa et al., 2016). Biodegradation of PLA under composting has 

extensively been studied (Itävaara et al., 2002; Vink et al., 2004; Lunt et al.,  1998; 

Drumright et al., 2000; Castro-Aguirre et al., 2017a), but due to its lower degradation rate 

and minimal acceptance of biodegradable plastics from composting facilities, there is a 

need for enhancing PLA‘s biodegradation rate at compost and ambient temperatures 

(Castro-Aguirre et al., 2016).  

 

PLA biodegradation in compost is much faster than in soil conditions since the higher 

temperatures enhances the hydrolysis of PLA, which is the initial mechanism to reduce 
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PLA molecular weight before available microorganism can consume the low molecular 

weight PLA. In compost, numerous degradation processes take simultaneously placed 

making possible different routes for the biodegradation process to occur. Other than 

biodegradation, different mechanisms of degradation like thermal and chemical 

degradations also can occur, thus enhancing the overall degradation process of a material 

(Itävaara et al., 2002; Day et al., 1997). High level of moisture content and elevated 

temperatures, higher than PLA‘s glass transition temperature (Tg ≈ 58°C), increase the 

flexibility of PLA and play a major role in its degradation since the flexibility of polymer 

chains increases leading to microstructural changes and also enhancing the rate of 

hydrolysis. At higher temperature, in addition to the promotion of chemical hydrolysis, 

microbial attachment to polymer matrix is also facilitated by increasing the polymer 

hydrophilicity due to sorption of water into the polymer matrix (Södergård et al., 1996; 

Siparsky et al., 1997). 

 

Although there are limited reports about the biodegradation of PLA in soil, few 

researchers have focused on using bio-augmentation strategies for both fungal as well as 

bacterial strains to increase the biodegradation rate of PLA in natural soil environment 

(Lipsa et al., 2016; Apinya et al., 2015; Saadi et al., 2012). Biodegradation of PLA 

involves the production of extracellular de-polymerases that degrades the polymer into 

small subunits, which can then be incorporated by microorganisms to increase their 

biomass. PLA-degrading enzymes reported so far from microorganisms belong to 

hydrolases, proteases mainly serine proteases, lipase (esterase) and cutinase as well. 

many stimulants and inducers have been used for rapid and enhanced productions of 

these enzymes such as gelatin, elastin, silk fibroin, peptides and some amino acids as well 

(Jarerat et al., 2004; Tokiwa and Calabia, 2006; Apinya et al., 2015). 

 

Addition of biodegradable plastics in soil require two main aspects to be satisfied, it must 

be disintegrated and biodegraded in a suitable time frame as well as it should have no 

harmful effects on soil and soil micro-biota. The newly developed EN17033-2018 

addresses the biodegradation of mulch film applications in agriculture and horticulture 
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focused on the biodegradation of films in soil (EN17033-2018E, 2018). The material 

used for the much films demonstrates ―satisfactory rate and level of biodegradation in 

soil‖ when 90  of the organic carbon is transformed to CO2 during the time course of a 

test, which is not longer than 24 months.  Regarding ecotoxicity, different standards have 

been used to describe the ecotoxicity of the plastics in soil such as determination of seed 

germination and plant growth (UNI 10780, 1998; ISO 11269-2, 2012) (UNI10780-98, 

1998); acute toxicity on earthworms (FD X 31-251, 1994; ISO 11268-1, 2012) 

(ISO11268-1, 2012); acute toxicity on aquatic organisms such as Daphnia (ISO 6341, 

2012) (ISO6341-12, 2012) or algae (NF T 90-375, 1998) (NFT90-375, 1998), and others 

(Briassoulis and Degli Innocenti, 2017). EN17033-2018 requires besides meeting the 

disintegration and biodegradation criteria to meet the ecotoxicity based on plant growth, 

acute and chronic toxicity of earthworm, and nitrification inhibition (EN17033-2018E, 

2018). Nitrification activity of the soil is a parameter that can be used to evaluate the 

ecotoxicity of the material in soil since it is a natural bio-indicator of soil health, and it is 

normally applied to study the influence of application of chemicals on soil health (Pannu 

et al., 2012; Ruyters et al., 2013). Among microbial ecotoxicity tests applied in soil 

studies, nitrification test is considered as one of the most profound and reliable test 

(Reynolds et al., 1987; Ren and Frymier, 2003). However, its use for determining adverse 

effects of plastics in the environment has been limited (Ardisson et al., 2014).  

 

The aim of this study was to test the aerobic biodegradation of PLA in natural soil 

conditions at mesophilic temperatures using soil microcosms, to comparatively evaluate 

bio-augmentation using microbial strains previously tested for their biodegradation 

potential against PLA (Satti et al., 2017), and bio-stimulation of the native microbial 

community using sodium lactate.   

 

2. Materials and Methods 

2.1 Materials 

Poly(lactic acid), PLA, 2003D was purchased from NatureWorks LLC, Blair, NB, USA. 

The average molecular weight (Mw) and the number average molecular weight (Mn) of the 
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pellets were 200 kDa and 100 kDa, respectively. Luria Bertani broth (LB) used for the 

growth of cultures was purchased from Bacto
TM

, Sparks, MD, USA. Tetrahydrofuron 

(THF) was supplied by Pharmaco-Aaper (KY, USA). Sodium lactate was obtained from 

Sigma Aldrich
TM

, St. Louis, MO, USA. All the other chemicals were of the highest 

obtainable grades. 

 

2.2 PLA processing and characterization 

PLA extruded film was produced using a Microextruder model RCP-0625 (Randcastle 

Extrusion Systems, Inc., Cedar Grove, NJ, USA) with processing temperature of different 

zones adjusted between 193-210°C and the speed for screw was adjusted to 27 rpm. The 

Mw and Mn of the processed films were 163.3 kDa and 97.3 kDa respectively, while 

thickness was 0.02 ± 0.01 mm. PLA sheets were cut into pieces of 1.5 cm in the machine 

direction and 1 cm in the transverse direction. A Elemental Analyzer from Perkin Elmer 

2400 Series II CHNS/O (Shelton, CT, USA) was used to determine the amount of 

elemental carbon, hydrogen, and nitrogen in PLA, which came out to be 50.0 ± 0.1, 5.6 ± 

0.1, and 0%, respectively (Castro-Aguirre et al., 2017). 

 

2.3 Soil sampling and characterization 

For the preparation of soil microcosms, garden soil from Michigan State University was 

used. The soil was obtained from the surface layer at three different spots and mixed 

homogeneously to have a variety in intrinsic microbial population. To determine the 

physicochemical parameters, the soil sample were sent to the Soil and Plant Nutrient 

Laboratory at Michigan State University (East Lansing, MI, USA) Table 5.1. Soil pH was 

measured by making a soil into water suspension 1:1 (m/v).  Moisture content was 

analyzed using a moisture analyzer, model MX-50 from A&D Engineering, Inc. (San 

Jose, CA, USA). Available phosphorus, extractable potassium and magnesium were 

estimated by Bray and Kurtz P-1 and ammonium acetate extraction method, respectively. 

Exchangeable K, Ca was calculated by flame emission and Mg was calculated 

calorimetrically (Dee et al., 2003). Cation exchange capacity was determined by a 

centrifugation procedure developed by D. D. Warncke, total nitrogen by the Kjeldahl 
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method for organic nitrogen (Sáez-Plaza et al., 2013) and soil organic matter by loss-on-

ignition method (Dee et al., 2003). Soil texture was determined using particle size 

analysis by hydrometer (Pietrasiak et al., 2011). 

 

2.4 Bacterial strains and inoculum preparation 

Two of previously isolated, PLA degrading bacterial strains, Sphingobacterium sp. strain 

S2 and Pseudomonas aeruginosa strain S3 with accession numbers KY432687 (Satti et 

al.,  2017a) and KY432688 (Satti et al., 2017b), respectively submitted to GenBank were 

selected for bioaugmentation. Both of these strains were grown separately in a 250 mL 

Erlenmeyer flask containing about 100 mL of LB and incubated for 12 h at 30
ᵒ
C and 70 

rpm in a shaker incubator. The freshly grown culture was centrifuged at 10,000 x g for 15 

min and the pellet of the cellswas obtained which was re-suspended in about 100 mL of 

M9 medium having no carbon source. The composition of M9 minimal medium was (g 

L
-1

) Na2HPO4.7H2O 12.8, KH2PO4 3.0, NaCl 0.5, and NH4Cl 1.0; and 1mM MgSO4, 

1mM CaCl2, 3x10
-9

M (NH4)6Mo7O24.4H2O, 4x10
-7

M H3BO3, 3x10
-8

M CoCl2.6H2O, 

1x10
-8

M CuSO4.5H2O, 8x10
-8

M MnCl2.4H2O, 1x10
-8

M ZnSO4.7H2O, 1x10
-6

M 

FeSO4.7H2O. Assuming that each 1g of soil contains 1 x 10
8
 bacterial cells (Janssen et 

al., 2002), each jar was received 16 mL of pure culture at a concentration of 10
8
 cells mL

-

1
 to make the inoculum size 10% of the total bacterial community present in soil. 

 

 2.5 Preparation of soil microcosms 

Soil collected for the test was used fresh to assure active micro-biota. Soil was sieved to 2 

mm particle size for removing plants, stones or any other inert material. Test matrix was 

produced by mixing soil with compost and vermiculite (Sun Gro Horticulture 

Distribution Inc., Bellevue, WA) at 25:1 and 2:1, respectively (dry weight of soil). 

Compost was straw-manure compost produced at the Composting Facility of Michigan 

State University (East Lansing, MI), added to provide an initial inoculum to the soil and 

vermiculite was introduced for better aeration. Distilled water was added to adjust the 

moisture content of the test matrix to 50%. Soil was autoclaved twice in a tray at 121
ᵒ
C 

for 30 min for sterilization. Standard test method of ASTM D5988-12 (2003) (ASTM-
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D5988-03, 2003) was followed for the aerobic biodegradation test of PLA performed in 

soil matrix. The experiment was performed under mesophillic conditions (30
ᵒ
C) using an 

lab-built direct measurement  

Table 5.7 Properties of soil used in the microcosms 

Soil parameters Values 

Sand, % 81 

Silt, % 8.9 

Clay, % 10.1 

Moisture content, % 10.1 

Organic matter, % 2.6 

% of exchangeable K 1.2 

% of exchangeable Ca 85.5 

% of exchangeable Mg 13.2 

Cation exchange capacity (CEC), 

meq/100g 

10.1 

Calcium, ppm 1722 

Phosphorus (P), ppm 76 

Potassium (K), ppm 49 

Magnesium (Mg), ppm 160 

Total Nitrogen 0.092 

% Carbon 1.5 

C:N 16.4 
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respirometric (DMR) system for 160 d. CO2 concentration evolved from the bioreactors 

was measured by a non-dispersive infrared gas analyzer (NDIR) (Castro-Aguirre et al., 

2017).Moist CO2-free air with a constant flow rate of 40 ± 2 sccm (cm
3
.min

-1
) at standard 

temperature and pressure (STP) was provided to each bioreactor and was incubated for 

160 d. PLA was tested under different conditions and triplicates of each treatment were 

analyzed. The number of treatments was limited due to the number of available 

bioreactors. Table 5.2 shows details about different treatments in soil microcosm tests. 

Each bioreactor received 400 g (wet weight) of the soil matrix and 8 g of the test material 

for positive samples. Moisture content was adjusted every week using sterilized distilled 

water. Analysis for reduction of molecular weight of PLA was done by the end of the 

experiment in order to avoid disturbing the bioreactors during the test, and the following 

concepts were evaluated in the experiment. 

a. Natural attenuation: Biodegradation of PLA in soil at mesophillic temperature 

(30ºC), under the influence of intrinsic microbial communities was evaluated. PLA was 

introduced into the soil matrix with no external source of inoculum for any support. 

Blank bioreactors (only soil) act as control for the treatment and provided background 

activity of the soil matrix. 

b. Bioaugmentation: Sphingobacterium sp. strain S2 and Pseudomonas aeruginosa 

strain S3 were inoculated in the bioreactors separately at a concentration of 10
8
 cells  

mL
-1

. Likewise, the bioreactors with strain S2 and S3 in soil matrix but lacking PLA were 

also setup to monitor the background microbial activity. Non-inoculated bioreactors 
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having polymers in the soil matrix served as the negative control. Pure culture suspension 

(16 mL) in M9 medium without any carbon source was added. The same amount of M9 

was added in all the bioreactors regardless of the applied treatment. 

 

 

 

 

 

Table 5.8 Different biodegradation treatments evaluated in microcosms study, pH of the 

soil was 7.0 

Samples Amount of test 

material, g 

Amount of soil 

matrix, g 

Number of the 

cells added 

Soil (control) 0 400 None 

Soil-PLA 8 400 None 

Soil-autoclaved 0 400 None 

Soil-autoclaved-

PLA 

8 400 None 

Soil-PLA-Lactate 8 400 None 

Soil-S2  0 400 5 x 10
9
 

Soil-PLA-S2 8 400 5 x 10
9
 

Soil-S3  0 400 5 x 10
9
 

Soil-PLA-S3 8 400 5x10
9 
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c. Bio-stimulation: Sodium lactate at 0.2% wt. (0.032g) was mixed with soil matrix 

containing PLA in bioreactors, in order to stimulate lactate utilizing microbial community 

in soil, which will in turn be attracted towards PLA as well. Non-inoculated bioreactors 

having PLA in the soil matrix served as the negative control for the treatment. 

d. Abiotic degradation: The role of abiotic factors (hydrolysis and temperature) on 

the degradation of PLA was also evaluated. For this purpose, soil was sterilized via 

autoclaving to kill the microbial communities and then PLA was added to it. Bioreactors 

supplied with the sterilized soil only served as the control and indicated the background 

activity of the soil, if any. 

 

2.7 Size Exclusion Chromatography (SEC) analysis 

Mn and Mw of PLA samples were determined from each treatment before and at the end 

of experiment using SEC. PLA samples were dissolved in THF at a ratio of 2:1 (mg.mL
-

1
) of polymer and solvent, respectively followed by filtration using a 0.45 µm PTFE 

filter. A gel permeation chromatography (GPC) system from Waters Inc. (Milford, MA, 

USA) consisting of a set of four columns (HR-1, HR-2, HR-3 and HR-4 Waters‘ 

Styragel), a Waters Breeze2 software, 717 auto sampler, 1515 isocratic pump and 2414 

refractive index detector all from Waters Inc. Mobile phase was THF, used at a flow rate 

of 1 mL.min
-1

 for 50 min at 35
ᵒ
C. A universal calibration curve was plotted for 
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poly(styrene) with Mark-Houwink‘s constants, K = 0.000174 L.g
-1

 and α = 0.736, in 

order to determine absolute Mn and Mw of PLA after dissolution in THF.  

 

2.8 Nitrification test 

The influence of polymer degradation on soil health was investigated by determining 

nitrogen mineralization and nitrification process in soil. The test was performed 

according to ISO 14238 (2012) test methods (ISO14238, 2012). For this purpose, the soil 

was amended with a readily degradable organic nitrogen source, and percentage 

inhibition of product formation was measured in different soil treatments. The soil 

samples were taken from selected bioreactors [Soil + PLA, Soil+PLA+Lactate, 

Soil+S2+PLA, Soil+S3+PLA, Soil (Control)] at the end of biodegradation test, carefully 

crumbled and sieved to remove any visible pieces of polymer sheet, followed by 

amendment with (NH4)2SO4 in the form of powder at a concentration of 100 mg.kg
-1

 of 

dry soil. Practically, 150 g of dry soil was mixed with 15 mg of nitrogen source. To allow 

the salt to get dissolved homogeneously in the soil, the soil samples were stored at room 

temperature in dark. Each soil sample was divided into subsamples of 15 g each and 

placed in 100 mL beaker. Each beaker was then covered with parafilm and stored at room 

temperature in dark till the end of experiment. Soil was mixed on weekly basis for proper 

aeration, and moisture content was adjusted to 40%. At the end of biodegradation test, the 

pH of the soil samples was found. The soil was divided in five parts and the amount of 

ammonium-nitrogen, nitrate-nitrogen and nitrite-nitrogen were measured on days 1, 8, 

15, 22, and 29. Each subsample was mixed in a 100-mL beaker with about 75 mL of 1M 

KCl solution with continuous stirring for 1 h followed by centrifugation at 6000 x g for 

10 min. The supernatant was collected for further analysis.  

  

 2.9 Quantification of ammonium-nitrogen, nitrate-nitrogen and nitrite-nitrogen 

Quantification of N-ammonium, N-nitrate and N-nitrite was performed at the Soil and 

Plant Nutrient Laboratory at MSU.  The soil pH was determined by making a soil into 

water suspension 1:1 (m.v
-1

). N-NH4 was quantified using the salicylate method (Nelson 

et al.,  1983), while N-nitrate and N-nitrite was determined using the cadmium reduction 
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method (Huffman and Barbarick, 1981). Moisture content was analyzed using a moisture 

analyzer; model MX-50 from A&D Engineering, Inc. (San Jose, CA). 

 

2.10 Statistical analysis 

Data was analyzed for statistical significance using the IBM-SPSS software and one way 

ANOVA, Tukey‘s HSD test, and comparison of regression lines was performed in origin 

software. p-value was set at <0.05 as threshold for the level of significance. 

 

3.  Results and Discussion 

Each bioreactor was monitored for the measurement of the amount of CO2 being evolved 

and subtracted from the background signal to determine the actual percentage of 

mineralization of PLA under each tested condition.  

Natural Attenuation: Biodegradation of PLA was tested in soil under natural 

environmental conditions without any amendment in a simple setup. Soil matrix with 

PLA sheets buried into it, considered as positive test, a blank without PLA was run in 

parallel. Three g CO2 was evolved in the positive test with almost 10% mineralization of 

PLA by the end of experiment; on the other hand, only 1.8 g CO2 was produced by the 

blank (Fig. 5.1a & b). These values are low when comparing with compost tests at 

thermophilic temperature (~58ºC) (Castro-Aguirre et al., 2017a); however, they could be 

expected at low temperatures. A lag-period of 20 d was observed for PLA that can be 

attributed to time taken by the microbial community to get acclimatize to PLA. Previous 

authors reported a lag period of around 10 d in thermophilic environments (Pradhan et al., 

2010; Iovino et al., 2008; Kale et al., 2007).  These results are a confirmation of previous 

studies considering PLA among the naturally biodegradable polymers with slow 

degradation rate especially in natural soil environment owing to low temperature. 

Complete biodegradation of the polymer is expected to take plenty of time at low 

temperature since the initial degradation mechanism to reduce PLA‘s Mn is mostly driven 

by hydrolysis (Song et al., 2009; Ghorpade et al., 2001; Qi et al., 2017). PLA degrades 

much faster at a temperature close to its glass transition temperature since the flexibility 

of the polymer chains is increased leading to microstructural changes. At higher 
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temperature in addition to the promotion of chemical hydrolysis microbial attachment to 

polymer matrix is also facilitated by increasing the polymer hydrophilicity due to 

absorption of water into the polymer matrix (Södergård et al., 1996; Siparsky et al., 

1997). 

