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ABSTRACT

p-xylene is used as a solventnredical technologythe leather, paint, and rubber industries. The
principal pathway of human contact texplene is via soil and groundwater contamination.
Bioremediationoffers potential advantages such as being-efisttive and environmentally
friendly with lesser unduelamage to environment$he main aim of this project is to find an
enzyme mixture for biodegradation ofxglene contaminated sitel this regard, screening of
indigenous bacteria, identification of involved enzymes, and biodegradation tests wereocdyrried
The results showed thaylene monooxygenad&XMO) and catechol 2,3lioxygenas€C2,3D)
have a matching end product, they acted in symphony to degradeng.The mixture of these
enzymes confirmed the complete degradation -&flpne within 48 hin groundwater(initial
concentration of 200 mg/Ly daysin soil testginitial concentration of 10,002,000 mg/kg of
soil) at 15°C, which is revolutionary for thendustrial sectarIn soil column tests, different
concentrations ahe enzyme mixturevere used (1x, 5x, and 10x dilutioir).this test92-94% p
xylene removal was achieved in the treated soil with a 5x diluted enzyme mixture (contained 10
U/mL of XMO and 20 U/mL ofC2,3D) Our results showed thdiodegradation ia scale
dependent phenomenon ahd maximum degradation rate decreased #6690 to 68%rom the

soil columnto tanktests It is due to limited access of enzymes to trappasgiiene in soil pores,
low dissolved oxygen, soil heterogeneity, and free phase contatmimaddition, one of the major
challenges in the practical and commercial application of these enzymes is their inherent
instability. Our results showed that imniliation improved the stability of enzymes. For
examplemicro/hanobiocharchitosarmatrices increased the stability of enzymes with more than
50% residual activity after 30 days at 4%, while the free enzymes had less than 10% of its
activity. Overdl, this coldactive enzyme mixturean be applied for the biodegradation of all
BTEX compounds (benzene, toluene, ethylbenzene, and xylenas).study could set the
guideline for the enzymatic bioremediation of mearomatic pollutants in contaminatesilsand

groundwateunder cold conditions.
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CHAPTER ONE: INTRODU CTION & RESEARCH OBJECTIVES



PART 1- INTRODUCTION

p-xyleneis one of the toxic and volatile organic compounds in petroleum products and is mainly
used as a solvent for the manufacturing of chemicakylgne causes health effects from both
chronic (>365 days) and acute (<14 days) exposure. The severity andl hgadtio effects depend

on the amount ahechemical and the length of time that you are exposed to. Individuals also react
differently to different levels of exposuf¥. p-xylene is frequently found in groundwater and soill

due to leaks, leaching from landfills, and improper waste disg@%al3]. To date, many
petroleumcontaminated sites have been identified in cold regions that require effsiient
management and te remediation[4]. For instance, according to the report of federal
contaminated sites inventory (by the Government of Canada), @@®® contaminated or
suspected contaminated sites were identified across Canada that are contaminated with petroleum
products. MajoCanadian o#contaminated sitgsnore than 70%are located in the stdrctic and

Arctic climateregiong5]. Likewise, 920 sites in Alaska, close to 200 sites in Antarcinémore

than 100 sites in Russia, Iceland, Greenland, Sweédi@nyay, and Finland were identified that

are considered as cold climate regif#ls

There are many methods to treatypene including chemical (e.dlocculation), physical (e.g.
adsorption and filtratiofi7], and biological methods that are based on biodegradktechanical
contaminant removads a physical method on cold climate soils is very expensive. Also, the
application of chemical methoadsn be quite dangerous and challenging when considering the
risk of additional environmental impacts due to the addition of cheniigpl©n a large scale,

some disadvantages of the thermal treatment methods may be highlighted such as cost, energy
consumption, and some intermediates which may be produced during the thermal process. The
t her mal met hod can also influence the quality
[8]. Biological treatment processes offer potential advantages sudieiag costeffective,
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environmentally friendlyvith lesser undue damageth@cold climate environment in comparison

to physical, chemical, and thermal approadbgs

Research so far has focused on BTEX (benzene, toluene, ethylbenzene, isglares)
biodegradation; however, especially ferylene compared to other compounds, the lower
degradation rate for xylene isomers has been reported as d3gsult

PART 2- PROBLEM STATEMENT

Based on the literature review, certain problems have tefamed for the current research work

that needs to be addressed before formulating the hypotheses and obf@usvése past decade,
various technologies such as chemical methods, thermal treatments, and bioremediation have been
applied by remediatiocompanies to clean up groundwater, soils, and sediments. The conventional
methods can be quite dangerous and challenging when considering the risk of additional
environmental impacts due to some intermediates which may be produced during the process as
well as high cost and energy consumption. Bioremediation has been considered to be more
effective and economical with lesser undue damagé&environment compadto conventional
methods.The biodegradation of petroleum hydrocarbons especially B{liexzene, toluene,
ethylbenzene, and xylene) was well established in the literature. However, most studies reported a
low biodegradation rate forxyylene.

Petroleuracontaminated sites, associated with the legacy and contemporary effects of human
activities, remain a serious environmental problem mainly in cold regions. A cold climate site is
one at wlerethe average annual air temperature is 10°C (typically in the rangé®f€).Also,

low temperatures pose an additional challenge for bioretiedithat require more time (ranging

from 1 to 10 years) to meet cleanup standafdsthe harsh condition of the cold ecosystems, they

may be more sensitive to the same levels of contamination than the other ecosystémes and



treatment method should b&ld and has less impact on the environment. However, there is no
agreement for efficient remediation techniques for these types of ecosy$teaneizymatic
method has a shorter treatment period than the microbial process because the enzymes transform
the substrate in a minute timescat®wever,inherent instability and higproductioncostarethe
major challenges in the practical and commercial applicatiemofmaticbiodegradationThese
discussions provided some technological bottlenecks and seddesther research inputs for
making the overall treatment process more sustainable, economical, effective, arick&oiic
nature.

PART 3- CHALLENGES IN APPLICATION OF ENZYMATIC BIO DEGRADATION

Some of the relevant problems associated wgcontamirant and intermediate concentration
analysis and selecting bacterial strains that need timely attem&as follows.

Concentration analysis of volatile compounds

To produce quantitative data, the concentrationoottaminantshould be analyzed properly- p
xylene is a volatilesolvent, so it evaporates easily. Althoughuch literature reported the
biodegradation rate of their test based on comparison with theitiveegontrol, the efficiency of
their biodegradation method did not determine in terms of concentration. Thus, running a negative
control is not a feasible method to determine the effectiveness of the biodegradation method. Some
of the key points are aslfows:
A) Most of the biodegradation tests were set up in serum bottles with at least % of headspace
(optimum for biological activities) and during the incubation tiordy about 5660 % ofthe
initial concentration can be detected in the liquid phabBeus this design for the
biodegradation test will result in measurement bias from aqueous activity. In thishease,

initial concentration in the system (liquid and gas phase) was measured and evaporated



B)

concentration was added to obtain the remaining 50, drtid 200 ppm of contaminants in the
liquid phase.

Subsampling has a negative effect on tie@roducibility of dataSubsamples cannot be
stored for analysis sincexylene crystallizes at temperatures below 13°C and remains on top
of the water after nieng, causing bias in the determined concentrafidne triplicate analysis
showed a high variation in the concentration of xylene in the sarrsasuple. Also, the vortex

of the samples cannot be effective because xylene can stay above water afteiraufes:

C) The water solubility of xylene is 198ppm in water (25°C), therefore the stock of xylene should

be prepared in methanol (for example 20000 ppm), and directly added for 200,100 and 50 ppm

xylene in the system. This methagpliesto the standard eue as well.

D) Volatile compound partitioning into the headspace is most strongly affected by this source of

measurement bias. The parameter of the instrument (GCspead) should be optimized

based on the matrix of samples. In this study, samples wegpared directly into a headspace
vial without subsampling as follow: 5000 ml of ultrapure water + 25 pl internal standard +
50 pl sample (the sampling was done with afigtst syringe). Then the vials were crimped

well. The instrument parameters werdimfzed as presented in Tadldl.

E) All technical and biological tests were performedriplicate for error analysis. Biological

replicates were parallel measurements of independent biodegradation tests that capture random
biological variation. In techinal replicationsthe same sample is measured repeatedly in order

to obtain independent measurements of the random noise associated with protocols or
analyticalequipmentThe resultsare reported as the mean of triplicate determinaaodthe

error bars rpresent SE, calculated from the triplicat8satistical analysis was done by ene



way analysis of variance (ANOVA) followed by Tukey posthoc procedure to determine the
differences among three or more numeric variables at a significancedeagb s 0.05

F) EPA method260 was usedor determiningthe lowest detection limi9]. Briefly, standard
solutions were prepared water at concentrations from 0.5 to 200 ppb wigbgpbinternal
standard. The analysis was perfornusthgthe static headspce methotihe lowest detection
limit was determined 1@pb for this method and equipmerih this research, the standard
criteria for pxylene in soil and groundwaterasound 60 ppmral our contaminated samples
have around 200 ppm in groundwater amdund10,000 ppm is soilFor our analysis, the
calibration curve wa prepared raging 10ppb to 2 ppm. The subsamples from eacletest w
diluted more tharl00 timesfor groundwater samples amdore than B0O times for soil
samples.

Table 1.1. Instrument parameter for p-xylene concentration analysis using G&@/S with a
headspace sampler

Temperature Timing Option (PII) Injection
mode
Needle: 90°C Inject: 0,05 min Shaker on Inject: 30 psi
Transfer: 120°C Pressurize: 0,2 min Operating mode: Column: 30
Oven: 80°C Withdraw: 0,1 min Constant
Carrier: 30 psi Thermo: 10,0 min

GC cycle: 20,0 min

Toxic intermediates and detection

Although most of the bioremediation trerent methods were found effective in removing
petroleum hydrocarbons, some of these methods resulted in the biotransformation of targeted
contaminants to intermediate products. Some of these intermediate products are more toxic than
the initial parent compunds, so biotransformation is not always a preferred strategy in pollutant

manag@mentand remediation. Based on this information, biodegradation should focus on the



mineralization ofthe target contaminatato innocuous products. There are 2 key pointthe
detection of intermediate products:

A) The intermediaproducts can be volatile, sewnlatile, or nonvolatile compounds, so the
detection method can be different from the initial parent compounds. In this case, more
than 2 chromatography methods aeeded. Firstlyfull scan mass detection can be used
to determine all the products formed during the reaction. Then each compound can be
detected based on the nature of the compound and proper protocol.

B) The time course and condition for tf@mation of intermediates varied in different
samples, hence the sampling should be carried out at different time intervals and different
conditions (e.gwithout/with shaking). The formation of intermediates is a crucial step in
the pathway studgf newly isolated bacteria.

Low p-xylene degradation rate

Most of theresearchhas been focused on BTEX (benzene, toluene, ethylbenzene, xylene)
biodegradation However, especially for -gylene compared to other compounds,lower
degradation rate for xylene is@rs has been reportedlvarez and Voge(1991)demonstrated

that when pxylene was present alone in basal mineral media, no degradation was observed in the
first three week$2]. Meanwhile, You et al. (2018) recently reported thedosiegradation op-

xylene byRhodococcusp. ZJUT312 compared to other compounds of BTE andnalaind o-
xylene[3]. Furthermore, several studies showed that some species of bacteria can only degrade
selected compounds of BTEX rather than all of them. One example Gl#uatphialophorasp.

T1 cannot degrade benzene and xylene isomers,Agitktobacter baumanndD1 and

Magnetospirillumsp. 151 degradedan andp-xylene withavery low efficiency[10], [11].

Cold temperature inhibition



In the case of cold climate envirments, low temperatures (e.g., below@) pose an additional
challenge for biological treatment#/hole microbial ce may require more time (ranging from 1

to 10 years) to meet cleanup standalMisroorganisms inhabitingold environments cope with
several challenges such as limited enzyme activity, slow chemical reaction rates, increased water
viscosity and limited watr availability as the main solvent for biochemical reactions, denaturation

of proteins and decreased cell membrane fluidit]. Commonly, the best (optimized) scheme

of biodegradation cannot be easily achieved since the biodegradation efficiemryarhimants

is strongly influenced by the temperature, physicochemical characteristics of the pollutant, the

contaminated matrices, and microbial growth condit[aB$.

High cost of enzymatic treatment

Contaminant removal using enzymatic treatment seems a costly process, htweegmints of

view can be considerenh affordably remediating contaminated site using enzymes:high

biodegradation rate of enzymes in cold environments (less time rfegdiating), 2 low-cost
substrates and enzyme inducers for the production process, aodt8ffective methods for
downstream processing. All these reasons are discussed below.

1- As bioremediation (using whole microbial cells) is a eefective and envonmentfriendly
technology and is powered by enzymes, enzyme production needs to be optimized cost
effectively. Using enzymes baeveral advantages over whole microbial cells, including the
ability to degrade contaminants & shorter treatment period imarsh environments, high
specificity for the pollutant, and no environmental risk. For exarbpleterial whole cells need
nutrition and air to maintain optimum growtBonsidering that some environmental matrices
such as groundwater lack nutritional farst for microbial growth, using enzymes could be

more feasible from this perspective than the use of whole cells. AWsopld climate



environmentslow temperatures (e.g., below 10 °C) pose an additional challenge for biological
treatmentsWhole microbial cels may require more time (ranging from 1 to 10 years) to meet
cleanup standards].

The raw materials needed for enzyme production for bioremediation applications are crucial
since the high production cost of enzymes has restrictéd viidespread use of them for
remediation purposd44]. The use of industrial wastes that contain the nead&tntscan

be a promising method. Moreover, BTEX is an important industrial chemicahdkatany
applications sothe use of fewer and less pansive substrates such as certain wasiek &
usedmotor oilthatcontain these chemicals can make enzyme production moreftaxgive

in environmental applications.

The production cost of advanced biotechnological techniques such as enzymes has restricted
their industrial use for bioremediation purposBswnstream processing asmajorcostin
theproductionof proteins and enzymes (biological macromolecules). Ths& ob unit
operations and chemicals for downstream procesdtag determines the economic feasibility

of the proces$l5]. Costeffective processing such as centrifugation for harvesting the cells
and ultrasonication for enzyme extraction and usinglerenzyme oammonium sulfate
saturation for partial purification of enzymes can be considered for lowering the cost of
treatmentMore than 50% of downstream processing cost is involved mainly in the purification
processdepending on the application tfieal enzyme purity can be somewhat low. Thus, the

cost of final enzymes can be decreased significantly as well. For medical and related research,
high purity is an important factor to run their assays or diseases that can be diagnosed or treated

with pureenzymes. Thus, multiple expensive chromatographic steps involve obtaining such



highly pure enzymef5]. However, for environmental applications, using crude enzymes or
low purity enzyme cocktails are feasible solutions for reducing the ctsadment.

Inherent instability of oxidoreductases

One of the major challenges in the practical and commercial application of monooxygenase

enzymes is their inherent instabil[iy6]. Two key points that should be considered for the stability

of producedenzymes:

A) Most of the oxidoreductases amembraneassociated enzymes, so they have some
hydrophobic peptides, and extraction of them from the cell can affect their activity. Various
attempts can be made to mimic the membrane condition to increase tinety adter
extraction.

B) Oxidoreductases catalyze the exchange of electrons or redox equivalents between donor and
acceptor molecules. To accomplish their physiological function, oxidoreductases employ
various redoxactive centers that can be dependentcoifiactors. Common redox centers
include amino acid residues (e.g., tyrosine or cysteine), metal ions or complexes (e.g., Cu, Fe,
Mo, FeS cluster, or heme), and coenzymes (e.g., FMN; FAD; pterin; or pyrroloquinoline
guinone, or PPQ). The enzyme formuatishould be designed according to the signature
catalysis of target enzymes and/or coenzgeyendency.