 

 PLA degradation is considered a process coupling physicochemical and microbial 

degradation; however, we have previously reported minimal involvement of any abiotic 

factor at these low temperature conditions and mineralization of PLA is mostly attributed 

to the natural soil microbial community despite its slow degradation process (Ohkita and 

Lee, 2006; Lunt et al.,  1998).  

Bio-augmentation: In the last two decades, biodegradation of PLA in soil environment 

has been widely studied, and it has been concluded that PLA is a slow degrading material 

mostly first accelerated by the hydrolysis process. Isolation of pure microorganisms with  
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Figure 5.14 a) Cumulative CO2 evolution due to biodegradation of PLA in control and 

supplemented bioreactors, b) Mineralization (%) of PLA due to biodegradation of PLA, 

from bioreactors undergone different treatments during the biodegradation test 
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PLA degradation potential has been the main focus of researchers (Karamanlioglu et al., 

2017). An increase on the understanding of biochemical processes and investigation of 

PLA-degrading microbial communities can create a better understanding of PLA 

degradation; therefore, current studies are moving towards the isolation and 

characterization of PLA degrading microbes and building of simulated system utilizing 

the aerobic biodegradation of PLA (Sangwan and Wu, 2008; Csikós et al., 2015; Lipsa et 

al., 2016). The isolation of new bacteria creates the opportunity to introduce them in soil 

mesocosms in the form of bio-augmentation or bio-stimulation. Biodegradation of PLA 

under composting condition is a well-studied phenomenon (Itävaara et al., 2002; Vink et 

al., 2004; Lunt et al.,  1998; Drumright et al., 2000), but due to some limitations and less 

acceptance of biodegradable plastics on composting facilities due to their slow 

degradation rate, there is need for to expand PLA‘s end-of-life options (Castro-Aguirre et 

al., 2016). The phenomenon of biodegradation of PLA in natural soil environment has 

increasingly gaining attention although it is widely accepted that PLA biodegradation in 

compost medium is much faster than in soil due to higher moisture content and 

encouraging temperature for PLA hydrolysis (Itävaara et al., 2002). There are very few 

reports about using bio-augmentation strategy to enhance PLA biodegradation under 

natural soil environment. For example, a fungal strain Trichoderma viride was used for 

biodegradation of PLA amended with different plasticizers. The authors found that the 

fungal inoculation was helpful in promoting the overall biodegradation process 

(Södergård et al., 1996). In another study, bio-augmentation of a bacterium 

Pseudonocardia sp. RM423 (Vink et al., 2004) was shown and biodegradation of PLA at 

both mesophilic and thermophilic temperature was enhanced. Besides this, Saadi et al. 

conducted a study in which different fungal species were tested both in natural soil and 

compost experiments to enhance biodegradability of PLA, and the authors found that 

temperature was also the predominant factor governing the process of biodegradation 

(Saadi et al., 2012). 

 

To apply this concept for enhancing biodegradation of PLA in soil at environmental 

temperature (30ºC), two of the previously isolated PLA-degrading bacterial strains 
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Sphingobacterium sp. strain S2 and Pseudomonas aeruginosa strain S3 were bio-

augmented into the soil microcosms at a concentration of 10% wt. of the natural 

microbial community of the soil used. Test bioreactors undergoing natural attenuation 

treatment were considered as blank. Another set of bioreactors was setup to monitor the 

interaction of both the test strains with the soil natural microbial community without PLA 

film pieces, which remained very stable and showed no signals of CO2 evolution. The 

evolved CO2 from the blank bioreactors as a result of natural attenuation (NA) was 

subtracted from the test bioreactors. Soil + PLA + S2 and soil + PLA + S3 were set up to 

get actual estimate of mineralization of PLA. Bioreactors inoculated with strain S2 and 

S3 showed 5 g and 3 g of CO2 evolution, with 22% and 7% of mineralization, 

respectively (Fig 5.1a & b). It seemed bio-augmentation of bioreactors with 

Sphingobacterium sp. strain S2 enhanced the biodegradation of PLA as compared to its 

biodegradation in natural soil environment. Strain S2 took less time to develop 

interactions in the community and acclimatize itself to PLA. Strain S3 was not able to 

develop interaction in the soil and could not work as good as expected based on results 

obtained from our previous study in liquid environment (Satti et al., 2017). 

Biodegradation of PLA in soil environment is a complex phenomenon and there are a 

number of factors in the soil matrix that can be influential to the activity of a particular 

strain in that environment, such as availability of nutrients, presence or absence of 

electron donor and acceptors, soil pH, and microbial community (Dommergues et al., 

1978). 

 

Bio-stimulation: Natural attenuation can simply be enhanced by stimulating microbial 

activity exploiting some environmental conditions including level of nutrients, 

accessibility of electron acceptor, pH, temperature and the redox conditions (Simpanen et 

al., 2016). Every so often, bio-remediation can be applied successfully without any 

addition of non-indigenous bacteria, as there is great diversity of microbial species and 

metabolic routes, which can get adapted to new molecule in the soil around them, acting 

as energy source (Megharaj et al., 2011). To better understand the natural microbial 

community of the soil for biodegradation of PLA, 0.2% sodium lactate as lactic acid 
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source, was added to the soil. Successful utilization of small organic acids in 

bioremediation studies has been reported (Wu et al., 2012; Chang et al., 2002). CO2 

evolved from natural attenuation bioreactors (blank) was subtracted from that produced 

by the bioreactors inoculated with sodium lactate. Interestingly lactate-containing 

bioreactors produced most CO2 from all other bioreactors that is 7 g and showed 24% 

mineralization (Fig 5.1a & b) by the end of experiment. It was observed that the 

microbial community took its time (50 d) to establish and once lactate utilizing 

community was achieved, a continuous and rapid increase in the mineralization process 

was observed. Lactate was added in a very small amount that is 0.036 g, and it is assumed 

that CO2 produced from the jars is coming from mineralization of PLA, not from lactate, 

as the community took 50 days to establish, the lactate might be utilized quite earlier for 

microorganism growth and reproduction.  

 

The use of some proteins, peptides and amino acids like gelatin, elastin and silk fibroin 

for enzyme induction in PLA biodegradation have been reported (Jarerat and Tokiwa, 

2003; Jarerat et al., 2004; Williams et al.,  1981). Use of lactic acid (sodium lactate) as a 

stimulus for PLA biodegradation has not been reported yet, but there are reports on 

utilization of lactate in biodegradation. Lactate is used in anaerobic degradation as 

electron donor for reductive degradation. It is assumed to increase the growth of microbes 

as its utilization has a stimulatory effect on general metabolic rate, which consequently 

enhances the growth rate and also increase the bioavailability, solubility and mobility of 

the pollutant (Jiang et al., 2014; Gohil et al., 2014). In our study, sodium lactate would 

have stimulated the lactate utilizing microbial community at first by inducing lactate 

dehydrogenase and later on, same community would eventually have functioned actively 

against PLA. Another possibility is for microcosms where anoxic conditions were 

expected sometime due to soil clumping, sodium lactate acting as electron donor could 

stimulate the anaerobic microbial community playing their role in biodegradation as well. 

This is a novel finding with respect to PLA biodegradation and gives us directions for 

future studies and process optimization. 
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Abiotic Degradation: Sterile soil was used to evaluate the extent of abiotic degradation of 

PLA in the absence of microorganisms and to test the role of hydrolysis and temperature 

under mesophilic conditions. Keeping in view the previous reports (Sangwan and Wu, 

2008; Saadi et al., 2012; Lyu et al., 2007; Castro-Aguirre et al., 2017a), microorganisms 

have limited role in degradation of PLA specially at elevated temperature (>50°C), which 

emphasizes that abiotic degradation is solely responsible for the degradation process until 

PLA reaches a real low molecular weight Mn<10kDa. In our experiments, the soil matrix 

was loamy sand with moisture content of ~10.1 % and pH 7.7. Soil was autoclaved twice 

to avoid any interference from the intrinsic microbial population although the air supplied 

to the bioreactors during the test was non-sterile. Besides this, we were not expecting 

CO2 evolution from autoclaved soil, but we observed some amount of CO2 evolved 

during the later part of the experiment that might be attributed to the supply of non-sterile 

air to soil matrix (Fig. 5.1a) due to the construction details of the equipment 

(Kijchavengkul et al., 2006; Hottle et al., 2016). While in case of autoclaved soil with 

PLA sheets buried into it, no CO2 evolved up to 110 d representing a long lag phase, 

followed by 2 g of CO2 evolved and 6% mineralization of PLA towards the end of 

experiment (Fig 5.1b). These results demonstrate inertness of PLA towards the abiotic 

factors at mesophilic temperature. Since the soil matrix was sterile, the possible abiotic 

factors responsible for PLA degradation might be temperature and moisture content of 

soil. Both of these parameters seem to have little influence on degradation of PLA till 100 

days of experiment. 

 

3.1 Reduction in molecular weight 

Reduction in molecular weight of PLA was determined using GPC analysis and a fitting 

of zero-order reaction was applied to the data using the relationship, Mn= a - k*t where 

Mn is the average molecular weight at time t, a is the intercept a t=0, and k is the rate of 

reaction. The authors fully recognized that due to the lack of data between days 0 and 

150, this fitting is preliminary and does not describe the entire process; however, this 

analysis is useful to guide future testing. There was more reduction in Mn and a larger 

broadening of the molecular weight distribution of PLA in the bioreactors bio-augmented 
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with strain S2 and amended with sodium lactate (Table 5.3). Almost the same reduction 

in Mn was observed for bio-augmentation with strain S3 and natural attenuation while 

least reduction was observed for autoclaved soil. The rate constants (k) were significantly 

different for each treatment (p ≤0.05) (Table 5.4). A zero-order reaction is indicative of 

the dominance of biodegradation over hydrolysis, which is better described by a first-

order reaction (Lyu et al., 2007, Iniguez-Franco et al., 2016).  Based on the reduction in 

molecular weight (Table 5.3) and mineralization values (Fig 5.1 b) obtained were 

statistically significantly different (p<0.05) and are arranged in the following order, 

Soil+PLA+Lactate > Soil+S2+PLA > Soil + PLA > Soil+S3+PLA > Autoclaved 

soil+PLA. Bio-stimulation was found to be the best treatment, enhancing the natural 

attenuation capability of soil microflora against PLA, followed by bio-augmentation with 

PLA-degrading Sphingobacterium sp. strain S2. Natural attenuation and bio-

augmentation with Pseudomonas aeruginosa strain S3 was not found very effective. 

Mineralization values were found least in reactors with sterile soil confirming the role of 

microorganisms in degradation of PLA as well as least influence of hydrolysis and 

temperature in degradation at mesophilic condition as observed in previous studies in 

liquid media (Lyu et al., 2007, Fukushima et al., 2011).  

 

3.2 Monitoring the nitrification activity of the soil 

Nitrification test in soil microcosms was performed to evaluate soil health and effects of 

treatments applied. pH of soil from selected bioreactors was monitored before the start of 

experiment and was noted as follows: Soil + PLA 6.85; Soil+PLA+Lactate 6.85; 

Soil+S2+PLA 6.8; Soil+S3+PLA 6.75; Soil 6.75. The test was performed according to 

the ISO 14238 test method (ISO14238, 2012). Quantification of NH3-nitrogen, NO2-

nitrogen and NO3-nitrogen was also performed before the start of experiment followed by 

quantification at days 1, 8, 15, 22, and 29 d. Ammonia was depleted faster at an equal 

rate in all selected bioreactors and returned to original value within 15 d (Fig 5.2). The 

complete depletion of ammonia represents the good health of soil, and its consumption 

can be attributed to nitrification, microbial uptake and minor losses during experimental 

procedure too. The amount of nitrates were pretty much similar in all the soils tested (Fig 
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5.3).  Small spikes of nitrite were detected in the test, considered as negligible. This can 

be attributed to the general mechanism of nitrification process in which nitrite is the most 

unstable and a temporary product formed and converted to nitrate immediately (Ardisson 

et al., 2014). We observed limited dispersion of NO3 values in our data that represents 

low variability in  

 

Table 5.3 Change in Mn and PDI as function of time for PLA for the applied treatments. 

  Mn, kDa PDI 

Time, d 0 150 0 150 

Sterile-soil+PLA 

86 

78 

1.01 

1.02 

Soil+PLA+Lactate 47 1.77 

Soil+PLA  62 1.54 

Soil+S2+PLA 53 1.7 

Soil+S3+PLA 68 1.3 

 

Table 5.4 Rate constants, k, for PLA at 30 °C in different treatments. 

Treatments k (g/(mol.d
-1)

) 

Autoclaved soil+PLA 72.9 ±10.6
a
 

Soil+PLA  161.4± 11.7
c
 

Soil+PLA+S2  227.1 ±9.2
b
 

Soil+PLA+S3  124.5± 20.8
c
 

Soil+PLA+Lactate  248.1 ±26.0
b
 

Note: values in different rows with different letters are significantly different 

from each other. 
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Figure 5.15 Course of depletion of N-NH4 in different soil treatments applied. Each point 

represents an average of measurements. 
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comparison to the previous studies where people have found high variation (Ruyters et 

al., 2013; Ardisson et al., 2014).Depletion of ammonium from the system was 

accompanied by the appearance of nitrate, which is according to the general scheme of 

nitrification process accomplished by microbes in two steps. Ammonia-oxidizing bacteria 

(AOB) first converts ammonium to nitrite (NH
+4

 → NO
−2

) followed by action of nitrite 

oxidizing bacteria (NOB) converts nitrite to nitrate eventually (NO
−2

 → NO
−3

) (Xia et al., 

2011). The rates of formation of The amount of N-NO3 formed is almost consistent with 

the amount of N-NH3 added initially which indicates almost complete quantitative 

conversion of ammonium to nitrate. The results from the nitrification test indicated that 

there was no effect of PLA degradation on soil health. Neither bio-augmentation nor the 

bio-stimulation treatments have any adverse effect on the normal microbial activity of 

soil, making all the treatments safe to be used and to be optimized further.  

 

4. Conclusion  

This study described the biodegradation of PLA in mesophilic environment under 

different treatments (i.e., natural attenuation, bio-augmentation, and bio-stimulation). 

There is limited role of abiotic factors while most of PLA degradation might be attributed 

to microbial enzymes. This work also provides information about the missing link in the 

bio-remediation strategies used so far for managing solid waste of PLA. Bio-

augmentation of soil by a PLA degrading microbial strain and bio-stimulation of the 

native microbial communities can be successfully implemented for the degradation of 
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PLA waste in soil. Further studies in optimizing the process and determining the various 

parameters involved in the system can lead to the development of new and efficient 

bioremediation strategy for dealing with PLA waste. 
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Figure 5.16 Quantification of formation of N-NO3 at different time intervals. The lines 

are represented for visual guidance only. 
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Abstract  

The current study focuses on the production of PLA degrading enzyme from 

Sphingobacterium sp. strain S2 under optimized conditions. The enzyme was purified 

using column chromatography and then characterized. The degradation products of PLA 

were determined through liquid-chromatography mass-spectrometry. Cell free 

supernatant showed lipase activity during utilization of PLA as sole carbon source by 

Sphingobacterium sp. strain S2. Biodegradation of PLA was further evaluated using 

scanning electron microscopy (SEM) and Fourier Transform Infrared Spectroscopy 

(FTIR). The important variables influencing lipase production were identified by 

Plackett–Burman Design (PBD) and Central Composite Design (CCD). The results 

obtained from optimization process demonstrated NH4Cl as significant independent 

variable while mutual interaction between concentrations of CaCl2.2H2O and yeast 

extract, NaCl and yeast extract and olive oil and MgSO4.7H2O showed highest regression 

coefficient thus more influential towards the enzyme activity. Following data analysis 

optimized production media was [g/L; Na2HPO4 .2H2O 6.0, Olive Oil 15, Yeast extract 4, 

NH4Cl 2.3,  NaCl 3.0, MgSO4.7H2O 0.8, CaCl2.2H2O 3.0]. The predicted values were in 

agreement with experimental values with coefficient of determination R
2
 as 0.9943. The 

purified enzyme (40 kDa) showed stability at 30-45˚C and pH 3.0-10.0. Purified lipase 

depolymerized PLA films at 37˚C producing lactic acid oligomers of chain length 

ranging from (3-12) that confirms the biodegradation potential of Sphingobacterium sp. 

against PLA. The results demonstrate that the lipase produced from Sphingobacterium sp. 

strain S2 could be applied to develop a new disposal strategy for PLA waste management 

in a simulated system or using biochemical recovery process. 

 

Keywords: Sphingobacterium sp., Plackett–Burman Design, biodegradation, Central 

Composite Design, lipase 
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1. Introduction 

Raising global concern regarding the environmental pollution caused by the over 

production and consumption of plastics as well as the depletion of petrochemical 

resources has led to the development of bio-plastics (bio-based and biodegradable), an 

important transition to reduce the utilization of fossil resources and environmental 

pressures caused by conventional plastics (Thompson et al., 2009; Law and Thompson, 

2014; Shah et al., 2008; Gross and Kalra, 2002). Among various bio-plastics in the 

market today, polylactide (PLA) is the most attractive aliphatic polyester obtained by 

fermentation of the waste of renewable materials such as corn, sugarcane, cassava and 

potato (Altaf et al., 2006; John et al., 2008). Currently, global bio-plastics production is 

growing at 40% annual rate while PLA occupies over 20% of this market. PLA has 

various excellent characteristics such as toughness, high modulus, biodegradable, bio-

absorbility, transparent, non-toxicity, less energy consumption, and easy process-ability 

marking its highest status among other polyesters also giving an edge over conventional 

polymers (Li et al., 2016; Ljungberg et al., 2005; Zhou et al., 2016). Due to its excellent 

properties, PLA shows wide range of uses in many areas, such as in horticultural films, 

packaging industry, medical devices and automotive materials (Okamoto and John, 2013; 

Rasal et al., 2010; Zhao et al., 2013). Due to its environment friendly nature, PLA is 

considered as a solution to ―white pollution‖ and energy problem.  

 

With the commercialization of PLA for use in commodity plastics attention should be 

paid for the management of the waste produced as well. In natural soil environment, the 

degradation of polymer is a complex process involving the role from both 

physicochemical factors and microbial degradation as well. Biodegradation by 

microorganisms and their enzymatic activities against PLA are considered very important 

in PLA degradation. There are many reports regarding microbial strains showing the 

potential to biodegrade PLA but our understanding of the microbial role in the 

degradation process and their mechanism of action is still very scarce. Many bacteria 

from family Pseudonocardiaceae, Micromonosporaceae, Streptosporangiaceae, 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 216 

 

Thermomonosporaceae, Thermoactinomycetaceae and Bacillaceae while fungal isolates 

belonging to Trichocomaceae, Hypocreaceae and Tremellaceae have been reported so far 

(Qi et al., 2017; Satti et al., 2017). 

 

Plastic waste of all kinds including of PLA, due to various factors goes directly or 

indirectly either to terrestrial or aquatic environment (Niaounakis, 2013). There are many 

strategies for the management of waste from PLA (Castro-Aguirre et al., 2016) and most 

effective way to manage waste is de-polymerization of the polymer and reusing or 

recycling of the recovered monomers. There are various methods for de-polymerization 

such as thermal, physical or chemical recycling that are being used in industrial sectors 

(Niaounakis, 2013; Nampoothiri et al., 2010; Hitomi et al., 1999). Biochemical monomer 

recovery or recycling using enzymatic machinery from microorganisms is a highly 

effective process with several advantages like low energy utilization, requirements of 

mild reaction conditions, stereo-specificity and eco-friendly processes (Nakajima-Kambe 

et al., 2009; Kobayashi et al., 2000; Matsumura, 2002).  

 

There are few studies that have reported on the enzymatic degradation of PLA and the 

reported enzymes belong to hydrolases. Various types of PLA hydrolases include 

proteases mainly serine proteases, lipases, esterases and cutinases as well and their 

production can be enhanced by inducers such as elastin, silk fibroin, gelatin, peptides and 

amino acids (Hanphakphoom et al., 2014; Kawai, 2010; Hajighasemi et al., 2016; Masaki 

et al., 2005; Jarerat et al., 2004). First study on hydrolysis of PLA by enzymatic attack 

was by Tritirachium album and the enzyme was a proteinase K (Williams, 1981). 

Biodegradation of PLA in the environment is controlled by various factors including 

characteristics of microorganisms and their catalytic enzymes. Type and amount of 

enzyme produced varies between species even among the strain of the same species as 

well. Most of studies regarding biodegradation of PLA emphasized only on the isolation 

of PLA degrading microbes and very few studies were done regarding their 

biodegradation potential using enzymes and further characterization. It is essential to 

understand the characteristics of PLA-depolymerizing enzyme and their optimum 
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conditions for production and activity for their further use in developing new strategies 

for the recovery of monomers from PLA waste.  

 

The current study is the continuation of our previous work in which we isolated PLA-

degrading microorganisms and studied their degradation kinetic at ambient temperature 

(~30 °C) (Satti et al., 2017). We also evaluated their potential to biodegrade PLA in soil 

at environmental conditions using lab-built soil microcosms (Satti et al., 2018). This 

study was aimed to purify and characterized PLA-hydrolyzing lipase from previously 

isolated PLA degrading Sphingobacterium sp. strain S2. The fermentation conditions for 

lipase production were optimized using two different statistical models. The degradation 

products of PLA were analyzed through liquid-chromatography mass-spectrometry. The 

results obtained are very encouraging and it will add in the information already present in 

literature regarding the role of the enzymes involved in biodegradation of PLA.  

 

2. Materials and methods 

2.1. Materials 

Poly (lactic acid), PLA, 2003D was purchased from NatureWorks LLC, Blair, NB with 

average molecular weight (Mw) 2 x 10
5 

Da and average molecular number (Mn) 1 x 10
5 

Da. The resin was processed as received. Nutrient agar (NA) and Nutrient broth (NB) 

was attained from Sigma Adrich Gmbh, Germany. A stock solution of 20 mM for p-

nitrophenyl Laurate (PNP-L) was prepared in isopropanol and acetonitrile (1:1). All the 

other chemicals and reagents were commercial products of highest available grade. 

 

2.2. PLA film preparation 

PLA resin was first vacuum-dried at 40°C overnight prior to any processing to remove 

any moisture. Then a Microextruder model RCP-0625 (Randcastle Extrusion Systems, 

Inc., Cedar Grove, NJ) was used to produce PLA cast films. The processing temperature 

was in the range of 193 and 210°C for different time zones through the die, and the screw 

speed was adjusted to 27 rpm. The extruded film was of 0.02 ± 0.01 mm thickness. 
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2.3. Bacterial strain 

Previously isolated bacterial strains, Sphingobacterium sp. strain S2 with accession 

numbers KY432687 having potential to degrade PLA at ambient temperature (~30°C) 

(Satti et al., 2017) was selected for PLA hydrolyzing lipase production and 

characterization. The culture was maintained in nutrient agar plates for further studies. 

 

2.4. Lipase activity assay for Sphingobacterium sp. S2: 

2.4.1. Qualitative Assay using Rhodamine B agar plate 

Rhodamine B agar plate assay was used to determine the lipolytic activity from 

Sphingobacterium sp. strain S2 following the protocol of Kouker et al. (1987). The 

composition of the medium was (per liter): nutrient broth 8 g, NaCl 4 g, agar 20 g, olive 

oil 31.25 mL (v/v), Rhodamine B solution 10 mL (v/v). The medium pH was set up to 

7.0. The orange fluorescent halos formed around the bacterial colony as a result of the 

formation of fluorescent complex between free fatty acids released from olive oil and 

Rhodamine B demonstrated the lipolytic activity when observed under UV trans-

illuminator.  

2.4.2. Quantitative assay 

A simple 28 days shake flask experiment was run to evaluate the lipase production by 

Sphingobacterium sp. strain S2 during biodegradation of PLA. About 1 mL culture of 

strain S2 grown overnight was centrifuged for 15 min at 10,000 x g and the pellet formed 

was twice washed with normal saline followed by re-suspention in 1 mL of minimal 

medium lacking any carbon source and a cell suspension with a concentration of 

approximately 10
8
 cells/mL was achieved. This cell suspension was used as inoculum for 

the quantitative degradation assay of PLA. Freshly prepared culture of Sphingobacterium 

sp. strain S2 was inoculated in minimal medium containing PLA films as the only carbon 

source and incubated at 30°C and 100 rpm for 28 days. Samples were collected every 48 

h centrifuged at 10,000 x g and 4°C for 10 min followed by determination of lipase 

activity in cell free supernatant. PLA depolymerase activity was calculated using the 

modified protocol of Lesuisse et al. (1993) employing chromogenic p-nitrophenyl 

Laurate (pNPL) as substarte. A mixture of isopropanol and acetonitrile (1:1) was used to 
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prepare the stock solution of pNPL. About 25 µL of enzyme solution was added in about 

3 mL of reaction buffer (pH 7) and incubated for 60 min at 37°C. Enzyme activity was 

stopped by incubating reaction mixture for 10 min at -20°C and centrifuged for 5 min at 

10000 x g to remove the precipitates formed. The absorbance was recorded at 410 nm. 

The amount of p-nitrophenol released was measured using standard curve. Negative 

control lacking the enzyme from the reaction mixture was used as blank. The experiment 

was run in triplicates. The amount of enzyme used to release 1 µmole of p-nitrophenol in 

1 min represented one unit of enzyme. At the end of the experiment, films were 

recovered for SEM and FTIR analysis to evaluate physical and chemical modifications in 

the PLA film as a result of degradation. A negative control was also run in parallel to the 

experiment. 

 

2.5. Analysis of Biodegradation 

2.5.1 Fourier Transform Infrared Spectroscopy (FTIR) 

PLA films recovered after treatment with Sphingobacterium sp. strain S2 were analyzed 

through FTIR spectrophotometer (Tensor 27, BRUKER, Germany) in order to detect 

chemical changes with the formation or breakage of bonds in the chemical structure of 

films. For this purpose, films were placed on sample plate and a Spectrum of 500-4000 

wave numbers cm
-1

 was taken in single for each sample. Abiotic control was also run 

along with test samples for comparison. 

2.5.2. Scanning Electron Microscopy (SEM) 

Surface changes for the PLA films recovered after treatment with Sphingobacterium sp. 

strain S2 were monitored through scanning electron microscopy (SEM) (INCAx-act SN: 

73001 model; 51-ADD0007). Samples were first washed with distilled water to remove 

any impurity and mounted on copper stubs of the machine having gold paint on it. 

Conductivity of samples was increased by applying gold plating that was done in vacuum 

through evaporation. For comparison, control sample was also analyzed along with the 

test samples. 
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2.6. Optimization of Culture Conditions for Lipase Production by Sphingobacterium 

sp. S2 

2.6.1. Optimization of physical parameters 

Various fermentation conditions for lipase production by Sphingobacterium sp. strain S2 

were optimized by submerged fermentation method. Seed inoculum was prepared in 

nutrient broth by inoculating 24 h fresh culture of Sphingobacterium followed by 

incubation for 24 h at 37ºC and 120 rpm. The composition of enzyme production medium 

was; (g/L, Peptone 2.0, KH2PO4 1.0, NaCl 2.5, MgSO4.7H2O 0.4, CaCl2.2H2O 0.4, Olive 

Oil 20 mL (v/v), Tween20 20 mL (v/v)). The culture conditions including temperature 

ranges (30-50ºC), pH (5.0-9.0), time of incubation (24-96 h) were optimized for 

maximum lipase production. Samples were withdrawn every 24 h up to 96 h, centrifuged 

at 14,000 x g and 4ºC for 10 min and supernatant was used to calculate crude lipase 

activity and specific activity at respective times.  

  

2.6.2. Optimization of Nutritional Factors using Placket-Burman Design 

Design of experiment 

The Plackett–Burman Design is a suitable screening protocol to determine the important 

factors influencing a particular process (Patil and Jena 2015; Ungureanu et al., 2015). The 

Placket Burman design from statistical software package Design Expert 10.1 (Stat-Ease, 

Inc., Minneapolis, MN) was employed to screen the interaction of different constituents 

and finding out the important factors in medium for optimum production of lipase 

enzyme by Sphingobacterium sp. strain S2. First-order polynomial model described 

below was used for mathematical modeling of the design (Eq. 1); 

                                           Y         ∑                           (Eq. 1) 

Where Y is the predicted response (specific activity of enzyme),     is the intercept of the 

model and     is the linear coefficient and    is the level of the independent variable. 

Total 9 components of the medium were optimized in this design including inoculum 

size, peptone, CaCl2, KH2PO4, NaCl, tween 20, olive oil, MgSO4.7H2O and pH. The 

effects of these different constituents were tested at two levels; -1 for the low level and 

+1 for high level. A total of 15 set of experiments were provided with varying 
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concentration of constituents by Design Expert 7 software. Experiments were run using 

submerged fermentation at 37ºC at 150 rpm. Crude lipase activity and specific activity 

was checked after every 24 h up to 72 h. Response was calculated in terms of specific 

activity of lipase (U/mg). Determination of specific activity is the average of three trials. 

Significant factors were interpreted by analyzing the responses at 95 % confidence level. 

The factors with p-value < 0.05 were considered significant for lipase production and 

were further optimized using central composite design (CCD). 

2.6.3. Central Composite Design (CCD) of the Experiment 

The optimization studies were further extended and a factorial CCD was performed on 

the significant factors obtained from PB design. Interaction of the components with each 

other and their significant influence on enzyme production was evaluated and optimum 

value of each variable was determined. The model included seven factors obtained from 

PB and their effect was studied at two levels in 39 runs. The factors included were yeast 

extract (A), Na2HPO4.2H2O (B), olive oil (C), NaCl (D), olive oil (E), MgSO4.7H2O (F) 

and NH4Cl (G) CaCl2. A second order polynomial equation was used to evaluate specific 

activity of the enzyme and multiple regression was applied for data fitting. Effects of the 

independent variables including linear, quadratic as well as mutual interactions, on the 

dependent variable, specific activity (U/mg) were determined. The quadratic polynomial 

equation providing the mathematical relationship of the dependent variable (response) to 

the significant independent variables is given by the following; 

       ∑     
 
     ∑    

 
     

   ∑    
 
                (Eq. 2) 

Where Y is the response (specific activity);    are significant independent variables;    

are linear regression coefficients;     are quadratic regression coefficients;    are 

interactive regression coefficients while    is a constant term. The significance of the 

factors was determined by applying analysis of variance (ANOVA).  

 

2.7. Bulk Production of Crude Lipase under Optimized Conditions 

About 1000 mL production medium pH 9.0  was inoculated with 2% of overnight grown 

fresh inoculum of bacterial strain Sphingobacterium sp. strain S2 and incubated at 37ºC 

and 120 rpm for 72 h. Composition of production medium included [g/L; Na2HPO4 
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.2H2O 6.0, Olive Oil 15, Yeast extract 4, NH4Cl 2.3, NaCl 3.0, MgSO4.7H2O 0.8, 

CaCl2.2H2O 3.0]. Crude enzyme was harvested by centrifugation at 8000 x g and 4ºC for 

10 min and supernatant was used for further purification of the enzyme.  

 

2.8. Purification of Lipase 

2.8.1. Ammonium sulfate precipitation 

All the steps of purification were accomplished at room temperature. The production 

media was centrifuged to obtain about 810 mL of cell free supernatant (CFS). 

Ammonium sulfate (NH4)2SO4 was slowly added to the flask containing cell free 

supernatant (CFS) and continuously stirred at 4ºC to make solution 40% saturated. The 

solution was centrifuged for 10 min at 10,000 x g and the supernatant was obtained to 

perform further purification. The saturation of the media was increased to 60% by adding 

more (NH4)2SO4 salt followed by re-centrifugation to obtain precipitates that were 

dissolved in about 20 mL of 100 mM Tris HCL buffer having pH 8.0. This product called 

crude enzyme extract was stored at -80 ºC. 

 

2.8.2. Gel filtration chromatography 

Size exclusion chromatograph was used for further purification of crude enzyme extract 

and dimensions of the column were 20/27 mm packed with Sephadex G-100. To remove 

the excess salt, crude enzyme extract was first dialyzed using a protein dialysis kit. 

Sephadex G-100 column was loaded with about 3 mL of sample and elution was 

performed using 100 mM Tris HCL buffer pH 8.0 at a flow rate of 3.0 mL/5 min. Total 

30 fractions each containing 3 mL were collected. Fractions showing maximum enzyme 

activity were combined and stored at 80°C for further use. 

 

2.8.3. Molecular weight determination 

SDS-PAGE with standard protein marker (Bio-Rad, USA) (Laemmli, 1970) was used to 

determine the molecular weight of the purified lipase. 12% polyacrylamide gel was used 

to run the sample in SDS-PAGE and the gel was stained using Coomassie Brilliant Blue 

R-250.  
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2.9. Characterization of Purified Lipase 

2.9.1. Effect of temperature and pH on enzyme activity and stability  

Pure enzyme sample was pre-incubated in the 100 mM Tris HCL buffer having pH 8.0 at 

different temperature ranges 30-50°C for 1 h and standard assay conditions were 

employed to evaluate the effect of temperature on enzyme activity followed by 

measurement of residual activity. The effect of pH on enzyme activity was evaluated over 

a wide pH range (3.0-10.0). Different buffer systems were used for incubation of enzyme 

at 37°C for 1 h and the pH stability of the enzyme was determined by measuring residual 

activity of the enzyme. The buffer systems (0.1 mM) used in the experiment were: 

sodium phosphate (pH 6.0-8.0), sodium acetate (pH 3.0-5.0), and glycine-NaOH buffer 

(pH 9.0-10.0). 

 

2.10. Degradation Activity of Purified Enzyme Against PLA  

PLA films (250 mg) were incubated in about 10 mL of 100 mM Tris HCL buffer having 

pH 8.0 in a 100 mL beaker in order to evaluate depolymerase activity of purified lipase 

towards solid PLA substrates. One unit of purified lipase was added to the beaker 

containing PLA films and incubated in a table top shaker incubator at 37°C and 300 rpm 

for 72 h. A separate control with no enzyme was also run in parallel. The experiment was 

performed in triplicate. 

2.10.1. Analysis of degradation products using LC−MS 

Reverse phase liquid chromatography coupled with mass spectrometry (LC−MS) was 

used to evaluate the de-polymerization products formed after treatment of PLA films with 

purified lipase. Samples from the liquid phase of the above-mentioned experiment were 

collected after 72 h, filtered and centrifuged for 5 min at 5000 x g to remove any 

impurity, and then estimated using LC−MS instrument. The instrument consisted of an 

Agilent HPLC system and a QExactive mass spectrometer equipped with a HESI source 

(from Agilant). Thermo XCalibur 2.2 software and Chromeleon 7.2 software were used 

for data handling. Varian C18 column (3.9 mm × 150 mm, 5 μm particle size) equipped 

with a guard column was applied for product separation. Flow rate for the pump was 300 
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μL/min. Mobile phase consisted of Solvent A (water acidified 0.05% formic acid), and 

solvent B (acetonitrile acidified with 0.05% formic acid). The gradient for mobile phase 

was 0−5.7 min 2  B, 5.7−76.5 min 100  B, 76.5−86 min 100  B, followed by 

equilibration at 2% B for 9 min. Temperature for the autosampler was maintained at 4°C, 

and injection volume was 10 μL. Data was collected in negative ionization mode with a 

scan range of m/z 80−1000, at a resolution of 70000 at 1 Hz, maximum injection time of 

200 ms and a AGC target of 3e6. 

 

2.11. Statistical analysis 

To evaluate the analysis of variance (ANOVA) statistical analysis of the model was 

performed which included Fisher test (F-test) and its associated probability P (F). The 

response surface plots of responses predicted by the model were used to evaluate the 

interaction between the significant variables. 

 

3. Results and Discussion 

3.1. Screening of PLA-degrading Sphingobacterium sp. S2 for lipase production 

3.1.1. Rhodamine B agar plate assay for Lipase activity 

This study was designed to evaluate the previously isolated PLA-degrading 

Sphingobacterium sp. strain S2 (Satti et al., 2017) for lipase production and its potential 

role towards poly(lactic acid) hydrolysis. A qualitative assay was performed in order to 

screen the strain S2 for lipase production. The strain was grown on Rhodamine B agar 

plates supplemented with olive oil. Strain was found to be lipase positive by producing a 

clear halo around its colonies. Extracellular lipase produced in the medium acts on the 

fatty substrate, olive oil, and breaks the fatty acid chains to release the free fatty acid in 

the medium, which in turn give a reaction with Rhodamine B present in the medium and 

form a fluorescent complex (Fig 6.1A). When observed under the UV trans-illuminator 

this fluorescent complex appears orange which is the indication of lipase production into 

the medium by strain S2 (Jette and Ziomek, 1994). 

 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 225 

 

3.2. Qualitative screening of lipase activity by Sphingobacterium sp. and 

Degradation of PLA  

A qualitative screening test was done to determine the lipase activity of the strain while 

utilizing PLA as carbon source and its role toward degradation of the film. A flask was 

set-up containing minimal medium along with PLA films as the only carbon source. A 

cell suspension of Sphingobacterium sp. strain S2 with a concentration of approximately 

10
8
 cells/mL was inoculated and lipase activity was determined every 48 h. It was 

observed that bacterium was producing extracellular lipase in the medium to hydrolyze 

PLA. An increase in the specific activity of the lipase was found in the cell free 

supernatant from 30 U/mg at day 01, reached to its maximum of 260 U/mg at day 15 

followed by a gradual decrease and dropped to 15 U/mg at day 28 (Fig 6.1B). Same trend 

was observed for crude lipase activity as well. Samples of PLA film were taken and 

observed for changes on its surface as a result of lipolytic activity. 

 

3.2.1. Fourier Transform Infrared Spectroscopy (FTIR) of PLA Film 

PLA films recovered after treatment with Sphingobacterium sp. were analyzed for 

structural changes in the functional groups using FTIR. Films from the abiotic control 

were also recovered and analyzed. Clear differences were found between the spectrum of 

treated films and untreated control (Fig 6.2). A peak at 2950 disappeared in the treated 

film as compared to control which could be related to the CH3 stretching. The region in 

the spectrum 1600-1800 showed clear differences in test compared to control. There was 

reduction in the peaks in this particular region and some new peaks appeared as well. 