PART 4- HYPOTHESES

The organic nature of petroleum hydrocarbons makes these contaminants suited to biodegradation

where indigenous microorganisms can degrade thgi7]. Considering the challenges in

biodegradation of {xylene in cold regions, biotechnological improvements, such as
biostimulation, bioaugmentation, use of biosurfactant, enzymes and immobilization methods seem

promisirg method for an increase of bioremediation effectiveng&s To meet the need for
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effective decontamination ofxylene in a coleclimate site, it isyecessaryo prove the following

hypotheses:

Hypothesis . As mentioned in probleshlow degradation ragawverereported fop-xylene using
well-known BTEXdegradingmicroorganismsindigenousbacteriaisolated fromthe p-xylene
contaminated sitecould metabolize pxylene effectivelyunder low temperaturse. Since
psychrophilicbacteria have adaptive abilities incioglthe modification of the cell membrane
structure that is important in the electron transport chain, the expressionfoé@rdi proteins and
cold-active enzymes, or production of compatible solutes or alteesabolism[18]. Therefore,
cold-adapted indigenous microorganisms can increase bioremediation effickocy target

contaminatedinder coldemperatures

Hypothesis Il In cold temperatures, biological treatments take longer to meet clesamgards

(as described in problem 1.3.4). Biotechnological improvements, such ectwklenzymes and
immobilization methods, may allow a greater efficacy of bioremediation while decreasing
remediation timelndegioniougp-xylene degrading bacteria wltbproducecold-activeoxidative
enzymes under aeroboonditions and be applied tmwontaminated soil and groundwatesince

the enzymatic method has a shorter treatment period than the microbial pevwksszymes
transform the substrate in a minute timescilereover, the enzymatic treatment agent can be

designed for specific pollutant removal without producing any toxipriogucts

Hypothesis Ill: The major challenges in the practical and commercialcaijmn of oxygenases
are high production cost and their inherent instabilitylmmobilization improves enzymes'
resistance to a variety of storage and operating condifidres.use of immobilized enzymes in
biotechnological processes is preferred oveeir free counterpart because of the prolonged

availability of enzymes and their -tesability. However, enzymes are not widely used for
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remediation purposes due to their high production cobscost of ezyme productioshould be
decreasedby the use & fewer and less expensive substratescog-effective downstream
processingThe enzyme mixtureouldbeproduced using industrial wastsch agood and fisheri
wasterdandthenformulatedwith high storage and operational stabildyuseful tool for reducing

costs is the immobilization of enzymes as it enables efficient recovery, reuse, and recycling, as
well as increased stability under harsh operational conditions such as high/low pH and

temperature

Hypothesis V: Largescale production of enzymes using optimized conditions at the bench scale
can determine and influence the scalupprocess-urthermore, enzymatic biodegradation in soll
involves key factors that should be verified in batests soil columns and 3Dtank tess. To

mimic in situ application of enzyme mixture, soil coluammd tankests can be used to model the
essential characteristics of the environment to predict the consequences of bioremediation.
Thereforethe formulated enzyme mixtureuldbeeffectivelyproduced ordifferentscales (bench

to large scaleyand appliedto soi and groundwateflaboratory, to pilot scales) The scaleup

tests would ensure a proper interpretation of the laboratory results and deteeéffeciency of
enzymatic bioremediation

PART 5- OBJECTIVES

To prove the abovbsted hypotheses, the following objective®re studiedfor the effective
bioremediation of fxylene.

Objective 1 Investigatemetabolic andco-metabolic biodegradation gfxyleneby well-known
BTEX-degrading microorganisngsuch as?seudomonas putiglasingthe Group Method of Data
Handling (GMDH)andexperimental data

Objective 2 Study the pathway gi-xylene biodegradation and compare eatdivestrains

12



Objective 3 Investigate involved enzymes inxylene biodegradation and potential application
for contaminated groundwater in the cold climate
Objective 4. Evaluate azymatic biodegradation of highlyyylene contaminated soil using celd

active enzymes

Objective 5 Explore theco-immobilization of coldactive enzymedor higher stability and

reusability

Objective 6. Optimize the operationaktability and reusability of cold-active enzymes using

magnetic particles

Objective 7. Analyze the scaleip parameteror the enzyme production procéssm bench scale

to industrialscale bioreactors

Objective 8 Evaluateenzymatidiodegradation efficiency soil test, laboratorybench, angbilot

tests

PART 6- ORIGINALITY

Soil and groundwater remediation aftexylene spills can be extremely expensive and 4ime

consuming, therefore the cost and tiefBcient biodegradation will be first considered. As p

xylene cannot be used efficiently agrowth substrate by microorganis,the main aim of this

project is to finda mixture for biodegradation of-yylenein highly contaminated sites (e.qg.

Quebec, Montreal)The core part of this study is the usecold-activeenzymes fothe first time

as an efficient xylene removal in a cold contaminated sitke present study comprises the

following original concepts in methodology:

1) In the past, the bacteria showed a low biodegradation rateydépe or cemetabolism of p
xylene in presence oflér compounds (BTE) even at mesophilic temperature. However, this

is the first time that isolated bacteria showed metaboliexyfigne at cold temperatures.
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2) This novel study evaluated the characteristics of-adlapted enzymes using different assays
sud asspectrophotometric methods atathdem LEMS/MS.

3) Few studies were carried out in detail on 4gpowth substrates such asxylene, this is the
first study on gene expression aspects of biodegradatiordgepe.

4) This studysuggestedor the first tme the partial purification of the targeted enzymes that can
be a feasible solutioto the high cost of enzyme production that is leading to the limited
application of enzymes for environmental purposes.

5) The formulation of targeted enzymes for the ftisie suggested the feasibility use of cold
active enzymes for commercial purposes.

6) The use of various support materials such as biochar, zeolite, clay, or additives has been
explored for other enzymes. However, this is the first tithey were used for ctd-active
enzymes to enhance bioactivity and henocglpnebiodegradation.

7) Scaleup of enzyme production and enzymatic biodegradation tests peei@medfor the
first time in this studyto the best of our knowledge

Overall, the originality ofthisr e s e a r [@ehelopment of &n advanced biodegradation

method using coldactive enzymes, drawn from natural sources for petroleum

monoaromatics in cold climate siteso.

PART 7- THESIS LAYOUT

This dissertation consists &EVEN chapters FOUR hypotheses anBIGHT objectivesas

described below

Chapters Title for amajor goal Hypotheses Objectives
1 Introduction andesearch - -
objectives
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Literature Review

Investigation of metabolic Hypothesis | Objective 1and 2
biodegradation op-xylene
Detection of involved cold Hypothesis | Objective3
active enzymes
Applicationof cold-active Hypothesis Ii Objective3, 4
enzymes for contaminated
soil and groundwater
Formulation ofenzymes for Hypothesis|i Objective 5, 6
high storage and operationa
stability
Scaleup of the enzyme HypothesisV Objective7, 8

productionand

biodegradation

Conclusions and

Recommendations

15




CHAPTER TWO: LITERATURE REVIEW

16



Abstract

In recent years, there have been advances in bioremediation of pollutants with the goal of effective
clearrup of environments in an edoendly and coseffective approach. For contamination
removal at cold climate sites, bioremediation approaeine appealing due to their potential to be

more costeffective and efficient than alternative, more energy intensive approaches. Recent
studies showed both aerobic and anaerobic biodegradation processes are important at cold climate
sites. Most of theseorks are focused on biostimulation and bioaugmentation involved in adding
nutrients and hydrocarbon degraders at cold climate sites, but studies on other methods such as the
use of biosurfactant, genetically engineered bacteria;audgted enzymes anchmobilization

method are still limited. This review selectively provides information on bioremediation under
aerobic and anaerobic conditions and recent biotechnological advances in bioremediation at cold
climate sites. However, the limitations and challenfor petroleum hydrocarbons bioremediation

in cold climate remain at large. Further research and field demonstrations are required to determine
which method is more effective for biodegradation of petroleum contaminates under such

conditions.
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2.1 Introduction

The recent economic growth has been paralleled by a rapid increase in global petroleum oil
consumption19] and the widespread use of petroleum products in cold climate regions (e.g.,
Alaska USA, Canada, Russia) has led to contamination of soil and groundwater at many sites.
Petroleuracontaminated sites in cold regions have received significant attention eéedahsir
susceptible natural environment to human impacts. As harsh condition of the cold ecosystems,
they may be more sensitive to the same levels of contamination than the other ecq@@®tems

To date, many sites with petroleum contamination ifiedtin cold regions that require efficient

site management and active remediatig). For example, petroleum hydrocarbon soll
contamination is relatively localized to approximately 920 sites in Alaska, 377 sites in the
Canadian Arctic, closed to 200es in Antarctica and more than 100 sites in Russia, Iceland,
Greenland, Sweden, Norway, and Finl§2d].

Petroleum oil is containing thousands of complex different compounds which are basically
separated into cyclic and linear alkanes, aromatic hatboas, resins and asphaltenes, and poorly
characterized compounds. The consumption of these compounds has negative health effects on
humans include irritation of organs, liver lesions, drowsiness, dizziness and [@XcEor this

reason, U.S. Enviranental Protection Agency classified them as priority pollutd@8.
Therefore, there has been an increasing concern about the human health and environmental risk of
petroleum industry activities led to efforts for developed soil and groundwater treatimeold

regiors [24].

Over the past decade, various technologies such as chemical treatments, physical treatments, and
bioremediation have been applied to remediate groundwater, soils and sed[2&nts

Bioremediation is one of the most c@dtective strategies due to its lower equipment, labor, and
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energy requirements, compared with classical physicochemical techniques. Also, Bioremediation
is one of the best environmental friendly methods to remove petroleum poll@&jns
In cold regionslow temperatures pose an additional challenge for remed[@0mA cold climate

site is one at which the average annual air temperatud8@(typically in the rangei4°C), and

where groundwater temperatures are typically 10°C or lolethese avironments, biological
treatments require more time to meet cleanup stanfftf8iotechnological improvements such

as biostimulation, bioaugmentation, use of biosurfactant, enzymes and immobilization methods
seem promising method for an increaseiofemediation effectiveness.

Most of the previous reviews focused on the biodegradation of petroleum hydrocarbons with the
general point of view about affecting factor on bioremediation but a few reviews addressed cold
climate sites specificall{20] and no review has yet focused on recent biotechnological advances
in this regions. Despite recent growth in bioremediation application in cold regions, the agreement
is still limited as to which biotechnological improvement is the most effective for bidiatios

under such conditions.

The aim of this review is to address the science gap by summarizing available information to
provide an overview about 1) information regarding bioremediation under aerobic and anaerobic
condition 2) recent biotechnologicatpansion of bioremediation technology at cold climate sites

3) consideration of problems and challenges of bioremediation at such sites.

2.2. Bioremediation

The success in the cleanup of the Exxon Valdez oil spill (1989) in Prince William Sound, Alaska
created a great interest in the potential of bioremediation technology especially biodegradation
[27]. Bioremediation is a process that relies on biologicatmnisms (degrade, mineralize,

detoxify and transform) to reduce the concentration of pollutants to a harmlesg28jate

19



Bioremediation technologies offer the potential for significant cost savings and practical
approaches compared to conventionalgédiation technologies, such as excavation and thermal
treatment, excavation, and disposal in landfills, and pump and treat. Especially at remote sites in
the north, conventional technologies are often not practical or feasible, for example requiring
electicity provision, transport of chemicals, and their storage, among ¢#t§rs

Many microorganisms can degrade pollutants under aerobic (in the presence of oxygen) and
anaerobic (in the absence of oxygen) conditions EI). Microorganisms can genezatnergy

from the oxidation of organic compounds as a source of carbontar@assimilate part of this
carbon into their new cell material. Aerobic microorganisms use oxyggmag@he final electron
acceptor, while anaerobic microorganisms use subtssarsuch as sulfate, nitrate, manganese,
iron, and organic intermediates as electron acce[#6}{30].

In aerobic degradation, many pollutants can serve as a source of carbon and energy for
microorganisms that are capable of producing degradingmea® Monooxygenases and
dioxygenases are the most common enzymes that catalyze reactions by incorperatiogh®
structures (Fig2.1). Under anaerobic conditions, microorganisms can carry out the oxidation of
substrates by electron transfer to aahle acceptor. Extensive oxidation can be performed in
different respiratory pathways as shown in Ridl. Based on the literature reported, aerobic
bioremediation is the currently practiced approach for the removal of petroleum hydrocarbons in
cold regons, and anaerobic bioremediation is a new frontier of learning and needs significant

advances for the application stdg¢ [6].
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Fig. 2.1. Aerobic and anaerobic biodegradation of pollutants.

2.3. Recent Biotechnological advances

In cold climate regions, increasing temperature generally increases the biodegradation rates of
hydrocarbons, but this method is not energyd costeffective. The microbial degradation of
petroleum hydrocarbons in codshvironments has been investigated as a cost anddéeative
technology that generates no harmful end products. Bioremediation in aquatic environments is

limited primarily by nutrients, such as phosphorus (P) and nitrogen (N); salinity in the estuarine
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and pressure in the deep sea. Furthermore, nutrient concentrations, oxygen, moisture, and pH

value are determining factors in the biodegradation rates dB4dil[32].

addition of
Biosurfactant

Genetically
engineered Cold-Adapted

microorganisms- Microoraanis

Organic
niitrient

Biostimulation

Bioremediation
improvement

Bioaugmentation

Consortium of

bacteria Inorganic

nutrient

Cold-
Adapted
enzymes

Immobilization
method

Fig. 2.2. Improvement of bioremediation at cold climate sites. The classification of each
technique is hypothetical; some methods could b#assified into more than one category.
For example, the enzyme and bi@augmented microorganisms can be used as an
immobilized form.

Biostimulation and bioaugmentation are active bioremediation approaches that can be applied in
cold climate environmentsr enhancing bioremediation efficiency. Biostimulation is mainly done

by adding nutrients, such as nitrogen and phosphorus to stimulate the oil biodegradation by the
indigenous bacteria. Bioaugmentation involves the addition of hydrocarbon degradgen@nudi

or exogenous inoculum) to the contaminated[8i8¢. Fig.2.2 depicts the potential improvement

approaches in the bioremediation of petroleum hydrocarbons.

22



2 4. Biostimulation

In cold climate regions, chemical analysis of soil showed low levels of N and P. Also, it was
possible to optimize @-P relationships with nutrient additidB84]. Nutrient additives can be
added to stimulate bioremediation. They may be natural or si;mésenell as organic or inorganic
compoundg35], [36]. Improvement in bioremediation can be attributed to the positive effects of
additional N supplements on the synthesis of nucleic acids and amino acids for the rapid cell
growth in the mediun36], [37]. Urea is a common source of nitrogen, bt €atio optimization

with urea led to undesired effects such as induction of rapid nitrificE8&}na significant rise in

pH, a drop in bacterial viability. Methylene urea is also used with minarteffe the level of soil

pH and increases the growth of heterotrophic microbes. This source is more desirable probably
because of slow nitrogen relegd84]. Nutrients in the form of fertilizer solutions are generally
added in three different types (hgghilic, oleophilic, and slowelease). This report summarizes

the results from various recent studies that have indicated the effect of biostimulation with different

nutrient additions in cold climate sites (TaBl#).

Table 2.1. Effect of the different nutrient types for biostimulation on bioremediation of
hydrocarbon-contaminated sites in cold regions

Nutrient Effect on bioremediation Removal | Nature of Reference
addition efficiency | pollutant
0. 6 7 m4@l | Enhancingn-alkane andPAH | 17-43% Diesel and crudeg
and 1. 4 ]degradation following low oil [39]
KH2POy concentration (0.1% [vol/vol]|
diesel and crude oil
amendments
NPK fertilizer It promotel naphthenic oil 12% Naphtheniail
degradation in Arctic [40]
seawaterandenhanced
microbial community
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Nutrient Effect on bioremediation Removal | Nature of Reference
addition efficiency | pollutant
Potassium Enhancinghe microbial 33% Alkanes and
nitrate (KNQ) | community and oil Polycyclic [41]
and sodium biodegradation Aromatic
triphosphate Hydrocarbons
pentabasic
(NasP3010)
Slowrelease The soil indigenous 71-87% Total petroleum
granular microbiota reduced the hydrocarbons [42]
fertilizer concentration of
(Nitrofoske®) hydrocarbons by up to 50% i
and a 50days and 87% in 36&ays
commercial depending on the
bioremediation | biostimulation agent used
product
(OSEIP)
Humate and Hydrocarbon degradation we total petroleum
20:20:20 notably enhanced in the 57158% | hydrocarbons | [43]
fertilizer treatedbio-pile during

seasonal freezing and early

thawing.
Ammonium Hydrocarbon removal petroleum
nitrate (N efficiency increaed within 50| 75-79% | hydrocarbons | [44]
source) days with both N and P (2180 mg kb
Monosodium | sources at Carlini Station
phosphate (P | (antarctica).
source)

Dietziamarisstrain NWWC4

BH media with stimulated medium Non- petroleum [45]

B+NP medium | spowed the occurrence of | saline: hydrocarbons
20-20-20 signiycant bi|37%
fertilizer activity of crude oil inboth | Saline:

the saline and nesaline 21%

slurries of subArctic sites

after 18 days.