This region is designated as the C=O stretching region and implies breakdown of ester 

bonds in the polymer chain. An explanation to it can be that microorganism chopped the 

polymer chain at ester bonds utilizing some part of it and leaving behind lactic acid 

oligomers of various lengths with carboxylate ions at the end. Similar results were 

obtained by saadi et al. (Saadi et al., 2012) where fungal degradation of polylactic acid 

was studied in soil and compost environments. Another new peak appeared at 1647 in the 

microbialy treated film. Reduction in the peak occurred at 1238 which could occur due to 

C=O stretching of the ester groups. Peak present in control at 1117 was shifted to 1147 
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and new peak appeared at 856 in the films after treatment with strain S2 that shows -C-C- 

stretch. The peaks between 800-870 and 750-780 could be assigned to the amorphous and 

crystalline phase of PLA, respectively. A clear change for the peaks in the amorphous 

region was observed and new peaks for the crystalline region also appeared in the treated 

film. This indicated the degeneration of PLA film both in amorphous as well as 

crystalline region of the polymer. 

 

3.2.2. Scanning Electron Microscopy (SEM) of PLA Film 

Degradation of PLA film by strain S2 in the previous experiment was also further 

analysed by examining surface changes in plastic film through SEM. Surface of untreated 

(control) film piece was found smooth with little signs of roughness which can occur due 

to the slow hydrolysis of PLA in water while clear cracks and detorioration of the surface 

could be seen in the treated film pieces where rough and degraderd surface areas were 

aggregated by small eroded regions and irregular pits (Fig 6.3). Yang et al. (2015) also 

found similar roughness of the PLA-soy protien blend film after 24 weeks of soil burial 

(Yang et al., 2015). Castro-Aguirre et al. (2018) also studied surface changes in PLA 

using SEM and also observed biofilm formation on PLA films (Castro-Aguirre et al., 

2018). 

3.3. Optimization of physical factors for maximum lipase production 

The specific activity of enzyme from Sphingobacterium sp. strain S2 was used to 

determine the effect of different physical and chemical factors on the maximum 

production of lipase. The highest specific activity was obtained at 37°C, pH 7.0 and after 

72 h (p < 0.05) of incubation. As previously reported pH around 7.0 is preferable for 

bacterial growth and lipase production, for example Bacillus sp., Acinetobacter sp. and 

and Burkholderia sp.  like pH 7.0 for lipase production (Barbaro et al., 2001, Rathi et al., 

2000, Sugihara et al., 1991). Almost same optimum conditions had been reported in a 

previous study conducted for optimum lipase production (Riaz et al., 2010). 
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Figure 6.17 Qualitative and quantitative screening for lipase activity by 

Sphingobacterium sp. strain S2. (A) Lipase activity by Sphingobacterium sp. strain S2 on 

Rhodamine B agar plate. Formation of orange fluorescent halos around the bacterial 

growth as a result of the formation of fluorescent complex between free fatty acids 

released from olive oil and Rhodamine B demonstrated the lipolytic activity (B) Enzyme 

activity of lipase (both specific activity and crude enzyme activity) in cell free 

supernatant during degradation of PLA films incubated with Sphingobacterium sp. strain 

S2 in minimal media as sole carbon source.  
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Figure 6.18 Fourier Transform Infra Red (FT-IR) spectra of PLA film pieces before and 

after incubation with Sphingobacterium sp. strain S2 in minimal medium as sole carbon 

source for 28 days. Both control (A) and test (B) spectra are compared. Arrows represent 

change in position of peaks, disappearance or appearance of peaks after treatment with 

enzyme. 
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Figure 6.19 SEM images of PLA film after incubation with Sphingobacterium sp. for 28 

d (A) Abiotic control (3.0K) (B-D) Micrographs of treated film taken at different 

magnification (x3.0K, x5.0K, x10.0K). 
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3.4. Optimization of Nutritional Factors for Production of lipases using Placket-

Burman Design 

PBD is very attractive statistical tool for determining the significant factors influencing 

any process. The variables showing significant effect on the lipase production by 

Sphingobacterium sp. were obtained using PBD. There are previous studies reporting the 

use of these softwares for the optimization of medium composition for lipase production. 

A total of 11 factors were analyzed in 15 experimental runs (refer to appendix). 

Maximum lipase activity of 507.133 U/mg was found in run number 4 and lowest activity 

242.12 U/m was found in run number 14. All experiments were done in duplicates 

according to the conditions provided by software. Further Pareto chart describes the role 

of each factor towards lipase production (Fig 6.4). Effect of each parameter on enzyme 

activity was found using first-order regression equation. A positive value of the factor 

implies that particular factor has more influence on response (specific activity) at greater 

concentration while negative value shows factor is more influential at lower 

concentration. Out of 9, about 6 factors were found to have significant influence towards 

lipase production including yeast extract, Na2HPO4.2H2O, NH4Cl, NaCl, CaCl2.2H2O, 

Olive Oil also evident by the values of "Prob > F" of each factor mentioned in table 6.2. 

Na2HPO4.2H2O was found to be having more influence on enzyme activity as it had 

largest coefficient followed by CaCl2.2H2O and NH4Cl. Yeast extract was found to have 

negative influence while other five factors had positive influence on lipase production. 

This shows preference for inorganic nitrogen source over organic nitrogen source by our 

strain S2 i.e. decreasing yeast extract and increasing NH4Cl concentration enhanced 

lipase production. Requirement and preference for nitrogen sources varies among 

microorganisms, some microbes prefer to utilize simple inorganic compounds as nitrogen 

sources like ammonium chloride or ammonium sulphate or ammonium nitrate instead of 

complex organic nitrogen sources such as beef extract and yeast extract (Rathi et al., 

2001, Lima et al., 2003, Wang et al., 1995, Lopes et al., 2016). It is already reported in 

literature that presence of ammonium in the medium enhances lipase stability and yield 

as well (Cordenons et al., 1996). Olive oil was found to be significantly enhancing the 

lipase production and this is in accordance to the previous findings that lipase acts as an 
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excellent inducer for lipase production (Zarevúcka, 2012, Lee and Rhee, 1993, Gao and 

Breuil, 1995). The model equation for specific activity of lipase (U/mg) (R) could be 

written as: 

 

Specific activity (R)= (289.34) +(26.02A) +(-5.03B) +(17.67C) +(22.13D) +(-14.64E) 

+(19.95F) +(23.59G) +(19.58H) +(-16.10J) +(-36.48K) +(-16.60L) 

 

F-test of ANOVA was performed by the software to statistically determine the model 

significance and of the all variables included. A p<0.05 showed statistical significance of 

the model. The Model F-value was found to be 26.68 again implies significance of the 

model. There was only a 3.67% chance that a "Model F-Value" this large could occur due 

to noise. Values of "Prob > F" less than 0.05 also shows model terms to be significant 

table 6.1.   

 

3.5. Optimization of significant variables using CCD: 

The optimization studies were further extended and a three level CCD was performed on 

the significant factors obtained from PB design having positive influence on enzyme 

production. The model included seven factors obtained from PB and their effect was 

studied at two levels and in 39 runs (refer to appendix). In this case among the linear and 

quadratic terms only D and  D
2
 was found significant while interactive terms AG, BD, 

BF, BG, CE, CG, DE and DF were significant model terms. Second order polynomial 

equation was obtained after applying multiple regression analysis on the experimental 

data, the following equation was obtained to describe the specific activity of lipase,  

 

Specific activity = 58.16+6.14A-13.15B+8.15C+64.49D+7.32E-7.76F-5.85G-12.04AB-

14.15AC+23.70AD-14.96AE+5.20AF+44.40AG-50.76BC+76.34BD+1.3BE+131.63BF-

6.67BG-43.29CD+85.47CE+17.37CF-130.25CG-81.76DE-

56.24DF+94.78DG+74.93EF-90.75EG+20.69FG-2.20A
2
-8.36B

2
-12.98C

2
+42.74D

2
-

0.047E
2
+6.79F

2
-6.25G

2 
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Where A, B , C, D, E, F and G are linear terms, A
2
, B

2
, C

2
, D

2
, E

2
, F

2
, and G

2 
represents 

quadratic terms while AB, AC, AD, AE, AF,AG, BC, BD, BE, BF, BG, CD, CE, CF, 

CG, DE, DF, DG, EF, EG and FG are interactive terms. 

 

The acceptability of the model was evaluated using ANOVA table 6.3. The Model F-

value of 12.50 implied the model was significant. There was only a 2.96% chance that a 

"Model F-Value" this large could occur due to noise. Values of "Prob > F" less than 

0.0500 indicate model terms was significant. Among the interactive terms BF was fund 

more influential towards the response (specific activity) with highest regression cofficient 

of 131.63 followed by CG and CE. Effect of the mutual interaction of selected significant 

variable on specific activity of lipase and also optimum level of each variable were 

studied by constructing response surface plots Fig 6.5. Response surface plot showing 

interactive actions of olive oil and MgSO4.7H2O (BF) on enzyme activity says decreasing 

concentration both the components increases specific activity of lipase Fig 6.5A.  

 

Mutual interaction of CaCl2.2H2O and yeast extract (CG) in a way that increasing 

concentration of CaCl2.2H2 at lower concentration of yeast extract increased enzyme Fig 

6.5B. Response surface plot for NaCl and yeast extract (CE) depicts that at higher 

concentration of both components specific activity increased Fig 6.5C. Presence of metal 

ions in the media is proved to be highly effective on bacterial growth and lipase 

production. Based on the results, Mg
+2

 and Ca
+2

 could significantly enhance lipase 

production.  Similar finding are reported by Janssen et al. for Bacillus spp. (Jansen et al., 

1994). It is believed that divalent metal ions specially Mg
+2

  is involved in formation of 

complexes with ionized fatty acids in the cell membrane and increases the concentration 

of unsaturated fatty acid thus modifying the properties of cell membrane (Liu and Liu, 

2016, Hasan et al., 2006). It had been reported previously that CaCl2 had prominent effect 

on lipase activity and presence of Ca
+2 

in greater concentration increased lipase activity 

(Vasiee et al., 2016). NH4Cl was found to be having significant positive effect on lipase 

and seemed to have positive interaction with most of the components in the media as well 
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(Lin et al., 2006). Increasing concentration of this component was increasing the lipase 

activity Fig 6.6. 

 

 

Figure 6.20 Pareto chart showing the effect of different factors generated by Plackett–

Burman design on the rate of enzyme production. Where, K: yeast extract, A: 

Na2HPO4.2H2O, D: NH4Cl, F: NaCl, G: CaCl2.2H2O, H: Olive Oil, C: Yeast extract, L: 

Tween 20, J: Inoculum size, E: Peptone, B: K2HPO4. 
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Table 6.1 ANOVA for PBD (Placket–Burman Design) model 

Analysis of variance table (Partial sum of squares - Type III) 

Source Sum of  squares df Mean Square F Value 
p-value Probe 

> F 

Model 59065.68 11 5369.61 26.68 0.0367 

A-Na2HPO4.2H2O 8124.59 1 8124.59 40.37 0.0239 

B-K2HPO4 303.19 1 303.19 1.51 0.3445 

C-Yeast extract 3748.80 1 3748.80 18.63 0.0497 

D-NH4Cl 5876.31 1 5876.31 29.20 0.0326 

E-Peptone 2571.66 1 2571.66 12.78 0.0701 

F-NaCl 4774.35 1 4774.35 23.72 0.0397 

G-CaCl2.2H20 6677.20 1 6677.20 33.18 0.0288 

H-olive oil 4601.30 1 4601.30 22.86 0.0411 

J-Inoculum size 3112.00 1 3112.00 15.46 0.0590 

K-MgSO4.7H2O 15970.36 1 15970.36 79.36 0.0124 

L-Tween 20 3305.92 1 3305.92 16.43 0.0558 
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Table 6.2 Effect of factors and statistical analysis of factors using Placket–Burman 

Design  

Source Effect Coefficient Standard error P-value 

A-Na2HPO4.2H2O 52.04 26.02 4.10 0.0239 

B-K2HPO4 -10.05 -5.03 4.10 0.3445 

C-Yeast extract 35.35 17.67 4.10 0.0497 

D-NH4Cl 44.26 22.13 4.10 0.0326 

E-Peptone -29.28 -14.64 4.10 0.0701 

F-NaCl 39.89 19.95 4.10 0.0397 

G-CaCl2.2H20 47.18 23.59 4.10 0.0288 

H-olive oil 39.16 19.58 4.10 0.0411 

J-Inoculum size -32.21 -16.10 4.10 0.0590 

K-MgSO4.7H2O -72.96 -36.48 4.10 0.0124 

L-Tween 20 -33.20 -16.60 4.10 0.0558 

R-Squared 0.9932;  Adj R-Squared 0.9560; 95% significance level 
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Table 6.3 ANOVA for CCD (Central Composite Design) model 

Analysis of variance table [Partial sum of squares - Type III] 

Source Sum of  

squares 

df Mean 

Square 

F Value p-value 

Prob > F 

Model 1.259E+005 35 3598.09 12.50 0.0296 

A-

Na2HPO4.2H2O 

199.63 1 199.63 0.69 0.4660 

B-Olive oil 914.78 1 914.78 3.18 0.1726 

C-Yeast extract 351.43 1 351.43 1.22 0.3498 

D-NH4Cl 22004.42 1 22004.42 76.45 0.0031 

E-NaCl 283.52 1 283.52 0.99 0.3941 

F-MgSO4.7H2O 318.92 1 318.92 1.11 0.3698 

G-CaCl2.2H20 181.39 1 181.39 0.63 0.4853 

AB 250.99 1 250.99 0.87 0.4193 

AC 889.27 1 889.27 3.09 0.1770 

AD 2270.13 1 2270.13 7.89 0.0674 

AE 197.04 1 197.04 0.68 0.4687 

AF 27.61 1 27.61 0.096 0.7770 

AG 3571.59 1 3571.59 12.41 0.0388 

BC 2522.15 1 2522.15 8.76 0.0595 

BD 5455.14 1 5455.14 18.95 0.0224 

BE 3.28 1 3.28 0.011 0.9217 
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BF 3493.44 1 3493.44 12.14 0.0399 

BG 3198.92 1 3198.92 11.11 0.0446 

CD 1762.26 1 1762.26 6.12 0.0897 

CE 6607.33 1 6607.33 22.96 0.0173 

CF 547.86 1 547.86 1.90 0.2615 

CG 3364.40 1 3364.40 11.69 0.0419 

DE 4354.79 1 4354.79 15.13 0.0301 

DF 3447.13 1 3447.13 11.98 0.0406 

DG 2081.99 1 2081.99 7.23 0.0744 

EF 2463.79 1 2463.79 8.56 0.0612 

EG 2157.72 1 2157.72 7.50 0.0715 

FG 269.65 1 269.65 0.94 0.4045 

A
2
 73.63 1 73.63 0.26 0.6478 

B
2
 1067.76 1 1067.76 3.71 0.1497 

C
2
 2572.30 1 2572.30 8.94 0.0582 

D
2
 27885.24 1 27885.24 96.89 0.0022 

E
2
 0.034 1 0.034 1.174E-004 0.9920 

F
2
 703.11 1 703.11 2.44 0.2160 

G
2
 596.57 1 596.57 2.07 0.2456 

R-Squared 0.9943;  Adj R-Squared 0.9137; 95% significance level 
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3.6. Crude lipase production from Sphingobacterium sp. strain S2 under optimized 

conditions 

After determination of optimized conditions for maximum lipase production by 

Sphingobacterium sp. strain S2, bulk production of lipase was done in 1000 mL 

incubated at 37ºC and pH 9.0 for 72 h.  

 

3.7. Purification of lipase 

Lipase produced from Sphingobacterium sp. strain S2 was recovered using 60% 

ammonium sulphate precipitation and was purified by column chromatography using 

Sephadex G-100. The molecular weight was found to be 40 kDa (Fig. 6.7). Table 6.4 

indicates different steps of purification for lipase, a 3.58 fold increase in purification of 

lipase was achieved during various steps of purification. 

 

3.8. Effect of temperature and pH on specific activity and stability for purified 

lipase 
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Purified lipase showed activity between 30-45˚C, with optimum activity at 40°C. The 

enzyme retained more than 90  of the stability up to 40˚C for 150 min, while 50  

stability at 45˚C for 150 min (Fig 6.8A). The enzymes showed activity over a wide pH 

range (3-11), with maximum activity at pH 6. Purified lipase was highly stable within pH 

range 5.0-9.0, retaining 100% activity at pH 5.0-7.0 (Fig 6.8B). 

 

3.9. Hydrolysis of PLA films by purified lipase from Sphingobacterium sp. strain S2 

Preliminary results from hydrolysis of PLA films by Sphingobacterium sp. strain S2 

showed that crude lipase produced by our strain has the ability to hydrolyze PLA as 

depicted by the FTIR and SEM results discussed earlier. To confirm this hydrolytic 

ability, we incubated PLA films with purified lipase from Sphingobacterium sp. strain S2 

in 100 mM Tris HCL buffer (pH 8.0) at 37 °C and 500 rpm for 72 h. After incubation of 

lipases with PLA films, the reaction products that were soluble in water were separated 

using a C18 column and an agilant MS system was used for further analysis. As shown in 

Fig 6.9, the hydrolysis products in the form of oligomers of lactic acid with varing chain 

lengths (n   3−11) were detected. Some oligomers were found in the form of cyclic-PLA 

(CPLA) having 8 and 10 repeating units of lactic acid. Lactic acid oligomers having 

chain length up to 13-14 repeating monomers are usually found to be water soluble and 

can be detected and analyzed using LCMS. Low aqueous solubility of longer PLA 

oligomers makes their detection less reliable. The mass-to-charge ratios (m/z) of all the 

produced oligomers were within the expected theoretical range of molecules. m/z 

represents mass divided by charge number and the horizontal axis in a mass 

spectrum is expressed in units of m/z. Since z is almost always 1 with GCMS, 

the m/z value is often considered to be the mass . This is the validation of the PLA 

hydrolyzing potential of the lipase produced by Sphingobacterium sp. strain S2 and also 

gives some encouraging preliminary inferences that the enzymes from PLA-degrading 

strains can be applied to develop new recovery processes for PLA waste. Unlike other 

substrates that are water-soluble, solid plastic substrates like plastic films are believed to 

have very low and limited contact value with the enzyme and make it very difficult for 

the enzymes to attack them. Nevertheless, the enzymes that could still hydrolyze solid 
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substrates must possess certain properties enabling them to adsorb to the surface of 

substrates and penetrate the structure thus breaking their chains. PLA film is another 

hydrophobic substrate with high degree of crystallinity; still its successful cleavage of the 

polymer chains by the pure lipase from our strain advocates its PLA-degradation 

potential thus providing affirmation of our previous studies in this regard. 