The addition of 0.0179 g P/kq
N and P and 0.183 g N/kg leads to th{ 94.91% | 1042 £73 mg kg | [46]

highest hydrocarbon remova
efficiency during a 4slay

field assay in Antarctica.

1 of fuel
hydrocarbas
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Nutrient Effect on bioremediation Removal | Nature of Reference
addition efficiency | pollutant
3 principal Adsorbed phosphate and
phosphate brushite limited the ability of | ND gasoline and | [47]
phases the microbialcommunity to diesel
(adsorbed degrade hydrocarbons. In hydrocarbons
phosphate, contrast, newberyite had littlg
brushite effect on microbial
(CaHPQ x community composition.
2H,0),
newberyite
(MgHPQy x
3H20))
Organic The combination of microbia
compost consortia and mature compo 48-52% | heating oil [48]
as a biostimulant was an (C141C20)
appropriate bioremediation
approach foreaching values
below provincial standard
regulations in just 40 days
after construction.
Commecial Nutrient amendment
fertilizer decreased in total petroleum| 95% total petroleum | [49]
(PlantProd) hydrocarbons concentrations hydrocarbons
(20% N/20% at a subArctic site (Canada)
P205/20% with temperatures between
K20, Plant 4.7 and 18C
Prod) and 2000
mg CaCO3 kg
cod bone meal | Degradation in diesel fuel 89%- Diesel [50]
(diammonium | contaminated soil was greatl 92% hydrocarbon
phosphate increased by thadditionof (20,000 mg
(DAP)) cod bone meal compare to diesel/kg soil)
unfertilized soil after 6 weeks
Inipol The rate of degradation was| ND diesel fuel or [51]
EAP-22 improved becausef an Arabian light
fertilizer increasen the number and crude oil (500
variability of heterotrophic mL/plot)
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Nutrient Effect on bioremediation Removal | Nature of Reference

addition efficiency | pollutant

and hydrocarbowlegrading
microorganisms.

fish compost The addition of fish compost| ND diesel and crude| [52]
had a toxic effect on oil hydrocarbon
microbial abundance,
particularly on hydrocarben
degrading bacteria

Oil biodegradation was diesel
Agricultural enhanced in fertilized Alpine| 27-53% | hydrocarbon [53]
N-P-K fertilizer | subsoils at 16C. (5000 mg/kg
soil)

ND: Not determined

Besides, the indigenous microbial activity can be enhanced and stimulated by optimizing the
environmental conditions, such as oxygen accessibility, nutrient content, temperature, pH, redox
conditions, or electron acceptor accessibility for anaerobic condifi®hsUtilization of bio
venting (injection of air into the subsurface at low flow rates) successfully enhanced the
biodegradation to a peak concentration of 7000 mg/kg of total petroleumchydons in the sub
Antarctic[50]. Sanscartier, Reimer, Zeeb, and Koch (2011) showed that high airflow resulted in
biodegradation 50% greater than under low aeration at 7 °C in soils from the Canadian High Arctic.
King et al. (2014) found that bieening (275 cni/min) was most effective (82.02.5%
hydrocarbon removal) at 10°C. Chang et al. (2010shimulated contaminated soil from a sub
Arctic site with nutrient and pH buffer amendments. To obtain a soil pH between 6.5 and 7.0.
(neutral pH), 2000 kg of CaCQ was used in land farm tanks. The results showed that
biostimulationwith nitrogen and phosphorus nutrient amendments and maintaining neutral pH

reduced total petroleum hydrocarbon concentrations by up to 64% over 6[b4pysowever,
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relatively little data and studies are available for the effectiveness of the a@iomizof

environmental factors in cold regions.

2.5. Bioaugmentation

The commonly used methods for bioaugmentation are (1) addition of a pdeglding strain;

(2) addition of a consortium of microorganisms; (3) addition of genetically engineered
microorganisms; and (4) introduction of biodegradation genes that aragegick a vector to be
transferred by conjugation into indigenous and native microorganf&shsThe following sub
sections will focus on bioaugmentation methods in cold climate regions as a bioremediation tool.
25.1. Cold-adapted, oitdegrading microorganisms

Hydrocarbons in the contaminated environment are biodegraded primarily by bacteria, yeast, and
fungi. In several studies, it is noted that bioremediation could only be carried out by psychrophilic
or psychrotolerant microorganisms in cold climeggions. These kinds of bacteria can grow at
temperatures below 20 °{56]. During the past few decades, most of the -ealdpted
microorganisms in petroleum bioremediation were identified as bacterial genera, and a limited
number of fungi and yeast wedentified in the degradation of petroleum in cold climate regions
(Table 2.2). It seems that hydrocarbonoclastic bacteria are significant players in hydrocarbon
degradation in cold environmenfs7]. These bacteria when exposed to low temperature may
produce coléacclimation, coleshock, antifreeze proteins, and coklittive enzymes that have

higher catalytic activity under cold conditiofis3].

In these regions, large seasonal temperature variations reduce the effectiveness of microorganisms
for biodegradation, and the use of indigenous microorganisms can solve most of the challenges

associated with the bioremediation of polluting substajx®s
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The introduced bacteria can be inhibited by indigenous microorganismspamiletants[60].
Common nicroorganisms which are recognized for their ability to metabolize oil hydrocarbon

compounds in cold regions are presented in T2Rle

Table 2.2. Microorganisms involved in the degradation of hydrocarbon pollutants in cold

climate sites
Microorganism Growth Isolation Removal Nature of | Reference
temperature location efficiency pollutant
Bacillus,? 25°C Pushkin, Russia | 38i 43% oil [61]
Arthrobacter
Rhodococcu’
Pseudomondas
Dietzia maris® 10+C SubArctic, 37% Petroleum [45]
Canada hydrocarbons
Chryseobacteriu | 10*C Oily sludge from a| 62.3% Crude oil [62]
m spp? cold environment, | 61.6% hydrocarbons
Bacillus? China 60.9%
Pseudomonds
Sphingopyxis Kongsfjorden, 17.25%- | Arabian light | [63]
flavimaris? 4°C Svalbard Islands, | 81.98 % crude oil
Pseudoalteromor Arctic region (0.05 %) and
as? polycyclic
Marinobacter aromatic
antarcticus® hydracarbons
Oleispira (PAH)
antarctica®
Rhodococcus sp.
ice-0il-488s*
Sulfitobacter sp
Hyphomonas
rosenbergi?
Cycloclasticug | 4°C Contaminated ND Polycyclic [64]
Pseudomonéas sediments, aromatic
Makarov Basin, hydrocarbons
Arctic (PAHS)
Penicillium 5°C Antarctic soil ND Phenol (0.3 | [65]
communé g/l)
Aspergillus
fumigated
Penicillium
rugulosun?
Alternaria 23°C Livingston Island, | ND Polycyclic [66]
maritima® Antarctica aromatic
Penicillium hydrocarbons
rugulosun? (PAHSs)
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Microorganism Growth Isolation Removal Nature of | Reference
temperature location efficiency pollutant
Penicillium
waksmaniP
Aspergillus
fumigatus’
Penicillium
chrysogenum
Mucor sp.?
Rhodococcus 1-30°C contaminated 95100% | petroleum [67]
erythropolis? alpine soil, South | (for n- hydrocarbon
Rhodococcus Tyrol, Italy alkanes) | (13,300
cercidiphyllus® mg/kg dry
Arthrobacter soil)
sulfurous®
Pimelobacter
simplex
Arthrodermasp. § 15°C dieset ND Special [68]
Exophialasp.® contaminated Antarctic
Hypocreasp.” soil of sub Blend (SAB)
Leptodontidium Antarctic diesel fuel
spP Macquarie
Island,
Australia
Pseudomonas | 4C oil-contaminated | ND polycyclic [69]
borealis? soil from Signy aromatic
Pseudomonas Island, Antarctica hydrocarbon
fluorescens (PAH)
Rhodotorula 1¢C alpine oitshale ND oil [70]
creatinivora® mine soil, Austria hydrocarbons
Arthrobactersp.? | 10:C Alpine ice cave in | ND Phenol (10 | [71]
Salzburg, Austria mM)
Oleispira 4:C hydrocarbon ND crude oll [72]
Antarctica? contaminated sea (Arabian
waterfrom the light; 0.1%,
inlet Rod Bay vIv)
(Ross Sea),
Antarctic coastal
marine
Sphingomonas | 1 °C Fuelcontaminated| ND Aromatic [73]
spp2 soil, Ross Island, hydrocarbons
Antarctica heterocycles,
aromatic
acids, and
alcohols
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Microorganism Growth Isolation Removal Nature of | Reference

temperature location efficiency pollutant

Pseudomonasp | 4:C Fuel contaminated| ND JP8 jetfuel [74]
p.2 soil, Wright

Valley, Antarctica
Rhodococcus -2°C oil-contaminated | ND oil [75]
spp.?2 soil from hydrocarbons

Antarctica,

Arctic
Pseudomonas |5 °C petroleum ND aliphatic [76]
spp. B17 & B18 contaminated compounds

Arctic soils, Baffin and PAHs

Island, Canada
8 pacterium? Fungi,®yeast ND: Not determined

2.5.2. Consortium of different bacteria

Analysis of 16S rRNA gene sequences shows that the addition of crude oil to the seawater and soil
sample induced a rapid shift in the composition of the bacterial community and appearance of
aromatic componddegrading bacteria including genera such Georgfuchsia Azoarcus
Sulfuritaleg Rhodoferaxall Betaproteobacteriapelotomaculunf{Firmicutes) andirthrobacter
(Actinobacteria) [77], [78]. Many bacteria can remove petroleum hydrocarbons from the
contaminatedenvironment by degradation under aerobic conditions, sucAcasetobacter,
Pseudomonas, Comamonas, Serratia, Bacillus, Coccobacillus, Burkholderia, Sphingomonas,
Terrimonas, Fulvimons and Chryseobacteriumlt has been shown that the use of bacterial
consortium is more efficient than the single strains, probably because of a wider catabolic potential
and theenzymaticability for the degradation of oil compoun®]. Different miciobial species

have different preferences for the degradation of hydrocarbons. For instance, some
microorganisms prefer monor polynuclear aromatics, and others jointly degrade both aromatics
and alkanes as well as linear, branched, or cyclic al{@b¢sRoslee et al., (2021) reported that
cold-adapted microbial consortiurdegraded diesel almost completely at moderately low

temperaturg80].
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The application of different bacterial consortia in cold climate regions requiregtdnination

of the activity and survival of the added microorganisms as well as their genetic materials. For
examplesequence analysis of the 16S rRNA gene in the former Colbfime; Canadian shield
(mean annual air temperatur e tbadterialgenerd@h ass howe
Geobacter Thiobacillus and Pseudomonasre involved with the anaerobic degradation of
petroleum hydrocarborj81]. Another study address¢hree phenedlegrading isolates from King
George Island, Antarctica. Based on 16S rRNA sequences, they were identified as one
Rhodococcusp. and twdArthrobacterspp. that are capable of completely degrading phenol at the
optimum temperature between d8d 15 °C under aerobic conditidd8]. A mixed coldadapted
bacteria  flora including Rhodococcusp.,Pseudomonasp.,Stenotrophomonasp.,
andSphingobacteriursp. degraded 53.68% of total petroleum hydrocarbons (TRér 10 °C

after 30 day$82].

Analysis of stable carbon isotope fractionation is another method to assess bacterial biodegradation
by aerobic and anaerobic bacteria in contaminated[8Bggor example, using¢demonstrated
respiration in freezing temperatures suchl&s°C[84], -4 °C[85], -2 °C[86], -18 °C[87], -39°C
(controversial)[88], and in Antarctic soils up teb °C [14]. Radiolabeled analysis and stable
isotope probing have establishitb@ presence of active microorganisms with DNA replication in
permafrost soils under frozen conditidB89]. These methods have the advantage of labeling the
DNA of actively dividing microbes. Tuorto et al. (2014) uséd-&etate to demonstrate micrdbia

DNA replication in permafrost soil$90]. The active community members were part of
Acidobacteria Actinobacteria Chloroflexi Gemmatimonadetesind Proteobacteria phylabut

Firmicutes were not detected with genome replication and were metabadically, suggesting
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that spordorming members of this phylum thrive at temperatures ranging from 0 <ZDt6C

[90].

2.5.3 Genetically engineered microorganisms

Artificial consortia or genetically engineered microorganisms (GEMs) with bioremediation
patential can be developed with the aid of modern molecular biology techiigje@1]. GEMs

can be prepared in laboratory conditions by transfer of plasmids containing necessary genetic
material from exogenous to indigenous microorganig®®]. In this method, desirable
biodegradation pathways or enzymes can be brought together from different microorganisms to
perform specific reactions. This exogenous genetic material can include regulation and
construction of novel pathways, improvement of substrtization without producing harmful
metabolites, catabolic enzymes with more affinity and specificity, increase in bioavailability of
pollutants, and improvement of genetic stabi@g].

The first step to making this method successful is in selecting suitable genes. Next, recombinant
DNA fragments are inserted into suitable vectors and introduced into hos{3&lIsThus,
information about psychrophilic enzymes and involved genestinlpem degradation is needed

for the improvement of biodegradation in cold clim4fes, [94]. Table2.3 provides a list of some

genes involved in bioremediation in hydrocarbon degradation thabearsedn cold-adapted
microorganisms with desired giadation properties.

Some studies showed that the presence of some gemeddtadapted populationsas more
prevalent than in mesophilic populations. For instance, Whyte et al. (2002) revealedalidd the

gene was more abundant in caldapted bactex (5°C) in the contaminated soils from the Arctic

and Antarctica. The results of Luz et al. (2004) also revealed that aromatic dioxygenase genes such

as biphenyl dioxygenaséghA and toluene dioxygenas&dCl were the most frequent in
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Antarctica. A b#ter understanding of these genes and their role in the biodegradation of
environmentatontainments needed before they will be used for GEMs.

Monoaromatic compounds such as toluene are degraded successively to benzyl alcohol, benzoic
acid, and catecthowhich are further transformed to theicarboxylic acid (TCA) cycle
intermediates. Catechol is either oxidized by the intradeavage, or the extradiol-oleavage,

due to two different attack locations, consequently, final products might be eitie¢ytCoA +
succinate) or (acetaldehyde + pyruvate). All of these ring cleavage reactions are catalyzed by
specific dioxygenases. The details of these two ring cleavage pathways can be affitpssed

for PAHs, bacteria generally proceed via #iotion of multicomponent dioxygenases to form cis
dihydrodiols. These primary metabolic are subsequently dehydrogenated to form diFydidsy

(such as catechol), which can be substrates foifissgn enzymes that stdjy-step depolymerize

the compoundantil their metabolite can enter other pathways. The study of enzymes is necessary
to further understand the pathway in the real biodegradation reaction. So far, degradative genes

have been identified and evaluated in terms of different treatment aotelitions (as shown in

Table2.3).
Table 2.3. Microbial genes involved in hydrocarbon degradation
Genes Microorganism Catalytic activity Reference
BphAand| Pseudomonasp.Cam Biphenyl dioxygenase [95]

bphE 10
alkB Pseudomonas putida Alkane1-monooxygenase [96]
alkB1 Alcanivoraxborkumensis  Alkane Emonooxygenase 1 [97]

Rhodococcus

erythropolis
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Genes Microorganism Catalytic activity Reference

Pseudomonas Alkane Emonooxygenase 2 [98]

citronellolis
alkB2

Pseudomonas

aeruginosa
alkM Acinetobacter Alkane-1 monooxygenase [99]

calcoaceticus
todC1 Pseudomonas putida Benzene 12lioxygenase [100]
todD Cis-toluene dihydrodiol

dehydrogenase
xylE Pseudomonas putida Catechol 2,3lioxygenase [101]
xylX Pseudomonas putida Toluate 1,2dioxygenase [102]
cat23 Pseudomonas putida Catechol 2,3lioxygenase [103]
bphA1l Pseudomonas putida Biphenyl dioxygenase [104]
bphA2
bphB
bphC
bphD
xyIMA Pseudomonas putida xylene monooxygenase [105]
ndoB Pseudomonas putida | naphthalene 1;8ioxygenase [106]
nidAl Novosphingobium Naphthalene dioxygenase [107]
naphthalenivorans
phnAc Burkholderia naphthalene dioxygenase [108]
nahAc phenazinium
Burkholderia glathei

benA Acinetobacter baylyi Benzoate 1,2lioxygenase [109]
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Genes Microorganism Catalytic activity Reference
cbdA Burkholderia 2-halobenzoate 152 [110]
cepacia (Pseudomonas dioxygenase
cepacia)
Anta Acinetobactebaylyi Anthranilate 1,2lioxygenase [109]
titA Burkholderia cepacia | 2,4,5trichlorophenoxyacetate [111]
monoxygenase

Furthermore, genetic engineering has been used successfully for the bioremediation of aromatic
hydrocarbons[112]. In these reviewsgcent advances in engineered biological systems by
biomolecular tools were described as the exciting potential for iatmgd most hazardous
compoundg$113].