 

4. Conclusion: 

The study was aimed to purify and characterize lipase as well as evaluate its potential 

against PLA de-polymerization. Preliminary tests showed the ability of 

Sphingobacterium sp. strain S2 to produce lipase during biodegradation of PLA. 

Production medium optimized using PBD and CCD having composition: [g/L; Na2HPO4 

.2H2O 6.0, Olive Oil 15, Yeast extract 4, NH4Cl 2.3, NaCl 3.0, MgSO4.7H2O 0.8, 

CaCl2.2H2O 3.0] was used for bulk production of enzyme. Purified lipase having 

molecular weight of approximately 40 kDa was able to de-polymerize PLA at 37°C. This 

study demonstrates that utilization of enzyme from PLA-degrading microbial species 

could help in development of more efficient biodegradation methods and construction of 

simulated systems for PLA waste management. Biochemical monomer recovery using 

PLA-hydrolyzing enzyme could be the future prospects of this research. 
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Figure 6.21 Interactive actions of different components on enzyme activity, (A) olive oil 

and MgSO4.7H2O (BF),(B) CaCl2.2H2O and yeast extract (CG), (C) NaCl and yeast 

extract (CE)   
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Figure 6.22 Effect of NH4Cl on enzyme activity U/mg, demonstrating that increasing the 

concentration of NH4Cl increases lipase activity. Solid line is just for the visual 

representation. 

 

 

Figure 6.23 SDS-PAGE profile of purified lipase 1: molecular marker 2: purified enzyme 
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Figure 6.8 Effect of temperature (A) and pH (B) on activity and stability of the purified 

lipase. Relative activity was defined as the percentage of activity detected with respect to 

the maximum enzyme activity. 

 

 

Table 6.4 Steps for purification of lipase derived from Sphingobacterium sp. strain S2. 

Purification 

steps 

Volume 

(mL) 

Crude 

activity 

(U/mL) 

Total 

proteins 

(mg/mL) 

Specific 

activity 

(U/mg) 

Yield ( ) 
Purification 

fold 

Crude 

extract 
810 90.61 0.32 75.78 100.04 1.00 

Ammonium 

sulphate 

precipitation 

20 43.64 0.29 229.59 48.14 3.02 

Sephadax 

G-100 
3 24.53 0.16 271.62 27.04 3.58 
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Figure 6.9 LC−MS analysis of reaction products of PLA film hydrolysis by purified 

lipase. PLA oligomers of chain length 3, 5 and 11 were found; also the cyclic-PLA 

(CPLA) molecules of chain length 8 and 12 were detected too.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 246 

 

 

References 

ALTAF, M., NAVEENA, B., VENKATESHWAR, M., KUMAR, E. V. & REDDY, G. 

2006. Single step fermentation of starch to L (+) lactic acid by Lactobacillus 

amylophilus GV6 in SSF using inexpensive nitrogen sources to replace peptone 

and yeast extract–optimization by RSM. Process biochemistry, 41, 465-472. 

BARBARO, S., TREVORS, J. & INNISS, W. 2001. Effects of low temperature, cold 

shock, and various carbon sources on esterase and lipase activities and 

exopolysaccharide production by a psychrotrophic Acinetobacter sp. Canadian 

journal of microbiology, 47, 194-205. 

CASTRO-AGUIRRE, E., AURAS, R., SELKE, S., RUBINO, M. & MARSH, T. 2018. 

Impact of nanoclays on the biodegradation of poly (lactic acid) nanocomposites. 

Polymers, 10, 202. 

CASTRO-AGUIRRE, E., IÑIGUEZ-FRANCO, F., SAMSUDIN, H., FANG, X. & 

AURAS, R. Poly(lactic acid)—Mass production, processing, industrial 

applications, and end of life. Advanced Drug Delivery Reviews. 

CORDENONS, A., GONZALEZ, R., KOK, R., HELLINGWERF, K. J. & NUDEL, C. 

1996. Effect of nitrogen sources on the regulation of extracellular lipase 

production in Acinetobacter calcoaceticus strains. Biotechnology letters, 18, 633-

638. 

GAO, Y. & BREUIL, C. 1995. Extracellular lipase production by a sapwood-staining 

fungus, Ophiostoma piceae. World Journal of Microbiology and Biotechnology, 

11, 638-642. 

GROSS, R. A. & KALRA, B. 2002. Biodegradable polymers for the environment. 

Science, 297, 803-7. 

HAJIGHASEMI, M., NOCEK, B. P., TCHIGVINTSEV, A., BROWN, G., FLICK, R., 

XU, X. H., CUI, H., HAI, T., JOACHIMIAK, A., GOLYSHIN, P. N., 

SAVCHENKO, A., EDWARDS, E. A. & YAKUNIN, A. F. 2016. Biochemical 

and Structural Insights into Enzymatic Depolymerization of Polylactic Acid and 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 247 

 

Other Polyesters by Microbial Carboxylesterases. Biomacromolecules, 17, 2027-

2039. 

HANPHAKPHOOM, S., MANEEWONG, N., SUKKHUM, S., TOKUYAMA, S. & 

KITPREECHAVANICH, V. 2014. Characterization of poly(L-lactide)-degrading 

enzyme produced by thermophilic filamentous bacteria Laceyella sacchari LP175. 

J Gen Appl Microbiol, 60, 13-22. 

HASAN, F., SHAH, A. A. & HAMEED, A. 2006. Industrial applications of microbial 

lipases. Enzyme and Microbial technology, 39, 235-251. 

HITOMI, M., SANDA, F. & ENDO, T. 1999. Reversible crosslinking‐decrosslinking of 

polymers having bicyclo orthoester moieties in the side chains. Macromolecular 

Chemistry and Physics, 200, 1268-1273. 

JANSEN, H., HOP, W., VAN TOL, A., BRUSCHKE, A. V. & BIRKENHÄGER, J. C. 

1994. Hepatic lipase and lipoprotein lipase are not major determinants of the low 

density lipoprotein subclass pattern in human subjects with coronary heart 

disease. Atherosclerosis, 107, 45-54. 

JARERAT, A., TOKIWA, Y. & TANAKA, H. 2004. Microbial Poly(L-Lactide)-

Degrading Enzyme Induced by Amino Acids, Peptides, and Poly(L-Amino 

Acids). Journal of Polymers and the Environment, 12, 139-146. 

JETTE, J.-F. & ZIOMEK, E. 1994. Determination of lipase activity by a rhodamine-

triglyceride-agarose assay. Analytical biochemistry, 219, 256-260. 

JOHN, R. P., GANGADHARAN, D. & NAMPOOTHIRI, K. M. 2008. Genome 

shuffling of Lactobacillus delbrueckii mutant and Bacillus amyloliquefaciens 

through protoplasmic fusion for L-lactic acid production from starchy wastes. 

Bioresource technology, 99, 8008-8015. 

KAWAI, F. 2010. The biochemistry and molecular biology of xenobiotic polymer 

degradation by microorganisms. Biosci Biotechnol Biochem, 74. 

KOBAYASHI, S., UYAMA, H. & TAKAMOTO, T. 2000. Lipase-catalyzed degradation 

of polyesters in organic solvents. A new methodology of polymer recycling using 

enzyme as catalyst. Biomacromolecules, 1, 3-5. 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 248 

 

KOUKER, G. & JAEGER, K.-E. 1987. Specific and sensitive plate assay for bacterial 

lipases. Applied and environmental microbiology, 53, 211-213. 

LAW, K. L. & THOMPSON, R. C. 2014. Microplastics in the seas. Science, 345, 144-

145. 

LEE, S. Y. & RHEE, J. S. 1993. Production and partial purification of a lipase from 

Pseudomonas putida 3SK. Enzyme and Microbial Technology, 15, 617-623. 

LESUISSE, E., SCHANCK, K. & COLSON, C. 1993. Purification and preliminary 

characterization of the extracellular lipase of Bacillus subtilis 168, an extremely 

basic pH‐tolerant enzyme. The FEBS Journal, 216, 155-160. 

LI, F. J., TAN, L. C., ZHANG, S. D. & ZHU, B. 2016. Compatibility, steady and 

dynamic rheological behaviors of polylactide/poly (ethylene glycol) blends. 

Journal of Applied Polymer Science, 133. 

LIMA, V. M., KRIEGER, N., SARQUIS, M. I. M., MITCHELL, D. A., RAMOS, L. P. 

& FONTANA, J. D. 2003. Effect of nitrogen and carbon sources on lipase 

production by Penicillium aurantiogriseum. Food Technology and Biotechnology, 

41, 105-110. 

LIN, E.-S., WANG, C.-C. & SUNG, S.-C. 2006. Cultivating conditions influence lipase 

production by the edible Basidiomycete Antrodia cinnamomea in submerged 

culture. Enzyme and Microbial Technology, 39, 98-102. 

LIU, K.-M. & LIU, K.-J. 2016. Lipase-catalyzed synthesis of palmitanilide: Kinetic 

model and antimicrobial activity study. Enzyme and microbial technology, 82, 82-

88. 

LJUNGBERG, N., COLOMBINI, D. & WESSLÉN, B. 2005. Plasticization of poly 

(lactic acid) with oligomeric malonate esteramides: dynamic mechanical and 

thermal film properties. Journal of Applied Polymer Science, 96, 992-1002. 

LOPES, V., FARIAS, M., BELO, I. & COELHO, M. 2016. Nitrogen sources on 

TPOMW valorization through solid state fermentation performed by Yarrowia 

lipolytica. Brazilian Journal of Chemical Engineering, 33, 261-270. 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 249 

 

MASAKI, K., KAMINI, N. R., IKEDA, H. & IEFUJI, H. 2005. Cutinase-like enzyme 

from the yeast Cryptococcus sp strain S-2 hydrolyzes polylactic acid and other 

biodegradable plastics. Applied and Environmental Microbiology, 71, 7548-7550. 

MATSUMURA, S. 2002. Enzyme‐catalyzed synthesis and chemical recycling of 

polyesters. Macromolecular Bioscience, 2, 105-126. 

NAKAJIMA-KAMBE, T., ICHIHASHI, F., MATSUZOE, R., KATO, S. & SHINTANI, 

N. 2009. Degradation of aliphatic–aromatic copolyesters by bacteria that can 

degrade aliphatic polyesters. Polymer Degradation and Stability, 94, 1901-1905. 

NAMPOOTHIRI, K. M., NAIR, N. R. & JOHN, R. P. 2010. An overview of the recent 

developments in polylactide (PLA) research. Bioresource Technology, 101, 8493-

8501. 

NIAOUNAKIS, M. 2013. Biopolymers: reuse, recycling, and disposal, William Andrew. 

OKAMOTO, M. & JOHN, B. 2013. Synthetic biopolymer nanocomposites for tissue 

engineering scaffolds. Progress in Polymer Science, 38, 1487-1503. 

QI, X., REN, Y. & WANG, X. 2017. New advances in the biodegradation of Poly(lactic) 

acid. International Biodeterioration & Biodegradation, 117, 215-223. 

RASAL, R. M., JANORKAR, A. V. & HIRT, D. E. 2010. Poly(lactic acid) 

modifications. Progress in Polymer Science, 35, 338-356. 

RATHI, P., BRADOO, S., SAXENA, R. & GUPTA, R. 2000. A hyper-thermostable, 

alkaline lipase from Pseudomonas sp. with the property of thermal activation. 

Biotechnology Letters, 22, 495-498. 

RATHI, P., SAXENA, R. & GUPTA, R. 2001. A novel alkaline lipase from 

Burkholderia cepacia for detergent formulation. Process Biochemistry, 37, 187-

192. 

RIAZ, M., SHAH, A. A., HAMEED, A. & HASAN, F. 2010. Characterization of lipase 

produced by Bacillus sp. FH5 in immobilized and free state. Annals of 

microbiology, 60, 169-175. 

SAADI, Z., RASMONT, A., CESAR, G., BEWA, H. & BENGUIGUI, L. 2012. Fungal 

Degradation of Poly(l-lactide) in Soil and in Compost. Journal of Polymers and 

the Environment, 20, 273-282. 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 250 

 

SATTI, S. M., SHAH, A. A., AURAS, R. & MARSH, T. L. 2017. Isolation and 

characterization of bacteria capable of degrading poly(lactic acid) at ambient 

temperature. Polymer Degradation and Stability. 

SATTI, S. M., SHAH, A. A., MARSH, T. L. & AURAS, R. 2018. Biodegradation of 

Poly (lactic acid) in Soil Microcosms at Ambient Temperature: Evaluation of 

Natural Attenuation, Bio-augmentation and Bio-stimulation. Journal of Polymers 

and the Environment, 1-10. 

SHAH, A. A., HASAN, F., HAMEED, A. & AHMED, S. 2008. Biological degradation 

of plastics: a comprehensive review. Biotechnol Adv, 26. 

SUGIHARA, A., TANI, T. & TOMINAGA, Y. 1991. Purification and characterization of 

a novel thermostable lipase from Bacillus sp. The Journal of Biochemistry, 109, 

211-216. 

THOMPSON, R. C., MOORE, C. J., VOM SAAL, F. S. & SWAN, S. H. 2009. Plastics, 

the environment and human health: current consensus and future trends. 

Philosophical Transactions of the Royal Society B: Biological Sciences, 364, 

2153-2166. 

VASIEE, A., BEHBAHANI, B. A., YAZDI, F. T. & MORADI, S. 2016. Optimization of 

the production conditions of the lipase produced by Bacillus cereus from rice 

flour through Plackett-Burman Design (PBD) and response surface methodology 

(RSM). Microbial pathogenesis, 101, 36-43. 

WANG, Y., SRIVASTAVA, K. C., SHEN, G.-J. & WANG, H. Y. 1995. Thermostable 

alkaline lipase from a newly isolated thermophilic Bacillus, strain A30-1 (ATCC 

53841). Journal of Fermentation and Bioengineering, 79, 433-438. 

WILLIAMS, D. F. 1981. Enzymic Hydrolysis of Polylactic Acid. Engineering in 

Medicine, 10, 5-7. 

YANG, S., MADBOULY, S. A., SCHRADER, J. A., SRINIVASAN, G., GREWELL, 

D., MCCABE, K. G., KESSLER, M. R. & GRAVES, W. R. 2015. 

Characterization and biodegradation behavior of bio-based poly (lactic acid) and 

soy protein blends for sustainable horticultural applications. Green Chemistry, 17, 

380-393. 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 251 

 

ZAREVÚCKA, M. 2012. Olive oil as inductor of microbial lipase. Olive Oil-

Constituents, Quality, Health Properties and Bioconversions. InTech. 

ZHAO, Q., DING, Y., YANG, B., NING, N. & FU, Q. 2013. Highly efficient toughening 

effect of ultrafine full-vulcanized powdered rubber on poly (lactic acid)(PLA). 

Polymer testing, 32, 299-305. 

ZHOU, L., ZHAO, G. & JIANG, W. 2016. Mechanical properties of biodegradable 

polylactide/poly (ether‐block‐amide)/thermoplastic starch blends: Effect of the 

crosslinking of starch. Journal of Applied Polymer Science, 133. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 252 

 

Genome annotation of Poly(lactic acid) degrading Pseudomonas aeruginosa and 

Sphingobacterium sp. 

 

Sadia Mehmood Satti,
a,b

 Aamer Ali Shah,
a
 Rafael Auras,

b
 Terence L. Marsh 

c*
 

 

a. Department of Microbiology, Faculty of Biological Sciences, Quaid-i-Azam 

University, Islamabad 45320, Pakistan.  

b. School of Packaging, Michigan State University, East Lansing, MI, 48824-1223, 

United States. 

c. Department of Microbiology and Molecular Genetics, Michigan State University, East 

Lansing, MI, 48824-1223, United States. 

 

*Corresponding Author: P: (517) 884-5391, E: marsht@msu.edu 

 

 

Statement of Contributions 

Sadia Mehmood Satti:  Designed the experiments and did lab work. Drafted the 

manuscript. 

Aamer Ali Shah: Reviewed the manuscript. 

Rafae Auras: Reviewed the manuscript and supervised the experimental work. 

Terrance L Marsh: Reviewed the manuscript and supervised the experimental work. 

  



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 253 

 

Abstract 

Pseudomonas aeruginosa and Sphingobacterium sp. are well known for their ability to 

decontaminate many environmental pollutants like PAHs, dyes, pesticides and plastics. 

The present study reports the annotation of genomes from P. aeruginosa and 

Sphingobacterium sp. that were isolated from compost, with the ability to degrade 

poly(lactic acid), PLA, at mesophillic temperatures (~30ºC). Draft genomes of both the 

strains were assembled from Illumina reads, annotated and viewed with an aim of gaining 

insight into the genetic elements involved in degradation of PLA. The draft-assembled 

genome of strain Sphingobacterium strain S2 was 5,604,691 bp in length with 435 

contigs (maximum length of 434,971 bp) and an average G+C content of 43.5%. The 

assembled genome of P. aeruginosa strain S3 was 6,631,638 bp long with 303 contigs 

(maximum contig length of 659,181 bp) and an average G+C content 66.17 %. A total of 

5,385 (60% with annotation) and 6,437 (80% with annotation) protein-coding genes were 

predicted for strains S2 and S3 respectively. Catabolic genes for biodegradation of 

xenobiotic and aromatic compounds were identified on both draft genomes. Both strains 

were found to have the genes attributable to the establishment and regulation of biofilm, 

with more extensive annotation for this in S3. The genome of P. aeruginosa S3 had the 

complete cascade of genes involved in the transport and utilization of lactate while 

Sphingobacterium strain S2 lacked lactate permease, consistent with its inability to grow 

on lactate. As a whole, our results reveal and predict the genetic elements providing both 

strains with the ability to degrade PLA at mesophilic temperature.  

 

Keywords: Genome sequence, biodegradation, biofilm, lactate utilization, hydrolytic 

enzymes 
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1. Introduction 

Polylactide (PLA), is a bio-based aliphatic polyester, obtained from sources such as corn, 

cassava, wheat, rice, potato, and sugar cane, considered renewable (Castro-Aguirre et al., 

2016; Dorgan et al., 2001). PLA is completely biodegradable under industrial composting 

conditions (Auras et al., 2004) as well as under unsupervised environmental conditions 

where its biodegradation is considered safe (Qi et al., 2017). In the last two decades 

biodegradation of PLA has been extensively studied and many microbial species 

(actinomycete, bacteria, fungus) have been identified with the potential to degrade PLA 

(Qi et al., 2017). Most of the reported bacterial species are from the family 

Pseudonocardiaceae, Thermomonosporaceae, Micromonosporaceae, 

Streptosporangiaceae, Bacillaceae and Thermoactinomycetaceae while the fungal 

species are mainly from the phylum Basidiomycota (Tremellaceae) and Ascomycota 

(Trichocomaceae, Hypocreaceae) (Saadi et al., 2012; Copinet et al., 2009, Jarerat and 

Tokiwa, 2001; Masaki et al., 2005; Watanabe et al., 2007; Karamanlioglu and Robson, 

2013; Jarerat et al., 2002).  