The first report of the construction of psychrophiles with specific degradative ability has been
reported in 1988, and it was based on the transfer of the TOL plasmid from the mesophilic
Pseudomonaputidato a psychrophile of the same species by conjugation; the modified bacteria
could degrade toluene at temperatures as low a$ld4]. In anotherstudy,tou cluster, coding

for Tolueneo-Xylene Monooxygenase TOMO) involved in the degradation of aronati
hydrocarbons from the mesophiteeudomonastutzeriwas cloned and expressed in the Antarctic
Pseudoalteromonasaloplanktis They used the psychrophilic expression vector pPM4 under the
control of the constitutive psychrophilic promoter Fhe resultsof the study showed that
recombinant <cells display maxi mal [HSE]tinthei ty at
following study by Siani et al. 2006, a research study improved the metabolic capability
of recombinant Antarcti®seudoalteromonashaloplanktis by combining the action of
recombinant ToMO enzyme. They showed that the new recombinant cells had acquired the

capability to grow on all the tested substrates such as copper and several aromatic compounds,
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while the previous recombinant batgeof Siani et al., 2006 could not grow on some oftésted
substratefl16]. So far, the expression ofultiple genes such a@egradative genesjetatresistant

have been identified and evaluated in terms of their applicatiayefatic engineerinfFig. 2.3)

It is noticeable that biosafety and environmental risks i.e. release of GEMs in the environment
needs to be considerd@3]. For example, bioaugmentation with GEMs or 4iedigenous
microorganisms is banned in Norway, Sweden, Iceland, andaintgg31]. It may be due to little
information about the potential impacts of modified organisms on ecology and the vulnerability of

ecosystems tpotentiallyinvasive microorganismd.17].
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Fig. 2.3. Genetically Engineered Microor@nisms (GEMs) demonstrating: (A): genetic engineering might enhance
detoxification of toxic metal including nickel, mercury, lead, copper, cadmium, and chromium using construction of plasmids
with a combination of different metal-resistant genes such as BoT , merA, pbrA, copAB, chrA and cadB. (B):
biodegradative genes from a mesophilic microorganism such &eudomonas putid®5 might be transformed by conjugation
to the naturally isolated psychrophilic bacterium. (C): expression of multiple genes suchabterial laccase (CotA),
endoxylanase (Xyl) and pectate lyase (Pel) in a single host and (D): overexpression of laccase Trbermus thermophilus
might yield high laccase activity
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2.6. Addition of Biosurfactants

Biosurfactants are made up of hydropholid &ydrophilic parts and this structure can increase
the bioavailability of hydrocarborj$18]. Microorganisms such as bacteria, yeastsifungi can
produce biosurfactants, and their secretion can be induced by environmental EdeHsé&or
instance, in Polar Regions, bacteria have been isolated that produce biosurfactants and can degrade
hydrocarbon$120]. Biosurfactants have been reported to enhance the uptake and metabolization
of petroleum hydrocarbons and their use of them is an effective method that can improve the
bioremediation of hydrocarberontaminated environmenf$21]. The results of Mohantand
Mukherji (2008) demonstrated that evienv-level release of biosurfactant might facilitate the
development of cell surface hydrophobicity and also, lowering in surface tension in the cultures
grown on diesel and-hexadecane was over the rafg@4-0.005 mN/m. In addition it has been
reported that the addition of biosurfactants can enhance hydrocarbon biodegradation by
emulsification or solubilization and mobilizatiph22]. Nievas et al. (2008) tested biodegradation

of bilge wastesa fueloil-typecomplex residue by a microbial consortium which was emulsifier
producing bacteria. Their results showed a reductionalkanes solventmixture, and solvent
hydrocarbons around 85%, 58&6d75% respectively123].

To date, only dew cold-adapted biosurfactant producers have been charact§tiz¢f] [125]

Cai et al. (2014) reported fiftfive biosurfactant producers telongto genera oRhodococcus
Alcanivorax, Exiguobacterium, BacillusdalomonasPseudomonas, Acinetobacter, and
Streptomycefrom petroleum hydrocarbon contaminated sources in North Atlantic CaBada.

et al., (2022showed thaPlanococcusp. XW-1 can produce biosurfactant with petroleum as sole
source of carbon at low temperature (4.°D)is bacterium was also effective in degrading crude

oil, after 21 days of growth at 4 °C in medium with 1% crude oil andvi¥pl{acteria broth, 54%

of crude d was degradefiL26].

Malavenda et al. (2015) isolated Biosurfactardaducing bacteria from Arctic and Antarctic
shoreline sediments. The isolates were mainly affiliated to the gBhedococcugl4 isolates),
Pseudomona@wo isolates)]diomarina(one isolate), ané@seudoalteromona®ne isolate) with
potential applications in the remediation of hydrocarbontaminated cold environmenishese

18 isolates were selected for their ability to grow in the presence of crude oil and produce
biosurfactantsas they are characterized by tmeductionof high emulsification index values

(OC50 %) and reduction in [l20le surface tensi on
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2.7. Cold-active enzymes

In the last few years, separatatzymes from microbial sources have been used for bioremediation
to overcome the limitations of tiséowrate of bioremediation by thvehole-cell of microorganisms
[127]. Enzymatic bioremediation is improved with molecular tools and can be especitdlyisui

for conditions where rapid remediation is need@8]. In some studies, enzymes have been added
to stimulate the degradation processes, either naturally occurring enzymes or synthetic enzymes
[35]. Cold-adapted enzymes have ted greater actiity at low temperatures (below BD°C)
compared to their mesophilic counterpdfit89]. It is reported that no hydrocarbdegradative
enzymes are known to have c@ldapted characteristics. For instance, biphenyl dioxygenase from
an arctic isolate deamstrated activity at 4°C but did not have calthpted enzyme structures.
Psychrophilic and psychrotolerant microbes utilize eaaddpted proteins to bind nucleic acids to
compensate fothe limitations of temperatwienposed[130]. The involved enzymes the
biodegradation of petroleum products are listed in T2dléowever no cokdctive enzymes have
been reported so far.

Table 2.4. Enzymes involved and their function in the biodegradation of petroleum

hydrocarbons
Category Name Target Function Microorganism | Reference
of contaminant
Enzyme
Mono- Methane Methanebutane, | oxidizing the GH | Methylococcus [131]

oxygenase monooxygenasq shortchainlength | bond in methane a Methylosinus

alkanes; CX4 | well as other| Methylocystis

alkanes Methylomonas
xylene mone BTEX Oxidizing the Rhodococcus [132]
oxygenases aromatic ring Pseudomonas
P450 Csl Cig alkanes, Csi Cigalkanes, | Acinetobacter [133]
oxygenase cycloalkanes cycloalkanes Caulobacter
system Mycobacterium
Alkane 1- Oil contaminants,| oxidizing the GH | Pseudomonas [98]
monooxygenase Aliphatics bonds
Di- Benzene 1,2 BTEX Oxidizing the Pseudomonas [134]
oxygenase dioxygenase aromatic ring putida
Naphthalene Naphthalene Catalyze both Pseudomonas [135]
1,2 atoms ofmolecular putida
dioxygenase oxygen into

naphthalene to
form cis(1R,2S}

dihydroxy-1,2-
dihydronaphthalen

e.
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Catechol 2,3 Catecholic Oxidizing the Pseudomonas [136]
dioxygenase intermediates aromatic ring putida
Catecholl,2- Catecholic Oxidizing the Mycobacterium [137]
dioxygenase intermediates aromatic ring fortuitum
Toluate 1,2 p-Toluate Oxidizing Pseudomonas [138]
dioxygenase m-Toluate substrateinge putida
o-Toluate
3-Chlorobenzoate
Biphenyl polychlorinated | Catalyze the initialf Pseudomonas [138]
dioxygenase | biphenyls (PCB) oxygenation putida
of biphenyl
2-halobenzoate| 2-chlorobenzoate Catalyze the Pseudomonas [104]
1,2 dioxygenase (2CB) and oxygenation BA putida
benzoate (BA)
2,45 Chlorinated Catalyze the Acinetobacter [109]
trichlorophenox aromatic oxygenation of baylyi
yacetate compound aromatic ring
monoxygenase
Hydroxylase Alkane Csi Cie alkanes, hydroxylate Pseudomonas [139]
Hydroxylases | fatty acids, alkyl | alkanes to alcohol§ Burkholderia
benzenes, which are further Rhodococcus
cycloalkanes oxidized to fatty | Mycobacterium
acids and
catabolized via the
bacteri
oxidation pathway

Bioremediation in aquatic environments is limitedmarily by nutrients, such as phosphorus
(P) and nitrogen (N); salinity in estuarine and pressure in-geap Furthermore, nutrient
concentrations, oxygen, moisture, andyafue are determining factors in the biodegradation rates
of soil [21]. Hence,using enzymes rather than whalell degrading microorganisms has recently
received increasing attention since the enzymatic method can specifically catadgries of
reactions for pollutant removal without nutrient fact¢iglO]. A further advantage ofthe
enzymatic method is a shorter treatment period than the microbial process because the enzymes
transform the substrate in a minute timescale. Moreover, enzymes demonstrafeebifjtity for

their substrateThus, the enzymatic treatmeagient can be designated for specific pollutant
removal[141]. This technique can be applied to contaminants thatadedyticallydecomposed

in stepwise oxidation reactions by various oxidoreductases. For example, KEiadapplied a
combination of oidative enzymes such ashlorophenol monooxygenasesphenol 4
monooxygenaseutative flavin reductase, and dioxygenase, for the enzymatic degradation of 4

Chloropheno[13]. Gulloto et. al studied the combined action of toluemglene monooxygenase
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to convert mone and dipolyaromatic hydrocarbons into hydroxylated derivatives and fungal
laccase to oxidiztheir hydroxylatedlerivativesfor complete detoxificatiofiLl42].

Concerning the challenges in bioremediation of @dilchate groundwater and soil, injection of
cold-active enzymes (psychrozymes) directly into the contaminated environment can be promising
new methods for increasing the bioremediation rate and decreasing the environmental risks of
introducing bacteria and their {@mtial impacts on the ecological system of cold climate regions.
To the best of our knowledge, this study is the first report on psychrozymes for petroleum
hydrocarbon degradatidf].

However, the high production cost of enzymes has restricted thd@spread use of them for
remediation purposg44].

2.7.1. Immobilization

The immobilization method can be used either for enzymes or whole cells. Immobilization is
defined imprisonment of cells or enzymes in distinct support or mé&wixexampleSu et al.,

(2021) co-immobilized coldadaptive fungabacterial consortiumncluding Pseudomonasp.

SDR4 andMortierella alpinaJDR7 for application in remediating PAHs contaminated freeze
thawed soil[143]. To large extent commercialization of these-tarived catalysts, and their
reusability factor becomes mandatory, failing eththey would no longer be economic. The use

of immobilized enzymes for degradation of the contamination may prove economical because of
their stability and reused multiple timgsgt4]. Dodor et al. (2004) demonstrated that immobilized
laccase fronTramedesversicolorcan catalyze thexidationof PAHs.A systemwith immobilized
laccase oxidized more than 80% of PAHs present (initial concentration of 70 uM) during 24 h of
incubation. They also showed that the broadened temperature stabilities for immobilized laccase
after one hour of preincubation atiZ0 bedmmobilized enzyme retained 100% of its initial
activity, whereas the free laccase had betweé&B®3% of its activity under the same condition
[145]. Moreover, immobilized enzymes show activity in a wide range of pH, thus the stability of
enzymes cahe enhanced by immobilizati¢f46]. There is no report about immobilized enzymes

in bioremediation of cold climate regions, there appears to be a research gap regarding this topic.
The biodegradation rate depends on the physical factors eftimrenmentand the physiological

state of the microorganisms. It is proven that the immobilization method can improve
microorganisms' resistance to unfavorable, negative, and toxic environmental ifhg@ttsor

example, Xin et al. (2013) used bioaugmentatvith Mycobacteriunsp. and®Pseudomonasp.
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immobilized beads in bioremediation of BTEE¢ntaminated groundwater. Their results showed

the maximum biodegradation rates were achieved in the system of the immobilized beads; 97.8%
for benzene, 94.2% for taéne, 84.7% for ethylbenzene, and 87.4% faylpene.While Daghio

et al. (2015) showed the addition of selected immobilized microorganisms did not lead to an
increasan hydrocarbon removal. The author proposed that this different behavior could be due to
the immobilization of the microbial inoculum on the different support matgiia&j.

There are different materials available for immobilization, but every material is not suitable. A
suitable carrier should be nooxic for both microbial cells anthé environment, insoluble, stable,
inexpensive, easily accessible, and suitable for regeneration. Carriers are mostly classified as
organic and inorganic. Organic carriers can be also divided into natural and synthetic polymers
[149]. The choice of suppbmaterials is a determining factor in removal efficiency and could
enhance the degradative activity and promote the persistence of external [a&60lil&ome

support materials for use in biodegradation compounds are given &4£ig.

Zeolite
Support

materials

— | Brick

[ Biochar ] Organic Inorganic

[ Baggage ] !
C b Natural Synthetic
orn cobs [ Polyurethane]
[ Alginate ] Polyvinyl J
[ Sawdust ]

[ Wood shaving]

Fig. 2.4. Classification of support materials as carriers for biodegradation

Podorozhkoet al. (2008) demonstrated that sawdust is a suitable carrier for the efficient
immobilization of Rhodococcusuber as acold-adaptedand hydrocarbowxidizing bacterium.
Their result showed that hightyydrophobizedsawdust was able to accumulate ovevo7éf n

hexadecane from water medium due to physical adsorption of the carrier, while the same values

42



for other carriers varied from 10% to 30% depending on the hydrophobicity degree of material
[151].

Synthetic organic carriers include polyvinyl, polypropylene, polystyrene, chloride, polyurethane
foam, polyvinyl alcoholand polyacrylonitrile This class of carriers can be easily formed into
various shapes and sizes. Krallish et al. (2006) showedhthathilization on aolid carrier with

2-4 mm in diameter improved phenol degradation by psychrophilic yeast strakidbtorula
creatinivora and Cryptococcusterreus Phenol degradation by yeast strains attached to solid
carriers of zeolite or filter sal was tested at ¥D. The results showed phenol degradation by
immobilized yeast strains was always higher on zeolite compared with filtefl&jd

To date, most of the studies for immobilization on bioremediation have generally focused on the
perfaomanceof immobilized bacteria at moderate temperatures. Dzionek et al. (2016) reviewed
the information of recent research on immobilization and found the potential to utilize immobilized
single species or consortium of bacteria as a technology to clgsatrofeumcontaminated sites.
Furthermore, Bayat et al. (2015) focused on the immobilization of microbial cells for the
biodegradation of petroleum hydrocarbons in their review. In the-mimnew, degradation of oil
pollution with immobilized cells wasompared tdree-living bacterial cells. It was shown that
immobilized microbial cells have better and faster perform§ive].

Onthe other hand, the immobilization method affects other factors involved in bioremediation.
For example, Hazaimeh et a20(L4) reported that immobilization can significantly increase the
production of biosurfactants by @nsortiumof bacteria which increased the solubility and

bioavailability of pollutant hydrophobic hydrocarbdi$3].