 

In our previous study we also described four bacterial strains designated as S1, S2, S3 

and S4, able to degrade PLA at ambient temperature (Satti et al., 2017). Two of the 

isolated strains, Sphingobacterium sp. (S2) and Pseudomonas aeruginosa (S3), were also 

evaluated for their PLA degradation in soil microcosms (ref 2
nd

 paper). The genus 

Sphingobacterium is from the family Sphingobacteriace, named with reference to the 

sphingolipids in their cell wall (Yabuuchi et al., 1983; Sreenivas et al., 2014). They are 

gram-negative rods from γ-subdivision of Proteobacteria and the GC content of their 

DNA usually ranges from 35 to 44 mol% (Liu et al., 2008; He et al., 2010). 

Sphingobacterium sp. are found in a range of habitats like soil, forest, compost, activated 

sludge, rhizosphere, faeces, lakes and various food sources (Ahmed et al., 2014). They 

are ubiquitously distributed in soil and aquatic habitats, are well known opportunistic 

pathogens (Silver, Govan and Deretic, 1996) and can thrive in highly diverse and unusual 

ecological niches with low nutrient concentrations. Its metabolic versatility allows it to 

https://en.wikipedia.org/wiki/Tremellaceae
https://en.wikipedia.org/wiki/Trichocomaceae
https://en.wikipedia.org/wiki/Hypocreaceae
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survive on a variety of diverse carbon sources and is resistant to certain disinfectants and 

can metabolize many antibiotics (Kung et al., 2010; Bodey et al., 1983). 

Sphingobacterium had also been reported to have their potential role in biodegradation of 

different pollutants including mixed plastic waste, PAHs, biodegradation of oil and 

pesticides (Abraham and Silambarasan, 2013; Noparat et al., 2014;Haiyan et al., 2007). 

Pseudomonas aeruginosa is well studied and can degrade a diverse collection of different 

polymers including PAHs, xenobiotic compounds, oils, dyes and plastics (Nachiyar and 

Rajkumar, 2003; Howard et al.,  2002; Das et al., 2015; Das and Chandran, 2011; 

Kahraman and Geckil, 2005). 

 

PLA degrading bacteria reported in our previous study (Satti et al., 2017) were isolated 

from compost and had the ability to degrade PLA at ambient temperature. Interestingly 

our pseudomonas aeruginosa strains were lactate utilizing while the Sphingobacterium 

sp. and Chryseobacterium sp. were not able to utilize lactate. We also observed biofilm 

formation ability for all four isolates on PLA. Purpose of this study was to sequence the 

genomic DNA of the isolates and explore the genetic determinants responsible for 

conferring the particular characteristics to the strains promoting their degradation ability. 

The genes controlling lactate utilization mechanism and the genes for biofilm formation 

and regulation were explored. Different types of enzymes like protease, lipase, esterase, 

phosphodiesterase, catalase, oxygenase and phosphatases were also analyzed. Whole 

genome sequence analysis for pseudomonas aeruginosa has been extensively done but 

such data for Sphingobacterium sp.  is very limited. To our knowledge this is first report 

that gives such genetic information of the PLA degrading bacterial strains. For future 

studies more sophisticated information regarding the strains degradation ability can be 

predicted using further analysis. 

 

1. Material and methods 

2.1 DNA extraction 

Two of our previously isolated, PLA degrading bacterial strains, Sphingobacterium sp. 

strain S2 and Pseudomonas aeruginosa strain S3 (accession numbers KY432687 and 
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KY432688, respectively) were selected for genome sequencing (Satti et al., 2017). Both 

of these strains were grown separately in a 250 mL Erlenmeyer flask having about 100 

mL of LB incubated over night in a shaking incubator at 30
ᵒ
C and 70 rpm. Genomic 

DNA was subsequently isolated by using MO BIO PowerSoil
®
 DNA isolation kit (MO 

BIO laboratories, Inc. Loker Ave west,Carlsbad, CA). NanoDrop
®
 ND-1000 

spectrophotometer and ND-1000 V3.1.8 software (Wilmington, DE, USA)  was used to 

determine DNA concentrations of purified samples and sent for whole genome 

sequencing at Michigan State University Genomics Facility (MSU-RTSF). 

 

2.2 Genome sequencing  

Illumina TruSeq Nano DNA Library Preparation Kit on a Perkin Elmer Sciclone NGS 

robot was used to prepare libraries for sequencing. Before sequencing quality of the 

libraries was tested and quantification was performed using a combination of Qubit 

dsDNA HS, Caliper LabChip GX HS DNA and Kapa Illumina Library Quantification 

qPCR assays. Libraries were pooled in equimolar quantities and loaded on an Illumina 

MiSeq standard v2 flow cell with a 2x250bp paired end format and using a v2 500 cycle 

reagent cartridge. Illumina Real Time Analysis (v1.18.64) was used for base calling and 

the output was converted to FastQ format with Illumina Bc12fastq (v1.8.4) after 

demultiplexing. A total of 6,304,420 reads (~3.15 GB) were obtained for strain S2 and 

5,800,229 reads (~2.9GB) were obtained for strain S3.  

 

2.3 Sequence assembly, annotation and analysis 

Assembly of the whole genome was performed using the full Spades assembly function 

within PATRIC (Pathosystems Resource Integration Center) (PATRIC 3.4.9). This 

assembly option incorporates BayesHammer algorithms followed by Spades, (Spades 

version 3.8.). Rast tool kit as implemented in PATRIC (PATRIC 3.4.9) was used for the 

annotation of contigs.. The genomes were interrogated for the distribution of specific 

protein families (PGFams) using the protein family sorter tool on PATRIC. The genomes 

were compared to their closest reference genomes available on PATRIC to examine the 
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strain-specific unique proteins as well as proteins common to the closest relative using 

the filter option in protein family sorter tool on PATRIC.  

 

2.4 Average nucleotide identity (ANI) for species delineation 

 Isolates were further analyzed using a whole genome based Average nucleotide identity 

(ANI) method to delineate the genomes to their correctly. ANI values were calculated 

using MiSI (microbial specie identifier) tool that is publicly available at Integrated 

Microbial Genomes (IMG) database (Markowitz et al., 2012). The algorithm used in the 

original method proposed by Konstantinidis and Tiedje was modified and used to 

determine ANI between two genomes (Konstantinidis and Tiedje, 2005). Average of the 

nucleotide identity of the orthologous genes of the pair of genomes was calculated which 

was identified as bidirectional best hits (BBHs) using a subtle similarity search tool, 

NSimScan (http://www.scidm.org/). The ANI of one genome to other genome is defined 

as the summation of the %- identity times the alignment length for all best bidirectional 

hits, divided by the summation of the lengths of the BBH genes. This calculation is done 

for both genomes with respect to each other, is performed separately in both directions: 

from one genome to the other and vice versa. 

 

2.5 Comparative alignment using Mauve 

For the comparative alignment of the genomes with their reference genomes and their 

visualization, Mauve comparative alignment tool was used. Pseudomonas aeruginosa 

T52373 was used as a reference for our Pseudomonas aeruginosa S3 while 

Sphingobacterium sp. B29 was selected as a reference for Sphingobacterium sp. S2. 

References were selected based on their closet match from NCBI blast search.  

 

3. Results and discussion 

3.1 General Genome features of Sphingobacterium sp. (S2) and Pseudomonas 

aeruginosa (S3) 

The assembly of the draft genome for strain S2 yielded 435 contigs (434971 maximum 

length) and a total of 5604691 assembled base pairs with 43.5% G+C. The assembled 

http://www.scidm.org/
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draft genome of S3 had 303 contigs (659181 maximum length) with a total of 6631638 

assembled base pairs and was 63.2% G+C. A total of 5385 and 6437 protein-coding 

genes were predicted for S2 and S3 respectively. Approximately, 3211 (60 % of total 

protein-encoding genes) and 5123 (80 % of total protein-encoding genes) were associated 

with functional assignments while the rest were predicted as hypothetical proteins.  

Table 7.9. General genomic features of Sphingobacterium sp. S2 and Pseudomonas 

aeruginosa S3 

Features 

Sphingobacterium sp. 

S2 

Pseudomonas aeruginosa 

S3 

 

Size (bp) 

 

5604691 

 

6631638 

Largest contig 434971 659181 

Total # of contigs 435 303 

GC content (%) 43.5 66.17 

N50 294743 350336 

Protein coding genes 5385 6437 

Proteins with 

functional 

assignments 

3211(60%) 5123(80%) 

Hypothetical 

proteins 
2174(40%) 1314(20%) 

rRNA 4 7 

tRNA 81 60 

Antibiotic resistance 2 47 

Virulence factors 2 272 
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crisper 1 6 
 

 

 

Figure 7.24 circular diagram for P.aeruginosa S3. Circles in the figure represent (Outer 

to inner circle) 1.Contigs/NODES 2. CDS on + strand 3. CDS on – strand 4. Repeat 

region (Red), rRNA (dark blue), tRNA (sky blue). Misc region (green). 
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Figure 7.25 circular diagram for Sphingobacterium sp. S2. Circles in the figure represent 

(Outer to inner circle) 1.Contigs/NODES 2. CDS on + strand 3. CDS on – strand 4. 

Repeat region (Red), rRNA (dark blue), tRNA (sky blue). Misc region (green). 
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The genome of S2 encodes 4 sets of rRNA genes and 81 tRNA genes while S3 had 7 

rRNA genes and 60 tRNA genes. General genome features of both the strains are given in 

Table 7.1, Fig. 7.1 and Fig. 7.2.  

 

3.2 Genetic relatedness based on ANI 

The average nucleotide identity (ANI) value describes the similarity between the 

sequences of the conserved regions of two genomes and measures the genetic relatedness 

between them (Qin et al., 2014). ANI measurements are considered advantageous over 

16S rRNA gene identity as these are based on large number of genes as compared to 

single gene (Rodriguez et al., 2018). ANI comparisons were done to explore the 

interspecies genetic relatedness between Sphingobacterium sp. strain S2 and other close 

relatives from the genus Sphingobacterium, and Pseudomonas aeruginosa strain S3 and 

other closely related species from the same genus. Data was clustered very interestingly. 

In case of Pseudomonas aeruginosa strain S3 Fig 7.3 a cluster was formed in the upper-

right corner containing all the closely related strains with more than 98-99% gene identity 

based on 16S rRNA sequences and 93-97%. ANI. Pseudomonas aeruginosa PSE305 

showed highest ANI value and 16S rRNA gene identity of 97.69 % and 99 % 

respectively. Two or more strains with ANI values from 95% and above are designated as 

the same species (Richter and Rossello-Mora, 2009). So according to this Pseudomonas 

aeruginosa strain S3 and other strains included in the analysis belong to the same species. 

The results were supported by the phylogenetic results obtained from 16s rRNA gene 

identity as previously reported (Satti et al., 2017) with a little variation in the prediction 

of the closest hit for our strain S3 which according to ANI value is Pseudomonas 

aeruginosa PSE305 while phylogenetic analysis reported Pseudomonas aeruginosa 

BUP2 to be the best match. This variation in the results as expected as ANI analysis 

includes more genes as compared to 16s rRNA gene identity and is considered to be more 

accurate. Also Pseudomonas aeruginosa O12 PA7 depending on 16S rRNA gene identity 

showed 99 % sequence similarity to Pseudomonas aeruginosa strain S3 but had < 95 % 

ANI value yet again arguing the effectiveness of 16S rRNA gene identity for 
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classification. ANI analysis for Sphingobacterium sp. strain S2 showed very interesting 

clustering of data. The data point in the upper-right corner contained Sphingbacterium 

thalpophilum DSM11723 which showed more than 98% 16S rRNA gene identity and 

98% ANI as well and was found to be the closest match to our strain. Two data points in 

the lower-right corner represented 97 and 98 % 16S rRNA gene identity but had ANI 

values of 79 and 80 % others having less than 95 % 16S rRNA gene identity had even 

lesser ANI values. According to 16S rRNA gene identity and phylogenetic affiliations 

Sphingobacterium sp. strain S2 showed close resemblance to Sphingobacterium 

thalpophilum Y19 but ANI value showed Sphingbacterium thalpophilum DSM11723 to 

be the closest relative to our strain. These results explain that 16S rRNA gene identity can 

sometimes lead to misleading information combining genetically distant genomes in the 

same species and this is because 16S rRNA genes are highly conserved to delineate 

closely related species (Rodriguez et al., 2018). Both of our Sphingobacterium sp. strain 

S2 and Pseudomonas aeruginosa strain S3 were isolated from the compost samples, 

while the related genomes to them Sphingbacterium thalpophilum DSM11723 and 

Pseudomonas aeruginosa PSE305 were isolated from human clinical samples. It is very 

interesting to see their diversity in terms of their location but they are still genetic 

relatedness. 

 

3.3 Metabolism 

Pseudomonas aeruginosa is a Gram-negative bacterium able to grow aerobically as well 

as under anaerobic conditions using nitrate as terminal electron acceptor. It is capable of 

thriving in highly diverse and unusual ecological niches with low availability of nutrients. 

Its metabolic versatility allows it to use a variety of diverse carbon sources including 

certain disinfectants. Moreover it can synthesize a number of antimicrobial compounds 

(Kung et al., 2010; Bodey et al., 1983). Sphingobacterium spp. are gram-negative rods, 

aerobic, exhibiting sliding motility and form yellow-pigmented colonies. Sphingobacteria 

have been isolated from diverse environments like soil, water, compost, deserts, blood 

and urine samples from human patients. A distinctive feature of sphingobacteria is the 

presence of of sphingolipids in their cell wall in high concentrations (Yabuuchi et al., 
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1983; Naka et al., 2003). About 1084 proteins in P.aeruginosa were assigned with 

different metabolic pathways. Among the major pathways amino acid metabolism had  

 

 

Figure 7.26 Correlation between 16S rRNA gene identity and ANI for pairs of genomes 

(A) Sphingobacterium sp. S2 and its closely related species (B) Pseudomonas aeruginosa 
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S3 and its closely related species. Each triangle shows a relationship between reference 

and one of its closely related species from the same genus. Reference in (A) 

Sphingobacterium sp. S2 (B) Pseudomonas aeruginosa S3 

361 genes assigned to it and 192, 286, 225 and 168 genes were assigned for energy 

metabolism, carbohydrate metabolism, metabolism of cofactors and vitamins and lipid 

metabolism respectively. Metabolism of xenobiotics was allocated with 165 genes while 

nucleotide metabolism and biosynthesis of secondary metabolites had 129 and 118 genes 

assigned to their functions.  

 

In Sphingobacteria 820 proteins were assigned with various metabolic functions. Amino 

acid metabolism was assigned with 212 genes while 262 genes were dedicated to 

carbohydrate metabolism. Energy metabolism and lipid metabolism has 148 and 132 

genes assigned to them respectively. While 67 genes were assigned to xenobiotic 

biodegradation and metabolism. Sphingobactera had highest number of genes for 

carbohydrate metabolism, while Pseudomonas aeruginosa had most number of gene 

dedicated to amino acid metabolism Fig 7.4. Pseudomonas aeruginosa had almost double 

the number of genes dedicated to xenobiotic biodegradation and metabolism as compared 

to Sphingobacterium sp. Association of such a high number of proteins with some 

important metabolic functions indicates the presence of delicate regulation systems in 

both strains that are essential for their metabolic multiplicity in different nutrient 

requirements and their diverse life styles.  

 

3.4 Xenobiotics biodegradation metabolism 

In previous reports role of Pseudomonas aeruginosa in degradation of different polymers 

including PAHs, biodegradation of xenobiotic compounds, degradation of oil, dyes and 

plastics as well is very well documented (Nachiyar and Rajkumar, 2003; Howard et al., 

2002;Das et al., 2015; Das and Chandran, 2011; Kahraman and Geckil, 2005),  

Sphingobacterium had also been reported to have their potential role in biodegradation of 

different pollutants including mixed plastic waste, PAHs, biodegradation of oil and 

pesticides (Abraham and Silambarasan, 2013; Noparat et al., 2014; Haiyan et al., 2007). 



 

 

Microbial Degradation of Polyester based Biodegradable Plastics Page 265 

 

Table 7.2 describes the major pathways and the number of genes related to 

biodegradation of different xenobiotic compounds in both strains S2 and S3. According  

 

 

 

 

 

 

Figure 7.4. Metabolic features of pseudomonas aeruginosa S3 and Sphingobacterium  

sp. S2 
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to sequence analysis, in both strains, there were found several pathways for the 

biodegradation of different xenobiotic compounds, with more number of genes found in 

Pseudomonas aeruginosa as compared to Sphingobacterium sp. because Pseudomonas 

aeruginosa is more comprehensively studied and has more precisely described roles than 

Sphingobacterium sp. in literature.  Among all the degradation pathways found in both 

strains maximum number of genes were found to be dedicated to the degradation of 

benzoate in Pseudomonas aeruginosa, which is an aromatic compound and had been 

widely used in the studies of the bacterial catabolism of aromatic compounds, and in 

Sphingobacterium sp. 1,4-Dichlorobenzene, the most widely studied halogenated 

aromatic hydrocarbon in biodegradation compounds (Carmona et al., 2009). Many genes 

related to the degradation pathway of one of the most important class of pollutants, 

Polycyclic aromatic hydrocarbons (PAHs) like naphthalene, anthracene, 1- and 2-

methylnaphthalene had been found in both strains. Among the halogenated organic 

compounds 29 genes were dedicated to tetrachloroethene degradation in Pseudomonas 

aeruginosa S3, while 6 genes were found in Sphingobacterium sp. S2. For aromatic 

compounds and chlorinated aromatic compounds, pathways for the biodegradation of 

toluene, trinitrotoluene, xylene degradation, 1,4-Dichlorobenzene degradation and 2,4-

Dichlorobenzoate were also found. Genes for the biodegradation of Bisphenol A, one of 

the most abundantly produced chemical which in turn is released in environment and is a 

serious environmental pollutants had also been found in both strains, Pseudomonas 

aeruginosa was found to have 13 genes for bisphenol A degradation pathway(Eio et al., 

2014). Pathways for pesticides degradation like 1,1,1-Trichloro-2,2-bis(4-chlorophenyl) 

ethane (DDT) degradation and atrazine biodegradation were also found in both the 

isolates. 
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Table 7.10. Pathways and number of genes involved in aromatic compound metabolism 

in draft genome sequence of Pseudomonas aeruginosa S3 and Sphingobacterium sp. S2. 

 

Pseudomonas aeruginosa 

(S3) 

Sphingobacterium 

sp. (S2) 

Pathway Name 
Unique 

Gene Count 

Unique 

EC 

Count 

Unique 

Gene 

Count 

Unique 

EC 

Count 

1- and 2-Methylnaphthalene 

degradation 
20.0 8.0 

8 6 

1,4-Dichlorobenzene degradation 43.0 13.0 18 6 

2,4-Dichlorobenzoate degradation 17.0 9.0 7 3 

Atrazine degradation 10.0 2.0 7 2 

Benzoate degradation via 

hydroxylation 
60.0 25.0 

16 7 

Biphenyl degradation 3.0 2.0 3 2 

Bisphenol A degradation 13.0 6.0 4 3 

Caprolactam degradation 21.0 6.0 9 4 

Drug metabolism - cytochrome P450 19.0 3.0 3 2 

Drug metabolism - other enzymes 9.0 9.0 8 8 

Ethylbenzene degradation 10.0 3.0 6 3 

Fluorobenzoate degradation 9.0 7.0 1 1 

ᵞ-Hexachlorocyclohexane 

degradation 
9.0 6.0 

2 2 

Geraniol degradation 30.0 9.0 9 4 

Naphthalene and anthracene 16.0 7.0 6 3 
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degradation 

Styrene degrdation 14.0 7.0 2 2 

Tetrachloroethene degradation 29.0 8.0 6 4 

Toluene and xylene degradation 14.0 6.0 

 

2 

Trinitrotoluene degradation 12.0 4.0 10 3 
 

3.5 Lactate metabolism 

Lactate utilization as sole carbon source is a property of many bacteria, where key step of 

the process is oxidation of lactate (Erwin and Gotschlich, 1993;Gibello et al., 1999; Ma et 

al., 2007a; Garvie et al.,  1980; Jiang et al., 2014). Lactate dehydrogenases found in 

microbes are of two types, NAD-dependent lactate dehydrogenases (nLDHs) and NAD-

independent lactate dehydrogenases (iLDHs), also called respiratory lactate. The latter is 

usually considered to be the enzyme mainly responsible for metabolism of lactate (Garvie 

et al.,  1980). The lactate utilization system is comprised of three main membrane 

bound proteins: NAD-independent L-lactate dehydrogenase (L-iLDH), NAD-

independent D-lactate dehydrogenase (D-iLDH), and a lactate permease (LldP). 

Lactate permease, LldP is responsible to take up lactate into the cells and lactate 

dehydrogenases carry out the oxidation of either form of lactate to pyruvate (Nunez et 

al., 2002; Gao et al., 2012b). In pathogenesis of some microbes role of lactate utilization 

has been observed (Jiang et al., 2014). Utilization of lactate by different Pseudomonas 

strains is very well documented (Brown and Tata, 1987; Gao et al., 2012a; Ma et al., 

2007a; O'Brien et al.,  1977).  In sequence analysis of our Pseudomonas aeruginosa 

strain S3, a complete cascade of genes was found, encoding the machinery for lactate 

utilization that included a L-lactate permease, both L-lactate dehydrogenase and D-

lactate dehydrogenase and a Lactate-responsive regulator LldR Table 7.3. This strain was 

isolated and characterized for its potential to degrade Poly(lactic acid), one of the most 

attractive bio-based polymers currently in the market, and its potential to utilize lactate, 

one of the final products of PLA degradation, as a sole carbon source was already 

established in our previous study (Satti et al., 2017). Presence of the lactate utilization 

machinery found through genome sequencing is the confirmation of our previous 

findings regarding lactate utilization by Pseudomonas aeruginosa, strain S3. It was 
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previously described in the literature that both L-iLDH and D-iLDH are present in the 

single operon and are induced coordinately in all the reported Pseudomonas strains. 

Expression of both enzymes is controlled by the presence of enantiomer of lactate 

(Gao et al., 2012b). In previous studies, it was reported that in Pseudomonas 

aeruginosa strain XMG lactate utilization operon lldPDE consists of genes for lactate 

permease LldP, the L-lactate dehydrogenase LldD and the D-lactate dehydrogenase LldE 

and a nearby located lldR gene, coding for a regulator LldR (Gao et al., 2012b; Kemp, 

1972). In the genome analysis of our isolate Sphingobacterium strain S2, we found an 

incomplete set of genes, both L-lactate dehydrogenase and D-lactate dehydrogenase were 

present but no lactate permease was detected Table 7.3. Absence of lactate permease 

suggested that the strain is incapable of utilizing lactic acid as carbon source. This again 

confirmed our previous findings that showed that Sphingobacterium strain S2 did not 

utilize lactic acid as sole source of carbon. Sphingobacterium strain S2 was isolated and 

characterized based on its ability to degrade PLA suggesting that another degradation 

product of PLA was utilized for grows. Inability to grow on lactic acid had been 

previously reported in literature for different strains of Sphingobacterium (Liu et al., 

2012; Ahmed et al., 2014).  

 

3.6 Genetic determinants for biofilm formation and regulation 

Contrary to the planktonic life style, cells, within a biofilm matrix are in close proximity 

where secreted enzymes provide optimal returns for the population (Jefferson, 2004). The 

phenomenon of microbial biofilm formation is also related to other survival strategies 

like metal and antimicrobial resistance, tolerance and bioremediation (Harrison et al., 

2007; Pal and Paul, 2008). Application of biofilm mediated bioremediation has been 

found superior to other bioremediation strategies and is being applied in bioremediation 

of different environmental pollutants (Singh et al., 2006; Decho et al., 2000; Mangwani et 

al., 2014; Shimada et al., 2012).  Microorganisms that develop a biofilm and have the 

ability to secrete polymers establishing a protective extracellular matrix are 

physiologically robust, which makes them a suitable choice for the treatment of different 

pollutants. These microbes use different strategies like biosorption, bioaccumulation and 
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biomineralization to degrade slowly degrading compounds (Barkay and Schaefer, 2001). 

Biofilm formation by Pseudomonas species had been well documented in literature 

(Kyaw et al., 2012). Pseudomonas aeruginosa is a remarkably adept opportunist with 

striking ability to develop biofilm (Ryder et al., 2007). In our previous study, we also 

observed biofilm formation by our isolate Pseudomonas aeruginosa strain S3 on the 

surface of PLA during the process of biodegradation (Satti et al., 2017). 
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Table 7.11. Genes for lactate metabolism in P. aeruginosa S3 and Sphingobacterium sp. 

S2 

 

Proteins for lactate utilization in Pseudomonas aeruginosa S3 

  Description  AA length  Proteins 

L-lactate permease 560 1 

L-lactate dehydrogenase 383 2 

D-lactate dehydratase (EC 4.2.1.130) 291 1 

D-lactate dehydrogenase (EC 1.1.1.28) 329 1 

Acetolactate synthase large subunit (EC 2.2.1.6) 574 1 

Acetolactate synthase small subunit (EC 2.2.1.6) 163 2 

Lactate-responsive regulator LldR, GntR family 257 1 

Predicted D-lactate dehydrog., Fe-S protein, FAD/FMN-containing 938 1 

 

Proteins for lactate utilization in Sphingobacterium sp. S2 

  Description AA length Proteins 

L-lactate dehydrogenase 389 1 

D-lactate dehydratase (EC 4.2.1.130) 145 2 

D-lactate dehydrogenase (EC 1.1.1.28) 330 1 

Acetolactate synthase large subunit (EC 2.2.1.6) 606 1 

Acetolactate synthase small subunit (EC 2.2.1.6) 196 1 

Fe-S protein, homolog of lactate dehydrogenase SO1521 974 1 

Predicted L-lactate dehydrogenase, Fe-S oxidoreductase subunit YkgE 242 1 

Predicted L-lactate dehydrogenase, hypothetical protein subunit YkgG 215 1 

Predicted L-lactate dehydrogenase, Iron-sulfur cluster-binding subunit 

YkgF 462 1 
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Phenomenon of formation of biofilm over the surface of PLA had previously been 

reported by other authors as well (Richert et al., 2013; Richert and Walczak, 2012; 

Walczak et al., 2015). In the genetic analysis of our isolate we found factors involved in 

the development of matrix of P. aeruginosa biofilm and its regulation Table 7.4. Already 

reported three types of exopolysaccharides (EPS), involved in construction of biofilm 

matrix of  P. aeruginosa, namely Pel, Psl and alginate (Ryder et al., 2007; Ghafoor et al., 

2011) were found in our isolate. These EPS form the protective matrix (Parsek and Singh, 

2003). Psl is the primary factor in charge of the initiation and maintenance of structure 

for biofilm by maintaining cell to cell and cell to surface interactions (Ma et al., 2009; Ma 

et al., 2007b; Ma et al., 2006; Yang et al., 2011). It also works as a signaling molecule to 

the successive events involved in the development of biofilms and also acts as a 

defensive layer for different immune and antibiotic attacks (Wei and Ma, 2013). Pel 

polysaccharide is a glucose-rich extracellular matrix and is involved in the formation of 

biofilms that are attached to the solid surfaces. It is considered to be less important 

compared to Psl (Friedman and Kolter, 2004b; Friedman and Kolter, 2004a; Ryder et al., 

2007; Yang et al., 2011). In P. aeruginosa from clinical isolates of CF (Cystic Fibrosis) 

patients Alginate is produced (Govan and Deretic, 1996). Besides its role in maintenance 

and protection of biofilm structure, it is essential for water and nutrient preservation 

(Sutherland et al.,  2001). 
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Table 7.12 Genetic elements responsible for biofilm formation and regulation 

 

Factors involved in Biofilm formation and regulation detected in P. aeruginosa S3 

 

      

 

Psl polysacharide 

             

 

Extracellular Matrix protein PslA 

            

 

Extracellular Matrix protein PslC 

            

 

Extracellular Matrix protein PslD 

            

 

Extracellular Matrix protein PslE 

            

 

Extracellular Matrix protein PslF 

            

 

Extracellular Matrix protein PslG 

            

 

Extracellular Matrix protein PslL 

            

 

Extracellular Matrix protein PslJ 

           

 

Extracellular Matrix protein PslK 

           

 

Pel Polysaccharide 

             

 

Extracellular Matrix protein PelG 

           

 

Extracellular matrix protein PelF, glycosyltransferase, group 1 

         

 

Extracellular Matrix protein PelE 

           

 

Extracellular Matrix protein PelD 

           

 

Extracellular Matrix protein PelC 

           

 

Extracellular Matrix protein PelB 

           

 

Extracellular Matrix protein PelA 

           

 

Alginate 

             

 

Alginate regulatory protein AlgQ 

           

 

Alginate regulatory protein AlgP 

           

 

Alginate biosynthesis protein AlgZ/FimS 

           

 

Alginate biosynthesis transcriptional regulatory protein algB 

         

 

Alginate biosynthesis protein Alg8 

           

 

Alginate biosynthesis protein Alg44 
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Alginate biosynthesis protein AlgK precursor 

          

 

Outer membrane protein AlgE 

            

 

Alginate biosynthesis protein AlgX 

           

 

Alginate lyase precursor (EC 4.2.2.3) 

           

 

Alginate biosynthesis protein AlgJ 

           

 

Alginate o-acetyltransferase AlgF 

           

 

Alginate biosynthesis transcriptional activator 

          

 

Pseudomonas quinolone signal (PQS) 

           

 

PQS biosynthesis protein PqsH, similar to FAD-dependent monooxygenases 

       

 

PQS biosynthesis protein PqsA, anthranilate-CoA ligase (EC 6.2.1.32) 

        

 

PQS biosynthesis protein PqsB, similar to 3-oxoacyl-[acyl-carrier-protein] synthase III 

      

 

PQS biosynthesis protein PqsC, similar to 3-oxoacyl-[acyl-carrier-protein] synthase III 

      

 

PQS biosynthesis protein PqsD, similar to 3-oxoacyl-[acyl-carrier-protein] synthase III 

      

 

PqsE, quinolone signal response protein 

           

 

Anthranilate synthase, aminase component (EC 4.1.3.27) 

         

 

Anthranilate synthase, amidotransferase component (EC 4.1.3.27) 

        

 

Multiple virulence factor regulator MvfR/PqsR 

          

 

Putative transcriptional regulator near PqsH 

           

 

 c-di-GMP 

             

 

3',5'-cyclic-nucleotide phosphodiesterase (EC 3.1.4.17) 

          

 

5'-nucleotidase/2',3'-cyclic phosphodiesterase and related esterases 

        

 

Acyl carrier protein phosphodiesterase (EC 3.1.4.14) 

          

 

diguanylate cyclase/phosphodiesterase (GGDEF & EAL domains) with PAS/PAC sensor(s) 

      

 

Glycerophosphoryl diester phosphodiesterase (EC 3.1.4.46) 

         

 

Phosphodiesterase/alkaline phosphatase D 

           

 

Membrane bound c-di-GMP receptor LapD 

           

 

Quorum sensing systems 

            

 

N-3-oxododecanoyl-L-homoserine lactone quorum-sensing transcriptional activator  

    

 

N-butyryl-L-homoserine lactone quorum-sensing transcriptional activator  

     

 

Sphingobacterium sp. S2 
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Stage 0 sporulation protein YaaT 
 

 

Biofilm formation is a multicellular process stimulated by environmental stimuli 

controlled by regulatory networks. During the biofilm formation, cells undergo many 

phenotypic shifts that are regulated by a large array of genes (Whiteley et al., 2001). In 

the genome of P. aeruginosa strain S3, several regulatory factors were identified. One of 

these regulatory factors was the signaling molecule bis-(3′-5′)-cyclic dimeric guanosine 

monophosphate (c-di-GMP) which is considered as one of the most significant molecular 

elements involved in the biofilm regulation (Hengge et al., 2009). A c-di-GMP molecule 

controls the interchange between the planktonic and sessile-mode of lifestyle of bacteria 

by stimulating the adhesins biosynthesis and exopolysaccharides during formation of 

biofilm (Wu et al., 2015). The bacterial cell to cell communication system known as 

quorum sensing (QS) are involve in the maintenance of many biological processes like 

biofilm formation, bioluminescence, antibiotics production, virulence factor expression,  

competence for DNA uptake, and sporulation (Fuqua et al., 1996; Waters and Bassler, 

2005). LasR/LasI, RhlR/RhlI and PQS are the three quorum sensing signaling systems 

employed by P. aeruginosa to control biofilm formation (Schuster and Greenberg, 2006; 

Venturi et al.,  2006). These three QS signaling system were found to be the part of the 

genome for our isolate. Genome analysis of our isolate Sphingobacterium sp. strain S2 

showed presence of genes for Stage 0 sporulation protein YaaT Table 7.4. This protein is 

reported to be involved in the sporulation process and biofilm development as well 

(Carabetta et al., 2013; Hosoya et al., 2002). 

 

3.7 Enzymes 

Biodegradation of polymers is carried out by two types of enzymes, extracellular 

enzymes and intracellular enzymes, involving degradation of long chain polymers into 

short chain oligomers which are subsequently carried inside microbial membranes and 

utilized as carbon source (Gu et al., 2003; Shah et al., 2008). Degradation of man-made 

polymers in the environment is a slow process (Albertsson et al., 1980; Albertsson et al., 

1994) PLA is synthetic linear aliphatic polyester of lactic acid monomers joined together 
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by ester linkages (Auras et al., 2004). The presence of ester bonds in its backbone makes 

the polymer sensitive to hydrolysis, both chemical as well as enzymatic (Shah et al., 

2008). Biodegradation of polyesters is mostly carried out by esterolytic enzymes such as 

esterases, lipases, or proteases. In the literature microbial degradation of PLA is mainly 

reported by proteases, lipses, esterses and a few cutinases as well (Qi et al., 2017). Both 

Sphingobacterium sp. and P. aeruginosa had been documented before to have a role in 

the degradation of different environmental pollutants such as mixed plastic waste, PAHs, 

oil, and dyes and pesticides, P. aeruginosa has also been reported to have potential to 

degrade PLA nano-composites (Muenmee et al., 2015; Abraham and Silambarasan, 2013; 

Nachiyar and Rajkumar, 2003; Das et al., 2015; Shimpi et al., 2012). In our previous 

study we characterized the degradation of PLA by these isolates (Satti et al., 2017). 

Genome analysis of both strains report presence of hydrolytic enzymes in their genomes 

putatively related to their degradation of PLA Table 7.5. Based on the genome analysis in 

comparison to different strains of the same species, both isolates possess activities that 

are unique to the isolates. In the genome of P. aeruginosa S3, 75 different types of 

proteases, 50 esterases and 25 different types of lipases were detected. Similarly, in the 

genome of Sphingobacterium sp. S2 36 proteases, 30 esterases and 18 lipases were 

identified. Apart from these various phosphodiesterases, oxygenases, catalases and 

phosphatases have also been found the genome of both isolates. Already established 

potential of these strains to degrade various environmental pollutants is reaffirmed by the 

presence of these diverse enzymes. 

 

3.8 MAUVE alignment 

MAUVE was used to find the sequence homology between Sphingobacterium sp. S2 and 

P. aeruginosa S3 with their reference strains. MAUVE reordered the contigs and showed 

an overall collinear relationship across each isolate and its selected reference strain. Two 

local collinear blocks (LCBs) were identified showing the regions on the chromosomes 

that are homologous in both the reference genomes and the isolates. For each strain and 

its reference, boxes in same color represent homologous regions (local collinear blocks) 

between the genomes while the uncolored regions within the LCBs or in-between LCBs 
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indicate the presence of strain specific sequences. In our alignments in case of p. 

aeruginosa S3 and its reference p. aeruginosa PA96 most of the regions have been found 

homologous between two strains Fig 7.6.  

 

Table 7.13 Different type of hydrolytic enzymes found in the draft genome of 

pseudomonas aeruginosa S3 and Sphingobacterium sp. S2 

 

Type of 

enzymes Pseudomonas aeruginosa S3 Sphingobacterium sp. S2 

  

Common to 

reference 

genomes 

Unique to 

the strain 

Common to 

reference 

genomes 

Unique to 

the strain 

Hydrolase 123 51 84 8 

Lipase 

 

20 5 10 8 

Protease 57 18 22 14 

Esterase 

 

33 17 25 5 

Phosphodiesteras

e 8 5 5 4 

Oxygenase 63 19 7 3 

Catalase 

 

6 6 2 1 

Phosphatase 66 17 25 13 
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Figure 7.5 Genomic alignment of Sphingobacterium sp. S2 (below) and 

Sphingobacterium sp. G1-14 (above). Boxes in same color represent homologous regions 

(local collinear blocks) between Sphingobacterium sp. genomes. Uncolored regions 

within the LCBs or in-between LCBs indicate the presence of strain specific sequences. 

 

 

Figure 7.6. Genomic alignment of P. aeruginosa S3 (below) and P. aeruginosa PA96 

(above). Boxes in same color represent homologous regions (local collinear blocks) 
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between genomes. Uncolored regions within the LCBs or in-between LCBs indicate the 

presence of strain specific sequences. 

 

but some strain specific regions have also been detected. While for Sphingobacterium sp. 

S2 and its reference, homology has been found as well as many regions of variations have 

also been detected Fig 7.5. and percentage of variation is high as compared to p. 

aeruginosa. Both strains have their strain specific regions that show they have a lot of 

variation between them.  

 

4. Conclusion 

The present study reports the whole genome sequence analysis of two bacterial strains 

Pseudomonas aeruginosa S3 and sphinogobacterium sp. S2, isolated from the compost 

and having the potential to degrade poly(lactic acid), PLA, at mesophillic temperatures 

(~30ºC). Draft genomes of both the strains were studied to gain an insight into the genetic 

elements that are involved in conferring different properties to the strains helping in the 

degradation of PLA. The catabolic genes responsible for biodegradation of different 

xenobiotic compounds, genes responsible for formation and regulation of biofilm, genes 

for transport and utilization of lactate and several enzymes predicted to be involved in the 

degradation of many organic pollutants were identified on the graft genomes. All these 

characteristics demonstrate the degradation potential of the strains against PLA observed 

in the previous studies by our group; importantly it gives insight into the possible 

enzymes involved in the degradation of the polymer. 
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Future prospects 

Project narrative: 

To develop a sustainable soil-based system for biodegradation of PLA at mesophilic 

temperature.  