2.8 Future perspective and conclusin

Recently, several studies have shown that the coldest regions of the earth are heavily exposed to
oil-based contaminanfg8]. Petroleurmoil products are carcinogenic, mutagenic, potent immune
toxicants, and detrimental to the ecosys{@m In the last few years, oil pollution has created
serious environmental problems and alarming threats in northern Russia, Canada, Alaska, and the
Qinghai Tibet Platea{i’8]. Therefore, it is of the utmost importance to implement appropriate
cleanup stategies in these lotfemperature environments.

p-xylene is a volatile solvent, it can enter surface water, soil, or air in large amounts as a result of

an accidental spill during storage and burial at waste sites. Sixdene evaporates easily, it is
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rarely found in high concentrations in surface water or topsoil, but anyeme that does not
evaporate from topsoil can travel downward and enter ground\@teihere are physical,
chemical, thermal, and biological techniques available for removimmgl@em hydrocarbon].

Physical methods include soil excavation, soil washing, vitrification, and air spd&fihg
Techniques such as solvent extraction, chemical oxidation and reduction, stabilization, and
electrochemical process are chemicalhods[135]. The thermal technique implements steam
injection, temperature elevating, and conductive heating. The biological method includes
biostimulation, bioaugmentation, and using biosurfactants and enzj@B8gsAll of these
techniques possess seiimitations and barriers to proper implementation. The cost and feasibility

of the techniques, the nature of the contaminants, and the release of intermediate products after
remediation should be considered when selecting a remediation method.-temosvature
regions, petroleum hydrocarbons remain in the soil longer than they do in warmer {égjons

Low bioavailability and harsh climatic conditions contribute to the prolonged stay of oil
hydrocarbons in polar soil$38]. In cold regions, it isonvenient to implement a biologielaased
remediation process during the warm season. Among the available treatment methods, one
decontaminating technique that is effective at low temperatures is bioremediation which utilizes
psychrophiles in oipollutedsites.

In cold regions, it is convenient to implement a biologlzaded remediation process during the
warm season. Among the available treatment methods, one decontaminating technique that is
effective in low temperatures is bioremediation which wdgizoldactive bacteria in oipolluted

sites. Bioremediation is an efaendly way to accelerate natural degradation rates by optimizing
limiting factors[35]. Unfortunately, microbial activities are usually hindered at low temperatures,
which slow thebioremediation proceq4454]. The rate of degradation retards as the temperature
decreasefb3].

Several bioremediation strategies for enhancing microbial activity during the degradation of oll
contaminated soil at low temperatures have been emplélmdever, studies on these methods
such as thaiseof biosurfactantscold-adaptedenzymes, and immobilization methods are still
limited.

Using enzymes as an advanced biological method rather than -edlolelegrading
microorganisms has recently received increasing attention since the enzymatic method can

specifically catalyze series ofeactions for pollutant removal without nutrient factd40]. One
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of the main advantages tife enzymatic method is a shorter treatment period than the microbial
process because the enzymes transform the substrate in a minute timescale. Moreover, enzymes
demonstrate higtspecificity for their substrateThus, the enzymatic treatment agent can be
designated for specific pollutant remoyadt1]. But, adequate information regarding this field is

still underdeveloped compared to studies of bioremediation in tropical and temperate fdgsons.

study will help identify limitations in our current umdstanding of using enzymes as a

biotechnological process that prevent them from being incorporated into applications.
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CHAPTER THREE: METABOLIC and CO-METABOLIC BIODEGRADATION of p-
XYLENE
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Abstract

The cemetabolic biodegradation ofxylene (as a nogrowth substrate model) B3seudomonas
putida(well-known aromatic compounds degrading microorganism) irptesence of Benzene
(B), Toluene (T), and Ethylbenzene (E) was studied. Micha&tisten/Monod kinetics coupled
with cometabolic degradation expression can be applied for systems containing one growth and
one nongrowth substratethus,the GMDH Group Médiod of Data Handling (GMDH) was
proposed in this study predict the canetabolic transformation of negrowth substrates in the
presence of more than one growth substratbus, the GMDH Group Method of Data Handling
(GMDH) was proposed for the firgtrie to quantify pxylene degradation (with < 10 % deviation)
for the cemetabolic system. GMDH could predict the biomass @rglene concentration
changes in the emetabolic system without the need for kinetic and interaction parameter
determination, wie the determination of these parameters is needed for Michaelis
Menten/Monod model. Furthermore, mass balance and enzyme study confirmedntbigloolic
biodegradation of xylene in the presence of growshibstrates. This study proved the potential
useof the GMDH model for the prediction of -goetabolic degradation; however, further study is

needed for other negrowth contaminants to generalize this model.

Keywords: co-metabolism, biodegradatioRseudomonas putidejodelling, GMDH.
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Nomenclature

Maximum specific growth rate of substrate {h
Inhibition constant (mg/L)

Half saturation constant for growth substrate (mg/L)
Interaction parameter for the effectsafbstrate j on substrate i

Biomass yield (mg cells/mg growth substrate)

Growth substrate transformation yield

(mg of cemetabolic substrate/mg of growth substrate)
Inhibition constant (mg/L)

Half saturatiorconstant for nosgrowth substrate (mg/L)
Biomass capacity

Maximum specific rate of ecmetabolic substrate degradation
(mg cells)t d?

Apparent diffusion coefficient (cffs)

Firstorder endogenous decagefficient (s
Partial vapor pressure (bar)
Saturate vapor pressure (bar)

Activity coefficient
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3.1.1.Introduction

p-xyleneis one of the toxic and volatile organic compounds in petroleum products and is mainly
used as a solvent ftre manufacturing of chemicalsxylene is frequently found in groundwater

and soil due to leaks, leaching from landfills, and improper waste disposal. Research so far has
focused on the BTEX (benzene, toluene, ethylbenzene, xylene isomers) biodegradatewer,
especially fop-xylene compared to other compounds, the lower degradation rate for xylene
isomers has been reported as a rg2lil{155]. Several studies showed low or no degradation of
p-xylene in BTEXdegrading strains, suéseudomonaB1 and X1[156], Pseudomonas stutzeri

OX1 [157], Pseudomonasp. BTEX-30 [158], Pseudomonas putidaQ8 [159]. However,
literature that studied the substrate interaction during aerobic biodegradation of BTEX compounds
in saturated hydrodynamic groundwater system reported a lower concentratiagleng near

the source of BTEX contaminant plume whereas the highecentration was detected farther
downgradient of the source. This observed beneficial effect of BTEX compoundsybenp
biodegradation was also detectable in batch systems and was attributed to cometabaolism of p
xylene while growing on BTE compounfk60].

Co-metabolism has recently emerged as a powerful method for the biodegradation of compounds
where microorganisms cannot grow on them as a sole carbon $d6i¢e[162] During the

growth phase in the emetabolic system., the microorganisroensume growth associated
substrates and produce enzymes that can fortuitously transform tggaveth substrate. Some
studies reported emetabolism of pxylene in presence of other BTE compounds. For example,
Chang et al. reported the-atetabolic degmration pattern for xylene in presence of toluene by
Pseudomonasstrain B1. Attaway & Schmidt showed th&seudomonasstrain BTElco
metabolized gxylene in presence of toluene as growth subsfi&2].

To understand the behavior of-owetabolic degraden and the fate of negrowth substrates in

the environment, inhibition and substrates interaction studies are important. To evaluate the
relationship between xylene degradation rate and the biomass concentration on growth substrates,
mathematic models & studied using different kinetic models such as thme&tabolic process

based mode[163]. For instance, Chaet.alproposed a model to describe the kinetic of co
metabolism in the biodegradation okplene in the presence of toluene (TX) or benz@).

They mentioned that this model should be applied with care due to the complex enzymatic

interactions. However, some literature applied Michadienten/Monod kinetics coupled with
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co-metabolic degradation expression to predict the concentratiomydépe in presence of more

than one growth substrate that might not be theoretically ctigg}, [164]

Nowadays, artificial intelligence approaches have been utilized for modeling biological processes,
as these models can be generated more accurate outcomes fosunggdte utilization than
unstructured growth kinetic models. For example, the Group Math®ata Handling (GMDH)

neural network is a samodel of artificial neural network which has been used for the design and
optimization of other bioprocesses such as thebtddh biodegradation. This method can be
applied to estimate growth substratdizdition and cemetabolic substrate transformatifr65].

By replacing Monod kinetics, Tsipd.alstudied the application of a novel experimemigideling

gene regulatory networirowth kinetic (GRNGK) hybrid framework and showed thhe GRN

GK modelpredicted the biomass yield extremely close to the experimentally observed yield while
the traditional models failed to predict the biomass yield accurfdies}.

Horvathet.alreported the importance of enzyme study, substrate disappearance, andammumu

of end products (transformed ngrmowth substrate) for interpretation of -pwetabolic
experimental resultfl67]. For example, analogue enrichment might fail to stimulaxglene
degradation or neanalogue enrichment might increase the degradati pollutant§168]. Other
studies also reported increased endogenous respiration of the test organism in the presence of
certain hydrocarbons without being oxidiZ&87]. Such observations indicate thatroetabolism
requires considerable cdt67]. Herein, this study provided cleant evidence on intermediates,
carbon mass balance, and involved enzymes in tineatabolic system to explain the main reason

for the observed deviations obtained using the GMDH network from experimental valties.
research paper, the inhibition modified SKIP model as well as Group Method of Data Handling
(GMDH) were used to predict the-ooetabolic transformation ofgylene (as a resistant pollutant

for biodegradation). As reported in the literature, appbecadf MichaelisMenten/Monod kinetics
coupled with cemetabolic degradation expression to predict the concentratiorxgliepe in
presence of more than one growth substrate might be theoretically in¢b&@cthus, GMDH
models were applied fdhe first time for cemetabolic transformation quantification of mixed
substrate systems (i.e., BTEX, BTE,). Moreover, the deviation of predicted results from
experimental values was explained by the carbon mass balance study. The activity of involved
enzymes and the accumulation of intermediates were evaluated to explamretabolism

phenomena in detail.
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3.1.2.Material s & Methods

Chemicals

Tryptic soy broth TSB), dibasic potassium hydrogen phosphatéHfRQs), glucose, and agar were
purchased from Figr Scientific (Ontario, Canada). Benzene, toluene, ethylbenpendene

(99.9%), methanol (chromatographic grade) and the standard substancemimwbesed from
SigmaAldrich (Mississauga, Ontario, Canada). All chemicals were obtained in analytical grad

as commercially available and without further

Milli -Q/Milli -RO was used for HPLC grade water preparation.

Biodegradation and Kinetic experiments

Minimal Salt Media (MSM) was prepared Hissolving 1.8 g/L KHPQ, 4.0 g/L NH, Cl, 0.2 g/L
MgSQy.7H:0, 0.1 g/L NaCl, 0.01 g/L FeSO7H:O in distilled watef169]. Kinetic degradation

of total concentrations (50 and 200 ppm)pefylene, toluene, and benzene, ethylbenzene were
studied in 25nL of MSM in a 150 mL serum bottle sealed with Teflon rubber septa. In total, 8
batch degradation tests were done for kinetic experiments: 4 single component batch
biodegradation for each of toluene, benzene, ethylbenzene-aidne, 3 dual substrate batch
degradation of benzene anéylene, toluene and-pylene and ethylbenzene aneylene, one

batch degradation with all BTEX components present. Other literature reported incomplete BTEX
biodegradation at high initial concentration due to oxygen depligtitthre culture media; thus, the
headspace required to supply for growth of bacteria has been calculated (Supplementary material
Appendix 1, S.1). The mixture was then incubated at 30°C on a rotary shaker at 150 rpm. These
conditionswere selected based @ptimum growth anderobic BTEXbiodegradation using.
putida[26], [159], [170], [171] The compounds for each experimental run were added in amounts

to obtain an approximate total of 50 and 200 mg/L in the liquid phase.

After the growth in a batcheactor in MSM containing 50 ppm of growth substrates and after
around 20, 40 and 60 h that growth substrates (toluene, benzene and ethylbenzene) were degraded,
the reactor was stopped. Then, the suspended cultures were transferred to the tubes,entrifuge
and washed with mineral medium and centrifuged again. The resting cell transformation
experiments were performed at a constant cell concentration of 1500 ppm for the-xytehe
concentration (50 and 200 pprip model the process of-gnetabolic tansformation op-xylene,

it is necessary to perform three series of experiments: 1) the stuggneéne, toluene, and
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ethylbenzenalegradation by the tested strain to obtain the valugs of (maximum specific
growth rate of growth substrate i(h')) , 0 (inhibiton constant (mg/L)

LU EAO MO O OMIOED &G O O OIOE O Ay  (biomass yield (mg cells/mg
growth substratg)and O (interaction parameter for théfect of substrate j on substraje 2) the
study of p-xylene cemetabolic transformation in the presence lmnzene, toluene, and
ethylbenzene to determine the value"¥f ( Growth substrate transformation yield (mg of

cometabolic substrate/mg of gvth substratg) 3) the study ofp-xylene transformation by
substraténducedP. putidain the resting phase to determine the valuas dfnhibition constant

(mg/L)), v (half saturation constant for na@gmowth substrate (mg/),)b (firstorder endogenous

decay coefficient (¥), “Y (biomass capacijyandt (maximum specific rate of emetabolic
substrate degradation (mg cefig)?) [164]. As BTEXs are considered highly volatile compounds;

only about 5660 % of the initial conentration can be detected in the liquid phase. Thus, the
needed concentration in the system was measured and added to obtain the remaining 50 and 200
ppm of contaminants in the liquid phase.

Analytical methods

Static headspace gas chromatography was used to measure BTEX concentrations directly in the
gas phase, and | iquid phase c¢onc dSupgplenmentarrons we
material Appendix 1, S.172]. Changet al reported thatransferring inoculum to the bottle

leaving at least 150 ml of headspace, shaken on a rotary shaker at more than 100 rpm resulted in a
higher rate of mass transfer of BTEX between the gas and aqueous phases than the maximum
biodegradationate ensuring rapid equilibrium with the liquid ph&$B6]. Thus, mass transfer
phenomena cannot slow down the kinetics of biodegradation under these conditions and aqueous
concentration can be measured indirectly by the determination gbhgae concerations.
However, liquid phase concentration of compounds in different systems were directly measured
usinggas chromatography coupled with a headspace sampler.

Samples (50 pL) were collected from sealed botiiag a gasight sampling syringelirectly

into the 40 mL headspace bottle containing 5 mL of ultrapure water, 10 pL of fluorobddzene

(100 mg/L diluted in methanol) as internal standard and it was then sealed immediately. The
concentration op-xylene was analyzed based on EPA 8021B methoceammdcted by a Perkin

Elmer Turbomatrix H$10 trap automatic headspace sampler. Thepbase of samples were
guantitatively analyzed using 7890A Gas Chromatograph-ID®BL. column 30mx0.28m
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i.d.T0.250m ylm thickness). CabH#5u@rand 800d°C,det ec

respectively. The bacterial growth was monitored by measuring the OD (optical density) at
600nm with a spectrophotometer. To correlate OD600 values with cell dry weight (DCM), the
slope of the plot of OD600 versus DCM was appliEtk initial cell concentration was considered
around 2 for the inoculation of samples. The OD value was then converted to dry cell mass (DCM)
using the equation: DCM (mg/L) = 303.9 x OD600.

Quantification of p-xylene cemetabolic transformation in the presence of one growth
substrate

The growth phase (single and dual substrate systems)

For batch degradation, biomass growth can be described §%)ED63], which can describe

biomass growth due to a single or dual growth associated substrates.

- —=A ®

The consumption of growth associated substrates in a batch degradation present alone, in a mixture

and cemetabolic systems during the growth phase can be described using [E§3[2)

{7+ 2)

Transformation of Eq.1 describing the kinetics of microbial growth into the equation representing
the rate of substrate biodegradation (Eq. (2)) requires a knowledge of the biomass yield coefficient,

@ .Thevalueotd ,the biomass yield coefficient, was determined for each growth substrate

by monitoring the changes in the concentration of substrates and biomass over time for different
initial concentrations. The integral average of the experimentally determined bigrekss
coefficients was applied as discussed elsewligi&.

There are several models to describe the specific growth rate for use in Egs. (1) and (2). Monod
and Andrew models are the most common ones used for the biodegradation of a single growth

substate shown as follow{d.63].

t =— 3
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Ut =—— (4)

wheree maxis the maximum specific growth rate™fh) is the saturation coefficient (mg/L),

0 inhibition coefficient (mg/L) an&gis the substrate concentration (mg/L). Due to the
possibility of substrate inhibition especially in the case of ethylbenzene, a modified Monod model,
the Andrew model, shown as Eq. [4$3] could provide a better fib experimental data obtained

from single substrate experiments. Initial estimation of the value of each kinetic parameter (
0 ,and0 was determined through pure culture experiments by fitting the Andrew and Monod

models to single subsiie experimental data using Swarm Optimization (PSO) global search
method (Supplementary material Appendix 1, S.3). These parameters can be applied for co
metabolic transformation in the presence of toluene, benzene or ethylbenzene provided that total
coneentration is the same for a single or double syskégi Al shows the schematic diagram of

the proposed protocol for the calibration of the models. Following single substrate biodegradation
experiments, bcomponent mixtures were examined to charactegmewth substrate and
nongrowth substrate interactions in thengetabolic systems. Different models have been applied
such as sum kinetics with interaction parameters (SKIP model), to describe the specific growth

rate during the degradation of multiplegrdacting substrates as given by Eq[{53]

A

A = (5)

Where'Y (mg/L), andOare the concentrations of ngnowth substrate and interaction parameter,
respectivelyThis model accounts for substrate interactions without directly specifying the type of
interaction. The parameters for the SKIP model can be estimated by fitting Edo (5
experimentally obtained specific growth rates
have any i mpact on the degr adaQforthelatterfsubstratd st r at
is simply set to zero. The interaction paramdess than zero also demonstrates that the
degradation of the substrate Al 0 Iis enhanced
Finally, cometabolic substrate transformation due to the degradation of growth substrate can be

expressed as follojl63]

Z-—=(Y (z-—)+0 ) (—— (6)
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Where"Y is defined as the growth substrate transformation yield (mg-ofetabolic substrate/
mg of growth substrates), is the maximum specific rate of-¢netabolic substrate degradation
(mg substrate (mg celt$)d?), 0 is the halfsaturation constarfor the cemetabolic substrate
(mg LY, "Y is the liquid substrate concentration (mg/K)is the active microbial concentration

(mg/L), and®y s the yield coefficient (mg cells/ mg growth substrate). In this model, the rate

of cometabolic trasformation is proportional to the concentration of the-gimwth substrate

(e.g.,——), the halfsaturation constant() and the rate of growtbubstrates oxidation.

For the case of emetabolism, Chang et.al (1993) introduced an esmasthat incorporated

reducing energy consideration into a modification of the saturation kinetic fi&@#las given

in Eq.(6) (Y (z-—)).

The value of"Y depends on the initial ratio of growth substrates archetbolic concentration
that can be determined by drawing a graph of changes in thgrosth substrate versus the
concentration of growth substrates in one single culture. The slope of the tsiragh
approximating the experimental data determines the valuéy of The comprehensive €o

metabolic model includes substrate toxicity and other inhibition terms for the growth substrate rate
(—), as stated in Eq. (6However, the combinatio of SKIP and canetabolic models for a

mixture system of more than two components are not theoretically correct. Moreover, the
confidential interval of fitting parameters was determined using the partial derivatives using an

Excel solver.

The resting cellphase

For quantifying cemetabolism, theg-xylene transformation should be studied to determing
0 and0 in the presence of growssubstrate induced cells (e.g= ™) [164]. The equations

describing the experimental profiles of changes in biomass concentration and the specific

transformation rate gi-xylene by resting cells d¢?. putidatake the form of Egs. (7) and [@64]:

YO

an
~ T —_— 7
w Qo o y J( 7)

-—=1—1ib (8)
Where b is the firstorder endogenous decay coefficient*fsand Y * is true biomass

transformation capacitydaoet.al (2002) reported that negrowth substrates might act as a-self
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inhibitor and the Andrew model was applied to describe the specific transformation rate by resting

cells of Acinetobactersp [156], [174] (Eq.7). In Eg. (8), the first and second expressions

incorporated terms for the loss of microbial biomass causetetabolism+{—) and autoxidation

(b, endogenous decay), respectively. In the absence of the growth substrate, the true biomass
transformation capacityy °, is defined as the mass okplene that would be transformed by the

unit mass of pure culture when b Hi@this study, the value b= 0 was assumed in the calculations
that is consistent with other literat i&’5]. Thus,T°was the only parameter determinedittyng

the experimental profiles of changes inylene and biomass concentration (the slope of the
straight line) Then K¢Kscand Kc were determined by solvirtge system of Egs. (7) and (8).

Quantification of p-xylene cemetabolic transformation in the presence of more than one
growth substrate

Some literature applied previously mentioned kinetic models (i.e., a combination of SKIR and co
metabolic models) for BTEX components; however, these models are theoretically proposed for
dual substrate experiments containingypene and one growth subste[163]. In this study, the
GMDH model was used to evaluate the relation between the input variables (i.e., initial
concentration of growth/nongrowth substrates) and output variable (-kglene concentration
during the time) in the presence of lhgrowth substrates and growghbstratenduced cells in

the resting phadda 74].

GMDH -based Neural Network model

The GMDH Shell (GMDH Shell DS 3.8.1) software was used for forecattegelation between
p-xyleneconcentratiorand bioma®ver the timausing Group Method of Data Handling (GMDH)
algorithm. GMDH Shell also uses the learning algorithm of GMDH, which is based on the
knowledge discovery approach of lvakhnefiko6]. GMDH Shell is used as a tool for reabrid
data sets and targets diffetetopics like knowledge discovery, predictive analytics, and
forecasting software of time series, classification, regression,ndatag tools, and prediction
[177]. The GMDH algorithm that included a set of data with several inputs and one outpaigb
complex systems wafsrst used by Ivakhnenk{l78], [179] The GMDH network applied a
seconddegree transfer function to construct a function in a-feedard network. The effective
input variables and the optimal model structure as well asuiméer of neurons within the hidden
layers are automatically determined in the GMDH algorifh80]. A nonlinear function called

the Volterra series, in the form &f. (9)[178], [179] is used through a GMDH neural network
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to map between thiaput andoutput variables. The Volterra series as atadable secondegree
polynomial is analyzed using Equation Egs. (9) and [1€95].
Ww=0+B Gw B B &Gww B B B & oww E 9
"Owho ® OO OO OO OO+0ow (10)
The purpose of the GMDH algorithm isdeterminghe & 6(unknown coefficient in the Volterra
series. Thed coeficients are fund for each pair@fandw input variables usingegression181].
On this basis, the error function was obtained as follow taking into consideration the principle of

leastsquares errdr.78]:

B o O
o & (11)
€
G Q6 o i 18 o Foo8 i (12)

The geneticalgorithm, one of the mostommon evolutionary algorithms, is used to solve

optimization problems that are based on natural selection. The new method, i.e.-S&UDaH

Network method is used here to develop an accurate modshfatating pxylene degradsn

by using different substrates of toluene, benzene, ethylbefiz®82p One reason for using the

GMDH model is its ability to minimize the number of model neuronsfiarttithe smallest model

possible with the least complexity. Akaike's InformatioiteZion (AIC)[180]is used in this study

to compare the results. AIC isfished as follows:

000 e QYO ¢0 p O (13)
wheren is the number of test or train samplésjs the number omodel neuronsC is a

constant, and the Me&uquared Error (MSE} ddined as follows:

B w; Wh
e h R (14)

80 % of the experimental data was applied for training (n: the number of train samp@sand

20 % of data was applied for validatiofhe flowchart d the GMDHbased Neural Network
method for the biomass concentration ardyjene concentration is presented in Q. This
model can predict the value ofxglene and biomass concentration that can be calculated by
considering three effectivearameters including time—{n hr), the initial total concentration of
substrates and-ypylene @ in ppm), anda valuein both growth substrates and grovetbstrate

induced cells (FigA2). The following fitting parameters were developed in thisysart used in
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the GMDH model in order to predict the experimental data by using the obtained correlation, as
given in Eq. (15):

Bh
a

Q "YE o ORBECRE GFR@ & O'QE & QE (15)
Where0 is the initial concentration of substrates @d is the total initial concentration of all
substrates in the samples. Furthermore, the value of the proposed parametan pe calculated
by using the following Eq. (16)

00 & (16)

h A@D-—m
UVUO

Where0 0 0is the molecular weight of substrate, which is equal to 92.14, 78.11, 106.17 g/mol
for toluene, benzene, and ethylbenzene @and ¢ is chain structure molecular weight in the
aforementioned components which is equal to 15.0, 0.0, and 29.0 g/maotdiccto Eq. (16) for

nontchained substrate, the valuefofis 1.0 and with the increase in chain molecular weight, the
value of this parameter approaches z@re (.83 and 0.70for toluene and ethylbenzendjese

fitting parameters might change fdifferent test conditions or other types of growth substrates.
Following developing the fitting parameters, sensitivity analysis should be done to indicate how
different values of these parameters affect the output result. The following Eqs (17) asttb{L8)

the sensitivity of concentration obtained by considering + 30% in two different initial

concentrations gb-xylene[183].

Q
I«
Qo
=23
Q
T«
Qo
f=x3

Sen (%)= (17)

Sen (%) =

= B (18)

For cometabolic degradation during the growth phase, the sensitivity of biomapscgiethe
concentrations va, degradation time, and the total concentration of substrates were diydied
considering the changes in the value of the aforementioned g@ranfromt2 to+30 %.

Carbon mass balance study

As mentioned previously, the growth of biomass was monitored by measuring the substrate
consumption using static headspace gas chromatography and carbon dioxide production.
recovered &CO; and the carborecovered as biomass was determined after substrate exhaustion

and the values were corrected using control flasks incubated with no carbon[$8difcéhe pH

measurements for liquid media were made at the end of incubation for adjustment of th& water/a
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partition of carbon dioxide. Finally, the biomass was collected usingpOmporediameter
filtration, placed in the oven, and the dry content was determined. The carbon recovered as biomass
was calculated by assuming that 26 g of dry weight contpim®aimately 1 mol of carboji85].

Carbon mass balance tests were conducted in triplicate for both cultures and controls.

Identification of intermediates

The bacteria with an optical density (OD600) value of 2.0 were grown in a 150 ml serum bottle
contained 25 ml media as mentioned above. To accumulate the poszidme degradation
intermediates, the cultures were incubated without/with shaking at 30°C. The time course for the
formation of intermediates varied in different samples, hence thplisgnwas carried out at
different time intervals. Intermediates formed during the metabolism anwetabolism
degradation were analyzed using two types of gas chromatography/mass spectromité&r; GC
with a capillary column, G@BAS with headspace sampldor possible volatile intermediates, as
mentioned above). For the nwenplatile intermediates, the results were obtained fromNEEC
equipped with a ClVax 57 CB column (251x0.25mmx0.20um, Agilent Technologies,
Netherlands). The temperature of the GC owas programmed from o) (held 1 min) to 20

at 5C/min (held 10 min). The injector temperature was set atClemd the MS interface
temperaturewassetatfﬁ(hnd2853 for the ionization source. A
with a GC/MS by matchigpthe retention times and ion spectra with authentic standards and NIST

library data.

Enzymes determination

Bacterial cells were harvested by centrifugation at 5000 x g, washed twice with 20 mM phosphate
buffer (pH 7.0), and rsuspended in the same buff@he cells were disrupted using two
frequencies of ultrasounds (22 kHz and 30 kHz) for 6 min. The cellular lysates were centrifuged
at 13,000 x g for 20 min, and the supernatant was used for enzyme assays. Possible involved

enzymes were analyzed as déssa below.

-Initial oxidative enzymes

P. putidauses xylene monooxygenase or dioxygenase to initiate degradatietylehe via two
pathways, théodor thetol pathways:

Xylene monooxygenase (XMO) activity was determined by a colorimetric assay slightly modified

from Arenghi[186]. NADPH (ynal concentr apxylene jn N¥. 5 mM)
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dimethylformamide (4% vol/vol) were added to the cellular lysates.-Air8intervals after
incubation at 30°C,-inl samples were collected and mixed with 100 pl of 1 M\@H and 100

pl of 2% 4-aminoantipyrine. After the addition of 100 pl of 8%H€ (CN}, the samples were
briepy centrifuged (14, OsOpbrnatant way meaduredc Rhenblic e
compound concentrations were calculated by reference to a standard curnadsolpin the
range of 850 pug/mL). Specific activities were reported as micromoles of compounds produced
per minute per milligram of cell ptein. Total cell protein concentration was determined by the
Bradford method187].

Xylene dioxygenase activity was spectrophotometrically assayed by the formation ofii&@po

The enzyme reaction was initiated by the addition of 5 pl of indole mM in N, N

dimethlylformamide to the cellular lysates. The absorbance of the mixture at 400 nm was measured

against a blank containing al/l i ngredients
increase in indigo absorbance as a function oé tihat normalized to the protein content of the
sample.

-Ring cleavage enzymes

Catechol 1, lioxygenase (C1,2D), Catechol Zjbxygenase (C2,3D) are key ring cleavage
enzymes for degradation By putida The reaction mixture (3.0 mL) contained 2.0 mlogbhate
buffer, 0.6 mL 1 mM catechol, 0.2 mL deionized water and 0.2 mL cellular lysates. The reaction
was kept at 30 °C and the ssamples were taken every 2 minutes. Catechedlibjd/genase and
catechol 2,3lioxygenase activities were determined by sueimg the production of muconic acid

at 260 nm and -Bydroxymuconic semialdehyde at 375 nm, respectively. One unit of enzyme
activity was defined as the amount of enzyme that formed 1 pmol of cimyui®nic acid, and-2

hydroxymuconic semialdehyde pemute [175].

Statistical Analyses

Statistical analysis related to the analyzed parameters, such as stedgrthe pvalue of all the
data sets were performed in ORIGIN software (version 8.5; Origin [1&8). All experiments
wereperformed in triplicates per experiment. Data are presented ast$dan

3.1.3.Results and discussion

Microbial growth kinetic models

Single Substrate Test
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Single substrate experiments were carried out ataime snitial biomass concentration equal to

¢ o T "Q0) for the initial concentration of benzene, toluene and ethylbenzene eqé#l tog/L

(6 =50 ppm) to investigate the biodegradation rates and kinetic paramietdos.Michaelis
Menten/Monod knetics, the initial concentration of contaminants has been selected below 100
ppm for each substrate in a single solution or 100 ppm of total concentration; otherwise we needed
to consider the substrate inhibition and which means more kinetic paranaetedsta the model.

Other literature also did not study initial concentrations more than 100 ppm for modeling the
kinetic of degradation. Our experiments also showed that at higher initial concentrations
(>100ppm), the kinetic parameters determined from single component degradation processes
cannot be used in a specific growth rate model in which more than one growth substrate is present.
In other words, the kinetic parameters for a single substrate experiment are the same for a dual
mixture with the same total initial concentration experiment as long as the initial concentration is
not more than about 100 ppm. The proposed equations abfam@MDH-model for resting cell

phase applied to two initial concentrations of 50 and 20@ (pxylene solubility at ambient
temperature = 198 ppm) but for the-m@tabolic system, total mixture concentrations of 20, 30,

40, 50,75 and 100 ppm were stedliDue to the presence of a lag period during single substrate
experiments and the toxic nature of BTEX, microbial-@daption was applied to enhance the
activity of the tested strain and overcome substrate inhibition. The celslapted to 5200 ppm

of benzene, toluene and ethylbenzene were applied to study the performance of the kinetic models.
Low concentration of toluene and benzene-§B0mg/L) required only one padaptation while

for concentrations of 10000 mg/L three consecutive stepwise-pdaptations were applied to
obtain fast degradation of growth substrate at high concentrations. To facilitate the PSO search for
the global optimum, a reasonable choice of initial ranges of kinetic parameters anespaasch
boundaries were determinedded on the real microbiological meaning reported in the literature
[163]. Fig. 3.1.1 shows the experimental profiles of changes in single substrate and biomass
concentrations as well as the solution to the substrate degradation and biomass growiisequati
using the estimated kinetic parameters. According to the obtained results, in the experiment of a

single growth substrate, toluene was degraded fastest, followed by benzene and ethylbenzene.
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Substrate Concentration (ppm)

Fig. 3.1.1. (a) Toluene and biomass concentrations; (b) Benzene and biomass and; (c) Ethylbenzene and biomass concentrations, in thewsphase for a single
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Table3.1.1 shows a summary of the Monod and Aewd kinetic parameter estimates for single
substrate biodegradation experiments. The results for substrate inhibition showed a high level of
inhibition for ethylbenzene by inducing a lag period; thus, Andrew model fitted ethylbenzene
degradation over timg90]. The inability of the Monod and Andrew models to accurately predict

the biomass concentration for the results observed from benzene and ethylbenzene degradation
results (Fig3.1.1) were reported by others in the literat[ir&3]. Moreover, the yield coefficients,

@ , for toluene, benzene and ethylbenzene were determined by following the changes in the

concentration of biomass and substrate over time shown in 3addle

Resting cell phase

In order to apply the emetabolsm model to predict-gylene transformation) , 0 andv
should be determined. For this purpose, theglpne cemetabolically utilization (Eq. (7)) term
analogous to enzyme kinetics is required to determine the kinetigydépe transformigon. First

of all, the maximum specific-pylene transformation rate was determined by extrapolating the
linear line (the specific initial reformation rate the initial cell concentration, not shown). Then,
Eq. (7) was simplified as

- . (19)

Thus, plotting the inverse of the initiakqylene transformation rate versus initialxglene
concentration yields a straight line with a slope of 2 1 h/(ppm pxyleney for toluene
assimilated cells. Table8.1.1. shows the obtained parameters forheagstem.After having
determined the kinetic parameters, biomass transformation capégityas determined by fitting
the experimental profiles of changes in biomass arglgne concentrations with those obtained
as a result of solving the coupleguations fomp-xylene cemetabolically transformation and the
overall growth rates during the resting phase (Bi@.2) [163]. As mentioned previously, the
biomass transformation capacily,, reflects the amount of available reducing power tuisl
parameter depends on the growth history of cell culture. As can be seen in3Tlabletoluene
assimilating cell exhibits higher transformation rate-ai/fene Kc= 0.0016 mg fxylene/mg cell
h). The information about the emetabolic transformain either by precultured cell or in the

presence of growth substrate would be necessary to study the kinetikgleng® degradation.
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Table 3.1.1 Kinetic and interactive parameters estimated in this work by PSO method for complex processes involving multiple substrabgsP. putida and prediction of
the kinetic equation parameters describing the gxylenetransformation by resting cells using the least square method.