 In order to develop an alternative waste management strategy for PLA waste it is 

imperative to study the complete mechanism of biodegradation of PLA by the potential 

bacterial strain. It will be helpful to improve the biodegradability of the polymer as well 

as the potential of the bacterial strains to biodegrade the polymers can also be improved. 

 During the lab-scale and field studies to test biodegradation of PLA it would be really 

informative to evaluate the change in the community dynamics of the intrinsic soil 

community during the process of biodegradation of PLA. It will show the effects of 

degradation products on the microbial populations and geo-chemical cycles of soil. 

 By evaluating various chemical, physical and biological parameters effecting the rate of 

biodegradation of PLA will provide the information that will further help in optimizing 

the process parameters to enhance the rate of biodegradation of PLA. 

 To study bio-augmentation with isolated bacterial strains along with lactate as a bio-

stimulating agent in pilot-scale studies under optimized conditions will led us to build a 

robust waste management system for PLA. 
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>KY962009.1 Penicillium oxalicum 18S ribosomal RNA gene, partial sequence 

GGGGTTCGGGCGAGGGCTCTGGGTCACCTCCCACCCGTGTTTATCGTACCTTG

TTGCTTCGGCGGGCCCGCCTCACGGCCGCCGGGGGGCATCCGCCCCCGGGCC

CGCGCCCGCCGAAGACACACAAACGAACTCTTGTCTGAAGATTGCAGTCTGA

GTACTTGACTAAATCAGTTAAAACTTTCAACAACGGATCTCTTGGTTCCGGCA

TCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAG

TGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCA

TGCCTGTCCGAGCGTCATTGCTGCCCTCAAGCACGGCTTGTGTGTTGGGCTCT

CGCCCCCCGCTTCCGGGGGGCGGGCCCGAAAGGCAGCGGCGGCACCGCGTCC

GGTCCTCGAGCGTATGGGGCTTCGTCACCCGCTCTGTAGGCCCGGCCGGCGC

CCGCCGGCGAACACCATCAATCTTAACCAGGTTGACCTCGGATCAGGTAGGG

ATACCCGCTGAACTTAAGCATATCAATAGACGGAGGAAACCGAGTGAGGGCC

CTCTGGGTCCAACCTCCCACCCTGTTTATCGTACCTTGTTGCTTCAGCGGGCC

CGCCTCAGGGCGCCGGGGGCATCCCCCGGGGCCGCGCCCCCCAAAAACACA

AACGAACTCTTGTCTGAAAAATAGCAGCTCTGTAGTACTTGACTAAATCTCTT

AAAACTTTCAACAACGGAACTCTGGGTTCTGCCTCTATCATAAACACACCGA

AATGTGAATAAGTAATGTGAATTGCAGAAATCATGAATCATCGAGTCTTTGA

ACGCAATTGCGCCCGGGTATTCGGGGGGCATGGCTGTCGAGAGTCATTGCGG

CCTCAAACACGCCTGATGTGTTGGAGTACCTGACTCCTTCCGGGAGGAGCGG

TGACCTACAGAGACAGGCGAGCAGCTCCGAGCACCCTAGAATGGGGGCTGTC

ACCCGCTACTAATGAGCGCTGGCCGGCTCGCGTCAG 

 

>KU948302.1 Aspergillus fumigatus strain S45 18S ribosomal RNA gene, partial 

sequence 

CTCCCACCCGTGTCTATCGTACCTTGTTGCTTCGGCGGGCCCGCCGTTTCGAC

GGCCGCCGGGGAGGCCCTGCGCCCCCGGGCCCGCGCCCGCCGAAGACCCCA

ACATGAACGCTGTTCTGAAAGTATGCAGTCTGAGTTGATTATCGTAATCAGTT

AAAACTTTCAACAACGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCG

AAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAGTCTTTG

AACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGCGTCA
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TTGCTGCCCTCAAGCACGGCTTGTGTGTTGGGCCCCCGTCCCCCTCTCCCGGG

GGACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGGTCCTCGAGCGTATG

GGGCTTTGTCACCTGCTCTGTAGGCCCGGCCGGCGCCAGCCGACACCCAACT

TTATTTTTCTAAGGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAG

CATATCAAAG 

 

>KY432687.1 Sphingobacterium sp. strain S2 16S ribosomal RNA gene, partial 

sequence 

CACTGGTACTGAGACACGGACCAGACTCTTACGGGAGGCAGCAGTAAGGAAT

ATTGGTCAATGGGCGGAAGCCTGAACCAGCCATGCCGCGTGCAGGATGACTG

CCCTATGGGTTGTAAACTGCTTTTGTCCGGGAATAAACCTAAATACGTGTATT

TAGCTGAATGTACTGGAAGAATAAGGATCGGCTAACTCCGTGCCAGCAGCCG

CGGTAATACGGAGGATCCGAGCGTTATCCGGATTTATTGGGTTTAAAGGGTG

CGTAGGCGGCCTGTTAAGTCAGGGGTGAAATACGGTGGCTCAACCATCGCAG

TGCCTTTGATACTGATGGGCTTGAATCCATTTGAAGTGGGCGGAATAAGACA

AGTAGCGGTGAAATGCATAGATATGTCTTAGAACTCCGATTGCGAAGGCAGC

TCACTAAGCTGGTATTGACGCTGATGCACGAAAGCGTGGGGATCGAACAGGA

TTAGATACCCTGGTAGTCCACGCCCTAAACGATGATAACTCGATGTTGGCGAT

AGACAGCCAGCGTCTTAGCGAAAGCGTTAAGTTATCCACCTGGGGAGTACGC

CCGCAAGGGTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGAGGA

GCATGTGGTTTAATTCGATGATACGCGAGGAACCTTACCCGGGCTTGAAAGT

TAGTGAAGGTAGCAGAGACGCTACCGTCCTTCGGGACACGAAACTAGGTGCT

GCATGGCTGTCGTCAGCTCGTGCCGTGAGGTGTTGGGTTAAGTCCCGCAACG

AGCGCAACCCCTATGTTTAGTTGCCAGCATGTTATGGTGGGGACTCTAAACA

GACTGCCTGCGCAAGCAGCGAGGAAGGTGGGGACGACGTCAAGTCATCATG

GCCCTTACGTCCGGGGCTACACACGTGCTACAATGGATGGTACAGCGGGCAG

CTAGCTGGCAACAGCATGCTAATCTCTAAAAGCCATTCACAGTTCGGATTGG

GGTCTGCAACTCGACCCCA 
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>KY432688.1 Pseudomonas aeruginosa strain S3 16S ribosomal RNA gene, partial 

sequence 

AGTCGAGCGGATGAGGGAGCTTGCTCCTGGATTAGCGGCGGACGGGTGAGTA

ATGCCTAGGAATCTGCCTGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTA

ATACCGCATACGTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCTA

TCAGATGAGCCTAGGTCGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAG

GCGACGATCCGTAACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGA

CACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGC

GAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAA

GCACTTTAAGTTGGGAGGAAGGGCAGTAAGTTAATACCTTGGCTGTTTTGAC

GTTACCAACAGAATAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAATA

CGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTG

GTTCAGCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCCA

AAACTACTGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGG

TGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGG

ACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGAT

ACCCTGGTAGTCCACGCCGTAAACGATGTCGACTAGCCGTTGGGATCCTTGA

GATCTTAGTGGCGCAGCTAACGCGATAAGTCGACCGCCTGGGGAGTACGGCC

GCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGC

ATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCTGGCCTTGACATGCT

GAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTCAGACACAGGTGCT

GCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGA

GCGCAACCCTTGTCCTTAGTTACCAGCACCTCGGGTGGGCACTCTAAGGAGA

CTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCC

CTTACGGCCAGGGCTACACACGTGCTACAATGGTCGGTACAAAGGGTTGCCA

AGCCGCGAGGTGGAGCTAATCCCATAAAACCGATCGTAGTCCGGATCGCAGT

CTGCAACTCGACTGCGTGAAGTCGGAATC 
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>KY432686.1 Chryseobacterium sp. strain S1 16S ribosomal RNA gene, partial 

sequence 

AGCCGAGCGGTAAGTCTCTTCGGAGACTTGAGAGCGGCGTACGGGTGCGGAA

CACGTGTGCAACCTGCCTTTATCAGGGGGATAGCCTTTCGAAAGGAAGATTA

ATACCCCATAATATATTGAGTGGCATCATTTGATATTGAAAACTCCGGTGGAT

AGAGATGGGCACGCGCAAGATTAGATAGTTGGTGAGGTAACGGCTCACCAA

GTCTACGATCTTTAGGGGGCCTGAGAGGGTGATCCCCCACACTGGTACTGAG

ACACGGACCAGACTCCTACGGGAGGCAGCAGTGAGGAATATTGGACAATGG

GTGCGAGCCTGATCCAGCCATCCCGCGTGAAGGACGACGGCCCTATGGGTTG

TAAACTTCTTTTGTATAGGGATAAACCCAGATACGTGTATCTGGCTGAAGGTA

CTATACGAATAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGA

GGGTGCAAGCGTTATCCGGATTTATTGGGTTTAAAGGGTCCGTAGGCTGATTT

GTAAGTCAGTGGTGAAATCTCACAGCTTAACTGTGAAACTGCCATTGATACT

GCAAGTCTTGAGTGTTGTTGAAGTAGCTGGAATAAGTAGTGTAGCGGTGAAA

TGCATAGATATTACTTAGAACACCAATTGCGAAGGCAGGTTACTAAGCAACA

ACTGACGCTGATGGACGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTG

GTAGTCCACGCCGTAAACGATGCTAACTCGTTTTTGGGGCGCAAGCTTCAGA

GACTAAGCGAAAGTGATAAGTTAGCCACCTGGGGAGTACGAACGCAAGTTTG

AAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGGATTATGTGGTTTA

ATTCGATGATACGCGAGGAACCTTACCAAGGCTTANATGGGAAATGACAGGT

TTAGAAATAGACTTTTCTTCGGACATTTTTCAAGGTGCTGCATGGTTGTCGTC

AGCTCGTGCCGTGAGGTGTTAGGTTAAGTCCTGGCACGAGCGCAACCCCTGT

CACTAGTTGCCATCATTAAGTTGGGGACTCTAGTGAGACTGCCTACGCAAGT

AGAGAGGAAGGTGGGGATGACGTCAAATCATCACGGCCCTTACGCCTTGGGC

CACACACGTAATACAATGGCCAGTACAGAGGGCAGCTACACGGTGACGTGAT

GCAAATCTCGAAAGCTGGTCTCAGTTCGGATTGGAGTCTGCAACTCGACTCTA

GAAGCTGGAATC 
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>KY432689.1 Pseudomonas aeruginosa strain S4 16S ribosomal RNA gene, partial 

sequence 

AGTCGAGCGGATGAGGGAGCTTGCTCCTGGATTCAGCGGCGGACGGGTGAGT

AATGCCTAGGAATCTGCCTGGTAGTGGGGGATAACGTCCGGAAACGGGCGCT

AATACCGCATACGTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCT

ATCAGATGAGCCTAGGTCGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAA

GGCGACGATCCGTAACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAG

ACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGG

GCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGT

AAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTTAATACCTTGCTGTTTTG

ACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAA

TACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGG

TGGTTCAGCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATC

CAAAACTACTGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGC

GGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCT

GGACTGATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAG

ATACCCTGGTAGTCCACGCCGTAAACGATGTCGACTAGCCGTTGGGATCCTTG

AGATCTTAGTGGCGCAGCTAACGCGATAAGTCGACCGCCTGGGGAGTACGGC

CGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAG

CATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCTGGCCTTGACATGCT

GAGAACTTTCCAGAGATGGATTGGTGCCTTCGGGAACTCAGACACAGGTGCT

GCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGA

GCGCAACCCTTGTCCTTAGTTACCAGCACCTCGGGTGGGCACTCTAAGGAGA

CTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAGTCATCATGGCC

CTTACGGCCAGGGCTACACACGTGCTACAATGGTCGGTACAAAGGGTTGCCA

AGCCGCGAGGTGGAGCTAATCCCATAAAACCGATCGTAGTCCGGATCGCAGT

CTGCAACTCGACTGCGGAAGT 
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Standard curve for Bovine Serum Albumin (BSA) 

 

 

 

  

 

 

 

 

 

Standard curve for Para Nitrophenol (PNP) 

y = 0.9771x + 0.04 
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Table 14 Placket–Burman Design of factors with specific activity of enzyme (U/mg) as 

response 

y = 0.0066x - 0.0087 
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S

ta

n

d

ar

d 

Ru

n 

Na2H

PO4.2

H2O 

% 

K2HP

O4 % 

Yeast 

extrac

t % 

NH4

Cl % 

Pept

on 

NaCl 

% 

CaCl2

.2H2O 

% 

Olive 

Oil % 

Inocul

um 

Size % 

MgS

O4.7H

2O % 

Twe

en 

20 

% 

Respons

e 

specific 

activity 

U/mL 

9 1 0.90 0.40 0.70 0.10 0.10 0.15 0.60 1.00 1.25 0.60 0.25 268.596 

2 2 0.50 0.40 0.70 0.10 0.30 0.60 0.60 1.00 0.50 0.20 0.75 299.144 

1

4 
3 0.70 0.35 0.50 0.20 0.20 0.38 0.40 2.00 0.88 0.40 0.50 292.065 

3 4 0.90 0.30 0.70 0.30 0.10 0.60 0.60 3.00 0.50 0.20 0.25 507.133 

4 5 0.50 0.40 0.30 0.30 0.30 0.15 0.60 3.00 1.25 0.20 0.25 308.311 

1 6 0.90 0.40 0.30 0.30 0.30 0.60 0.20 1.00 0.50 0.60 0.25 273.149 

1

5 
7 0.70 0.35 0.50 0.20 0.20 0.38 0.40 2.00 0.88 0.40 0.50 285.707 

8 8 0.90 0.40 0.30 0.10 0.10 0.60 0.20 3.00 1.25 0.20 0.75 304.891 

1

2 
9 0.50 0.30 0.30 0.10 0.10 0.15 0.20 1.00 0.50 0.20 0.25 249.251 

1

1 
10 0.90 0.30 0.70 0.30 0.30 0.15 0.20 1.00 1.25 0.20 0.75 286.217 

5 11 0.50 0.30 0.70 0.10 0.30 0.60 0.20 3.00 1.25 0.60 0.25 229.209 

1

3 
12 0.70 0.35 0.50 0.20 0.20 0.38 0.40 2.00 0.88 0.40 0.50 264.94 

7 13 0.90 0.30 0.30 0.10 0.30 0.15 0.60 3.00 0.50 0.60 0.75 252.196 

6 14 0.50 0.30 0.30 0.30 0.10 0.60 0.60 1.00 1.25 0.60 0.75 242.214 

1 15 0.50 0.40 0.70 0.30 0.10 0.15 0.20 3.00 0.50 0.60 0.75 251.811 
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0 

 

Table 15 Central Composite Design of factors with specific activity of enzyme (U/mg) as 

response 

Stan

dard 
Run 

A-

Na2HPO4 

.2H2O % 

B-Olive 

Oil % 

C-Yeast 

extract 

% 

D-

NH4Cl 

% 

E-

NaCl 

% 

F-MgSO4 

.7H2O % 

G-

CaCl2 

.2H2O 

% 

Response 

specific 

activity 

U/mg 

1 1 0.70 2.00 0.50 0.10 0.40 0.10 0.40 25.2717 

21 2 0.50 2.00 0.50 0.20 0.20 0.05 0.40 30.6488 

23 3 0.44 1.50 0.40 0.15 0.30 0.08 0.30 46.0749 

3 4 0.70 2.00 0.30 0.20 0.40 0.05 0.40 134.066 

28 5 0.60 1.50 0.56 0.15 0.30 0.08 0.30 40.7885 

36 6 0.60 1.50 0.40 0.15 0.30 0.08 0.46 35.8135 

34 7 0.60 1.50 0.40 0.15 0.30 0.12 0.30 67.204 

32 8 0.60 1.50 0.40 0.15 0.46 0.08 0.30 73.658 

12 9 0.70 2.00 0.50 0.10 0.40 0.05 0.20 97.055 

18 10 0.70 1.00 0.30 0.20 0.40 0.10 0.40 39.845 

17 11 0.50 2.00 0.30 0.10 0.40 0.10 0.40 68.649 

2 12 0.70 2.00 0.30 0.20 0.20 0.10 0.20 138.326 

19 13 0.50 1.00 0.50 0.20 0.40 0.05 0.40 38.9413 

33 14 0.60 1.50 0.40 0.15 0.30 0.03 0.30 92.4594 

13 15 0.70 1.00 0.30 0.20 0.20 0.05 0.20 307.329 
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30 16 0.60 1.50 0.40 0.23 0.30 0.08 0.30 379.844 

9 17 0.70 1.00 0.50 0.10 0.20 0.05 0.40 82.0453 

37 18 0.60 1.50 0.40 0.15 0.30 0.08 0.30 53.419 

5 19 0.50 2.00 0.50 0.10 0.20 0.10 0.20 94.5035 

39 20 0.60 1.50 0.40 0.15 0.30 0.08 0.30 33.2248 

38 21 0.60 1.50 0.40 0.15 0.30 0.08 0.30 55.491 

20 22 0.50 1.00 0.50 0.20 0.40 0.10 0.20 100.635 

14 23 0.50 1.00 0.50 0.10 0.20 0.05 0.40 13.0631 

25 24 0.60 0.69 0.40 0.15 0.30 0.08 0.30 61.136 

26 25 0.60 2.31 0.40 0.15 0.30 0.08 0.30 18.3625 

10 26 0.50 1.00 0.30 0.10 0.40 0.10 0.20 25.856 

6 27 0.70 1.00 0.30 0.10 0.40 0.05 0.20 16.965 

27 28 0.60 1.50 0.24 0.15 0.30 0.08 0.30 14.2769 

35 29 0.60 1.50 0.40 0.15 0.30 0.08 0.14 54.8603 

29 30 0.60 1.50 0.40 0.07 0.30 0.08 0.30 70.0612 

4 31 0.70 1.00 0.50 0.20 0.20 0.10 0.40 30.1386 

7 32 0.50 2.00 0.30 0.20 0.40 0.05 0.40 21.695 

11 33 0.50 2.00 0.30 0.20 0.20 0.05 0.20 224.012 

31 34 0.60 1.50 0.40 0.15 0.14 0.08 0.30 49.8455 

8 35 0.70 2.00 0.50 0.20 0.20 0.10 0.20 62.5217 

24 36 0.76 1.50 0.40 0.15 0.30 0.08 0.30 66.0567 

15 37 0.50 2.00 0.30 0.10 0.20 0.10 0.40 60.5344 
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22 38 0.50 1.00 0.30 0.10 0.20 0.05 0.20 62.6487 

16 39 0.70 1.00 0.30 0.10 0.20 0.10 0.40 72.9939 
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