% =50 mg/L
The growth phase (Growth substrates) Resting cell phase (negrowth substrate)
Compound € max(h)  Ks(mg/L) Ki Yus(mg/mg) Yys- R? Resting cell Kc Kse  Kic TP dgé)(:ilc;)e;?eon R?
Toluene 023 mra 191 1.1 - 2507 0981  roluene aszgﬂ"aﬂng estint 50016 201 57 81 T 4.3 T 0.986
Benzene  0.16 1@ty 47.5 2.5 - 21 @ 0.982  bBenzene asf;?"aﬁng "esin 00027 254 63 72 pd 1.4 T  0.97
Ethylbenzene 0.08 T8tp 53 M9 2.4 1@ 0.9 0.2 0.919 Ethy'bergéfiﬂg iiﬁim"a“”g 0.00022 317 42 54 pp 10 m 0971

For a single substrate test, kinetic parameters (specific growth rate asdtheadttion constants) are similar in this study to other reports; yet the ratglehp cemetabolized in

the presence of toluene assimilating resting cell (Kc) was sligigher in the current study. It can be contribute to the difference in type of bacterial population between studies
[163], [164], [179]

67



Co-Metabolic Systems

After quantifying the kinetic parameters for growth substrates utilization during the rapid growth
rate and pxylene cemetabolically transformation in the resting cell phasapetabolism models

were studied to describe the degradatiop-gflenes for he constant initial concentration equal

to D50 mg/l in the presence of growth substrate. To test ttmhbiponent systems containing p
xylene, experiments were carried out at the same initial biomass concentration equal to ~30 mg/L
and the total initiatoncentration was 50 mg/L for components, The specific growth rate models
that account for the unspecific type of interactions among dual substrates were determined and
substituted into biomass growth and substrate uptake rate equations.

For thebinary mixture, Fig3.1.3 shows the effect of-gylene on growth substrate degradation.

The most accurate fit was obtained using interaction parametersx(irdx, k, Ix, ) equal to 1.9,

1.4 and 1.3, respectively. These parameters revealeg-#ydne has an inhibitory effect on
growth substrates degradation. Kinetic results will be evaluated in the enzyme study section.
Comparison of Fig.31.2) and 8.1.3) also can show a slight decrease in toluene, benzene and
ethylbenzene degradation (¥&)g., from 80, 56 and 36 to 72, 48 and 35 %) in the presenee of p

xylene.
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Fig. 3.1.3. (a) Toluene and biomass concentrations; (b) Benzene and biomass and; (c)
Ethylbenzene and biomassoncentrations, in the aqueous phase in the presence ekylene

As can be seen in Fi@.14, the cemetabolic degradation of-yylene was enhanced in the
presence of either toluene or benzene. As mentioned previahglystudy of p-xylene
transformation by growth substrates induced cellsPofputida also showed thattoluene
assimilating restig cell degradeg-xylene more effectively than other substrates (the- half
saturation constant of the equation descrilpixylene degradation rate by the means of toluene,

benzene, and ethylbenzeiassimilating resting cells were: 0.0016, 0.00027, 0.2@Q2yiene/h g

substrate). From

(toluene, xylene,) BX (benzene, xylene), and EX systems to compareythene degradation to
the case without any growth substrate; it wasfl that there was a difference\aue greater

thanpv al ue)

for

samples). As dis@sed in the literature, one advantage of Michddksten/Monod kinetics is the

sampl es)

experiment and SKIP model fit.

bet ween

and

i X o-valaen0dD00B as Xoinpafed @wetaerob3g768n g

Biomass Concentration (mg/L)

s t -test emalysés svhich was carried out for all mixtures including TX

A-walue 0a0A5das combpared tq-watuesaf 289 for p

P

fact that the incorporation of substrate inhibition and any interactions between two substrates can

be modeled by adding an interaction term to the Monod expression antetdmlic
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transformation of the nongrowth substratexytene) by specific strain can be quantified by
coupling xylene transformation to the consumption of growth substrate (toluene, benzene or
ethylbenzene) during growth. However, thengetabolic transformain of xylene in the presence

of two or more growth substrates cannot be modfl&é). Thus, the GMDHbased Neural
Network model has been applied in Sec. 3.2ualuate the relation between the input variables
such as the structure ofonoaromatic substrates andgylene cemetabolic transformation at a

low initial concentration of xylene.
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Fig. 3.14. p-xylene (X) concentrations in the aqueous phase in the presence of experiments
(shapes), SKIP (dashesf = 25 mg/L of each compnent.

GDMH -based Neural Network Model

Resting cell phase

In this section, a mathematic modelpetylene utilization and the overall growth rates during the
resting phase (the resting cell transformation) was studied to predict the concentiationierie
and biomass. For this purpose, gubctions together with input parameters including degradation
time @), | value (fitting parameter), and the initial total concentratiorp-ad/lene, toluene,
benzene, ethylbenzenet)Gvere used in a hybrid groupethod of data handling (GMDHype
neural network. This resulted in finding the correlation that estinpatggenewith significantly
high precision (R=0.99), and biomass concentratiorf €R0.98); based on the abewrenioned
parameters by using GMDH Shell DS software. Using the quadratifusatons in the form of
equations, the concentrationskylenecan be calculated by the following correlation (which

were obtained by using the GMDH method) in Eq. (20):
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0 06QdHet HQE o Q) o TG (20)

Eqgs (S4) (S9) shows the quadratic stimctions in the form of equations that were used to obtain
subfunction "Y'@. The concentrations of biomass can be calculated by the following neural
network design in Eq21) where the values 6f "¢ ,0 'Q,6 "Q@,06 '@,0 'Q,06 'Q,and’Y'Q

can be calculated by using the correlations in Eqs.-&&8)

6 Q¢ 6 OEE GQE 0 Qi N0 RIS "Q (21)

So Egs. (S10)S16) shows the quadratic stumctions in thdorm of equations that were used to
obtain subfunction 6 " .The manner in which the independent parameters correlated is
illustrated in Fig A3) and A4). The unknown parameters (6 , 6, 0, 0,0, "0, "0, QU, L,
0,0 andQ p8 @) presented in these equations are shown in TAlle As mentioned
previously, the GMDH method applied input variables and created some subfunctions and
subsequently applied this information as input variables and predict the outptst rEiselactual
and anticipated data were compared in Bd.5. As can be seen, EQ0 can estimate the
concentration op-xylenewith a low deviation from experimental values that is mostly less than
5 and 2.5 % for the initial concentration of 50 an@ pPm. However, the suggested equation can
estimate the values of biomass concentration for an initial concentration of 50, and 200 ppm with
a maximum error of about 25 for toluene, benzene and ethylbenzene assimilating c&l$.8yig.

To degermine the effect of parameters (| , and—}, a sensitivity analysis was carried out on
the correlation obtained for thexylene and biomass concentration. As can be seen if3.Ei§.
a and c, by decreasing the valuadd | x AJAApith increase the chain length) and increasing
the degradation time, considerable changes can be observed in the vakyteokpand biomass
concentration. Moreover, the value of biomass concentraib@s not change significantly by

increasing the value @f Fig. 3.1.6 (c) and (d).
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Co-metabolic Systems

In this part of the research, the GMBYpe neural network approach was also utilized to forecast
the concentration gi-xyleneand biomass over time in the presence of a var@bieentration of
growth substrates (i.e., Toluene, Benzene, Ethylbenzene) with total mixture concentrations of 20,
30, 40, 50,75 and 100 ppm. Important factors including degradation tgnethe total
concentration of substrates (), anda value has ben designated as the inputs, and concentration

of biomass has been considered as the output of the network. Eq. (22) as well as Eq&ZB)17)
were obtained to calculate the biomass concentration using GMDH shell DS software where the

maximum initial cacentration of each substrate alone-aiyfene did not exceed 50 ppm:

o) qrahd 60 (22)

Eqg. (S17)-(S27) shows the quadratic sfunctions in the form of equations that were used to
obtain sukfunction 8"0 . The unknown parameter® {8 ;8 # $5 % & ;8 6, B,  +andd -)
presented in these equations are shown in TABleThe manner of independent parameters
connecting is illustrated in Fig\g). Since both substrates anaylene are contacting at the same
time, the metabolic activity of substrates can be assumed asctofu of total biomass
concentration. Therefore, the degradation ting) @s well as biomass concentration
0 ghaf® has been designated as the input variables for theepe concentration

prediction using Egs (23) and (24):

N OOIDEQ OQE 0 @WHHO QE £7YO (23)

YO 0 DBy 08 0 &P e ho (24)
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Fig. 3.1.7 shows the deviations for data obtained forxgleneand biomass concentration from
the actual values. These results reveal that the proposed correlations can predict the palues of
xyleneor biomass concentrations at the total initial substrate concentration up to 50 ppm with a

maximum deviation of near &o.
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Fig. 3.1.7. The deviation of calculated data from those obtained experimentally for €o
metabolic system.

In this part of the research, the sensitivity analysis was used to declare which paraseeters(
value, andd ) have the most significant impact on biomass jgxgllene concentrations during
the growth phase in the toetabolic system. Fid.1.8 shows that the biomass concentration is
more sensitive to the total concentration of substrates in comparigetylEeneconcentration and

as 0 decreases biomass changes more significantly. Howeveet lal. showed that the
concentration of substeg might significantly affect the emetabolic degradation of nagrowth

substrates, unlike our study that varying substrate concentration did not pftgttne
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concentratior175]. It might be due to lowT(© for P. putida Based on Eq. (6) that expresses the
co-metabolic substrate transformation due to the degradation of growth substrate, the first term
includes the growth substrate transformation yield parameter and by changing this parameter, the
magnitude of the growth batrate concentration effect on Agrowth substrate concentration can

be decreased or increasétherefore, for microorganisms with lowT nongrowth concentration

can be independent of growth substrate during the growth period.
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Fig. 3.1.8. Sensitivity analysis on pcylene and biomass concentration in the emetabolic
system.

76



Fig. 3.1.9 shows the change pfxylene and biomass concentration|vsialue. As can be seen,
the| value equals 0.95 resulted in the optimpixylenedegradation that is closer to the amount
of p-xylenedegradation in the presence of toluene.
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Fig. 3.1.9. Effect of » value onp-xyleneand biomass concentration in the conetabolic
system

Furthermore, for validation of the correlation proposed faylene concentration over time, an
experimental data set was prepared from the results of other scholars and represented in Table.
3.12. The results were gathered from those thaylpne cemetabolically degraded in the
presence of benzene, toluene, and ethylbenzene at the same coRdigiodofnonagenus of
bacteria). This finding shows that the correlation can estimate the experimental results of other
studies at the initial biomass concaiitvn range of 3060 mg/l and temperature up to 40 with
deviations ranged fror29.4 to 21.8 %. As mentioned previously, Eq. (23) obtained through the
GMDH model can be applied for a very short range of conditions (@sdydomonaand only

growth supstrates benzene, toluene and ethylbenzene). For other conditions, different fitting
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parameters can be developed and after sensitivity and regression analysis a new correlation can be
used to predict the output resulEr instancemore complex systemsitlv more than one nen
growth substratean be simulatedyoGMDH modelafter determiningsuitableparameters that

take into accounttherimportant factors that might affect tbeodegradation process.

Table 3.1.2 The comparison between databtained by other articles and values obtained

by Eq. (23)
Initial Error =
Time C xylene, exp Xylene, cal p i
System T(JO) biomass - Ref
(h) (ppm) (ppm)
(ppm) o TUTT
TX 24 15 30 5.8 7.2 -24 [3]
BTEX ND 15 18 15.1 11.8 21.8 [10]
EBX 25 20 25 1.7 2.2 -29.4 [37]
BX 25 2 20 2.1 2.7 -28 [38]

Identification of intermediates

The results showed that catechol was the central intermediate in-thetabolic degradation of
p-xylene in presence of BTE . putida(Fig. A6). Tsaiet al.,reported that catechol is formed
during aerobic biodegradation of a variety obraatic compoundfl91]. Arenghiet al., also
reported that most of the monoaromatic catabolic pathways give rise to (methyl) catechol further
processed through meta cleavage pathig/g]. The reaction products can be easily converted

to tricarboxyic acid cycle (TCA cycle) intermediates, which are further broken down into CO
and water which provided energy for biomass produdi&3]. However, wherP. putidahas

been cultured on-gylene as the sole carbon sourceresol was the central intermediate Pin

putida, p-cresol was derived from the XM€atalyzed hydroxylation of-gylene and were not
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used for growth, due to lack of ring cleavage enzymes andl dmulaccumulated as a toxic
intermediate (FigA6).

As can be seen in FigA6), pxylene firstly converted to-fhethyl benzoic acid then togresol

that accumulated at the media in the absence of growth substrate, \wteopwas not detected

in the pesence of growth substrates (e.g., BTE). This may be due to the induction of fission
enzymes by growth substrates (catechol dioxygenases) and their conversion. tdt @30
indicated the fortuitously transform the ngrowth substrate (gylene) and oxlation of pcresol

then ring cleavage during the-ometabolism.

Enzymes detection

The metabolism of a substrate involves multiple enzymatic steps. Generally, the aerobic
biodegradation of aromatic hydrocarbon has been divided into the upper pathwdy stahied

from the original compound (hydrocarbon compound without any modification) to central
intermediates (modified hydrocarbons), and lower pathways, which transitions from the ring
cleavage of intermediates down to the needed molecules for biomakss ktudy, a putative
pathway for pxylene cemetabolism byP. putidawas proposed based on the GC/MS spectra and
enzyme assays as well as other literature (diversity of microbial toluene degradation pathways).
Degradation of gxylene via two pathwayshe tod, and théol pathways, has been extensively
studied inP. putida[183]. In the tod pathwayR. putidaused xylene dioxygenase as a primary
enzyme for pxylene degradation. In this study, the xylene dioxygenase showed no activity in the
presencef p-xylene and BTE in MSM, hende. putidadid not use the tod pathway in this case.
Thetol pathways begin with mono oxidation and finish with the formation of central intermediates
which can be catechol or n@atecholic compounds. The dearomatizatboentral intermediates

undergoes orthpmeta or paracleavage by catechol dioxygenafEs8]. The results from XMO
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and C1,2D assays showed thaputidadegraded BTEX compounds via ttué pathway and also

the results from XMO and C1,2 D activitylwated the use of this pathway (F&1.10,3.1.11)).

Based on previous studies and our results, the side chain methyl group can be oxidized in a
monooxygenase catalyzed reaction and resulted in (toluic acid) productiorA@)ig.As xylenes

have two nethyl sidechain on their aromatic nucleus, it resulted in the inability of xylenes as a
growth substrate andg@esol accumulated in the culture medium so that their toxicity inhibited
the growth of microorganism&ig. 3.1.11). This can be attributed to a decrease in the efficiency

of catechol dioxygenases that will catalyze the fission of aromatic nad&3is

In addition, C1,2D activity showed that-(dethyl) catechol can be cleaved in the ortho position
because no acity was detected for C2,3D for the meati@avage enzyme (lower pathway).
Arenghiet al.showed thaPseudomonas stutzé€diX1 was able to transform toluene angybene

by tolueneo-xylene monooxygenase (ToMO), but ToMidcoding operon did not contain gene
involved ringcleavage enzymes. Therefore, these genes may be clustered in one or more operons
which were independently, but coordinately reguldtieed]. Fig. 3.1.10. also shows the same
decreasing trend for enzymes activities of both enzymes in teerue of pxylene. This finding

can explainthe enhancement of goetabolic degradation of-xylene in the presence of either
toluene or benzene (Fi®.14) and inhibitory effect of xylene on degradation of growth

substrates (Fig3.1.3. and3.1.2).
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Fig. 3.1.10. XMO and catechol 1,2 dioxygenase activity the bacteria grown in MSM media
supplemented with pxylene and BTE compounds.
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Fig. 3.1.11. Schematic representation of metabolic and emetabolic pathways of pxylene
as nongrowth substrate and BTE as growth substrate byP. putidaunder aerobic
condition. In the presence of norgrowth/growth substrates, the initial reaction is the
formation of central intermediates by xylene monooxygenase (XMO), then the catholic
intermediates (catechol and 4nethyl catechol)undergo ring cleavageby catechol 1,2

dioxygenases (C 1,2 D) or catechol 2,3 dioxygenases (C 2,3 D).

Carbon mass balance

Carbon balances were determined by measuring the amounts of consumed C substrate (BTEX)
that were recovered aslfiomass and €O, Initially, carbon balances in the-tnetabolic system

were constructed including only the amounts dfi@nass and €O, the carbon recovery was
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only about 70% to 85% (Tab&1.3). To check this incomplete carbon recovery was due to the
production of inérmediates, the concentration of intermediates was determined. As shown in
Table3.1.3, when the concentration ofgpesol as a central intermediate and other intermediate
were taken into account carbon recoveries increased from 96% to 98% (in ternehairseetry).
Toluene and benzene were used as a growth substrate, and carbon recovery values of about 99%
were obtained in the emetabolism systenThe result of carbon recovery was consistent with
degradation and biomass results that showed the inhilattect of ethylbenzene, it may be due

to more accumulation of toxic intermediatdd\{ethylcatechol and-gresol).The carbon recovery
values in batches containireghylbenzen€EX, BTEX) were lower (96%) than in those obtained
without ethylbenzene (about 99% in TX and BX). SimilafBrenafeteBoldu et al reported a
higher carbon recovery value together with the lack of accumulation of intermediates points to
mineralization fo p-xylene biodegradation irCladophialophorasp. strain T1 While the
components that were partially oxidized to dead products showed loweastrbon recovery value

[168].
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Table 3.1.3 Carbon balance after the growth of P. putida in the canetabolic system at total initial concentration was 50 mg/L

for components

Substrate(s),
initial
concentration
(umol))

Concentration
of growth
substrate(s)
(Hmol)

Concentration
of p-xylene
(umol)

C_
Biomass
(umol)

C-CO,

(umol)

Concentration ointermediate(s)

(umol)

C recovery (%)

4-

methyl

benzoic
acid

p-cresol

Catechol

4-
Methylcatechol

Biomass,
CO:

Biomass,
intermediate,
CO,

T (297 pmol)
+X (260
pmol)

ND

<0.1

1455

326+3

69.5:0.5

85

98

B (347umol)
+ X (260
pmol)

ND

<0.1

1692

348t4

86.9+0.8

85

99

E (260pmol)
+X (260
pmol)

ND

<0.1

158+2

227+1

0.2

98.8+0.3

12.8+0.5

74

96

B (173umol)
+T (148
pmol)
+E (130
pmol)
+X (130
pmol)

ND

<0.1

1601

3382

64.7#0.4

85

96

ND: No data; BBenzene; T: Toluene; E: Ethylbenzene; X: Xylene
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3.1.4.Conclusion

The study op-xylene transformation by growth substrates induced cels ptitidashowed that
toluene assimilating resting cell degradpcylene more effectively than othesubstrates.
MichaelisMenten/Monod kinetics coupled with -¢netabolic degradation expression can be
applied for systems containing one growth and onegnowth substratehus,the GMDH Group

Method of Data Handling (GMDH) was proposed in this sttmyporedict the cemetabolic
transformation of noigrowth substrates in the presence of more than one growth subkstithis.
study,the observed deviations from experimental values is still lower than 25 % and 5 % in the
resting phase for biomass concentratand pxylene concentration, respectively. However, the
proposed equations obtained through the GMDH neural network can be applied for a short range
of conditions (e.g., initial substrate and biomass concentration, temperature and genus of bacteria)
andco-metabolic degradation ofxylene in the presence of benzene, toluene and ethylbenzene.
Further study can be carried out to predict thelpne removal in the presence of other C sources
and genus of bacterialo confirm the cemetabolic degradationf @-xylene, in addition, to
measure the degradation ekplene over time, madsalance and enzyme study were done. The
enzyme studyshowed a decreasing trend for XMO and C1,2D enzymes that degraded BTEX
compounds via thtol pathway in the presence ofxglene. Mass balance study also showed the
accumulation of the intermediate due to the absence of growth substrates and subsequently some
involved enzymes that are needid ring cleavage. The central intermediate produced and
accumulated imp-xylene biodgradation wag-cresol.p-cresol is considered a carcinogenic and
teratogenic compoundso it needs to be removed from the contaminated environment. In
comparation with fxylene as a parent compound, xylene are not classifiable and there is no

evidence forts human carcinogenicityt is reported that intermediate products from biochemical
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reactions may be more toxic than their parent compounds, thus the modification of the initial parent

compound is not always an effective method in remediation andallanagement.
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BRIDGE-1

Pseudomonas putides a weHknown aromatic compound degrading microorgan
degraded fxylene in the presence of Benzene (B), Toluene (T), and Ethylbenzene (E
bacteria could not usexylene as a sole source of carbon (only it could degrade in th
metabolic systein The next step was to isolatexplene degrading bacteria from the targ
contaminated sitelhe purpose of the isolation of indigenous bacteria was to degra
xylene as the sole source of carbon under cold temperatures (annual temperature
site). The gene expression study indicated that encoding genes and their activators e
the differences in the-pylene metabolism by different bacteria. Tiheolvedenzymes werg

determined for potential applicationprxylene biodegradation.

From here on, ABridged means: Link bet ween
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Abstract

p-Xyleneis considered a recalcitrant compound despite showing a similar aromatic structure to
other BTEXs benzene, toluene, ethylbenzene, xylsoeners). This study evaluated th&ylene
biodegradation potential of three psychroprlgeudomonastrains Psewlomonas putid&2TR

01, Pseudomonas synxantB2TR 20, andPseudomonas azotoformaB2TR09). The pxylene
metabolisrrelated catabolic genesy{M, xylAandxylE) and the corresponding regulatory genes
(xylIRandxylS of the selected strains were inveatifd. The biodegradation results showed that
the P. azotoforman$2TRO09 strain was the onlgtrain that wasble to degrade 200 mg/L- p
xylene after 60 h at 15 °C. The gene expression study indicatethéhatE (encoding catechol
2,3-dioxygenase) geneepresents the bottleneck pixylene biodegradation. A lack ofylE
expression leads to the accumulation of intermediates and the inhibition of biomass production
and complete carbon recovery. The activity of xylene monooxygenase and catechol 2,3
dioxygenae was significantly increased B. azotoformansS2TR09 (0.5 and 0.08 U/mg,
respectively) in the presence ofplene. The expression of the ring cleavage enzyme and its
encoding genexylE) and activatorXylS explained the differences in thexplenemetabolism of

the isolated bacteria and can be used as a novel biomarker of effigidehp biodegradation at

contaminated sites.

Keywords: Gene expression:-yylene; Catechol 2;8ioxygenasexylE
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3.2.1.Introduction

The International Tanker Owners Pollution Federation (ITOPF) has identiiglbpe as one of

the top 20 chemicals posing a higgk among hazardous and noxious substances (KIDL&)n et

al., 2020) p-Xyleneis widely used as an industrial solvent and is highly mobile in the environment
in gaseous, liquid, or solid phadé@®2], [193] Contaminated sites ieold-climate regions have
received significant attention due to their vulnerable natural environmemécémtdecades,
bioremediation techniques have been considered more effective an téesausduedamagen
cold-climate environmentshan other renediation techniqguessuch as physical, chemical, and
thermal approachq494].

Bioremediation is mainly divided into bioaugmentation (introducing competent bacteria) and
biostimulation (adding exogenous oxygen and nutrieatsjagreement is still liméd regarding
which method is the most effective for situbioremediation.lt has beerreported that the
biostimulation method can effectively remediate low concentratioBI BXs (benzene, toluene,
ethylbenzene, xylenésomers) in contaminated groundwater (no more thamg/h for each
pollutant)y however it shows low degradation performarathigh BTEX concentrations (more
than 15mg/L for each pollutant) in meeting the standards required for potable [i/8&r [199.
Hence, at highly contaminated sites, the bioaugmentation procesgt achieve higher
bioremediation efficiency. Some field studies conducted in marine environments have suggested
that bioaugmentation using indigenousdeigradingbacteria can be ef€tive if these bacteria are
not limited by the prevailing environmental conditigh97].

Microorganisms inhabitingold environments must cope with a number of challengesh as
limited enzyme activity, slow chemical reaction rates, increased Mig@rsl limited availability

of water (the main solvent for biochemical reactions), protein denaturation and decreased cell
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membrane fluidity{198]. To date, many microorganisms participating in petroléyarocarbon
biodegradation in cold regions that belonthiegenerdPseudomona&hodococcus, Alcanivorax,
Arthrobacter, and Sphingomonashave been recognizefl99]. Psychrophilic bacteria have
adaptive abilities includingthe ability to modify the cell membrane structure, which is important

in the electron transport chain; the expressioantifreezeproteins and coléctive enzymeghe
production of compatible solutes; and the alteratiometbolism[200]. Thus, bioaugmentation
using coldadapted indigenous microorganisms can be applied in cold environments to increase
bioremediation efficiencyAdditionally, it may solve most of the challenges related to large
seasonal/daily temperature \adions.

To makebioremediatiorsuccessful, the establishment and maintenance of physical, chandcal
biological conditions in the environment is necessary. Introducing competent microorganisms with
high potential for enzyme production can be an effective approach for the bioremediation of
polluted site$201], [202] However, the mode of action agbwth of microorganisms in polluted

sites need to be further studied to achieve a better understg2@Bjigowing to the limited success

of their application in contaminateshvironments. Indigenousicroorganisms are better adapted

to cold environmets than anynonindigenouspopulation. The isolation and enrichment of
indigenous microbes with biodegradative potential are key steps in bioremedi2ditj
However, further research and field demonstrations are required to confirm the applicébility o
bioaugmentation under environmental conditiofifie introduced microorganisms may be
inhibited by the indigenous microbial community arafotozoan grazers. Therefore,
implementatiorand monitoring steps are necessary after introducing the cultured idacter

to evaluate population susceptibility as well as intrinsic bioremediation.
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In addition, the biodegradation ofqylene is not easy relative to that of other BTEX compounds,
and pxylene is classified as a persistent pollutant andgromth substrate. e biodegradation

of BTEX compounds is generally initiated by mewo dioxygenase enzymeshich might find

it difficult to attack the two methyl groups present irypene[205]. The successful activation of
targeted metabolic genes in specific pathsuaglies mainly on the catabolic enzymes involved and
the transcriptional regulation of the pathw#§¥86] to direct the appropriate enzymatic cascades
in response to the specific pollutant as a subsi2a&.

Several studies have shown low or no rdegtion of pxylene byPseudomonastrains, such
PseudomonaB1 and X1[208], Pseudomonas stutzediX1 [209], Pseudomonasp. BTEX-30
[210], Pseudomonas putidaQ8 [211], and Pseudomonas putid§212], even at favorable
temperature§20-30 °C). There have been few studies specifically addressing the bioremediation
of p-xylene. For example, Rotaro et al. (20id9ntified microorganisms in enrichment cultures
obtainedfrom a wastewater treatment plant foixylene degradation. They perted thatthe
dominantbacterial strain was related Benitratisoma oestradiolicunm enrichedcultures[213].
Kermanshahi pouet al. (2006) studiethe biodegradation kinetics gFxylene in a new type of
biofilm reactor (immobilized sobioreactor). The most predominant microbial communitiglsen
bioreactor were populations éfseudomonas acidovoraaedChryseobacterium indologenes
[212]. The TOL plasmid contains the genes encoding the enzymes necessary to aerobically
degrade BTEXsrad has beemxtensively studied iRseudomonas putidelowever,a few studies
have been conducted on TOL plasmid expression in the preseneeyleihp inPseudomonas
strains[214]. Moreover,Pseudomonaspecies have been extensively identified in petnoi

hydrocarborcontaminated soil and water in cold regioi®9]. However, the potential of
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psychrophilicstrains for the bioremediation ofxylene as well agene expression aspects of
biodegradatiornn cold climates are still unknown.

Therefore, this study was performed with two main objectivego(gyaluate the ability of three
psychrophilicisolatesto biodegradep-xylene at 15 °C and (2) to investigate the reason for the
differences in pxylene metabolism through a gene expressiaalysis ofthe enzymes involved.

This study combined biodegradation experiments, gene expression analysis, and enzyme activity
tests to identify the mechanism underlying the complete and effective biodegradatioylerie

by psychrophilic strains. The p-xylene degradation potential of three BTHEXgrading
Pseudomonastrains was confirmed based on carbon mass balances through the determination of

the intermediates produced.

3.2.2.Materials and Methods

Chemicals and culture medium

All the chemicals andulture media used in this work were of analytical and micrgjvede and
were obtained frorfisher Scientific, Ontario, Canada. Benzene, toluene, ethylbenzepeng
(99.9%), methanol (chromatographic gradg)ptic soy broth (TSB), anttyptic soy agar (TSA)
were purchased from Signialdrich (Mississauga, Ontario, Canada). Caxfi@® mineralsalt
media (MSM) (1.8 g/L KHPQs, 4.0 g/L NH.Cl, 0.2 g/L MgSQ.7H.0, 0.1 g/L NaCl, and 0.01

g/L FeSQ.7H.0) were used for biodegradation t&5].

Isolation of bacterial strains from soil samples
The bacterial strain used in the present studs isolated from a confidentialpetroleum
contaminatedite in Montreal, Canadavith a typical aquifer temperature of 8 °C to 15 °C. The

samples were collectdbm soil at depths rangirfgom 5 to 7m where the gpxylene concentration
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was 10,000 mg/kg The enrichment and adaptation steps were carried out using MSM
supplemented with®200 mg/L BTEXs. Briefly, the samples were enricheth a50 ppm BTEX

mixture (1:1:1:1) and incubated at 15 +1&(50 rpm for one month. Then, the mixture (soil and
MSM) was transferred to fresh MSM supplemented with a higher concentration (100ppm@D0

of BTEXs. Afteronemonth, the culture was cultivated in T$8igmd Aldrich, Canada) at 15 °C

for 3 days. Isolation and biodegradation tests were carried out between 8 °C and 15 °C (the typical
aquifer temperature range at the contaminated sitejleSaolonies with differentnorphologies

were selected and transferred to TSB and incubated at 15 +1 °C for 3 days. The strains were
characterized by the amplification and sequencingaofl6S rRNA fragment (27F:5-0
AGAGTTTGATCCTGGCTCAG3 0 1492R: 5 -&GTTACCTTGTTACGACTT-3) The
sequences wereompared with available sequences in the National Center for Biotechnology
Information (NCBI) database.higlogenetic analysis was performed using the neigfdining

algorithm of MEGA 7.0Gsoftware with 1000 bootstrapplicateq216].

Biodegradation tests

Experiments testing growth ability and the biodegradatiomxafiene were carried out in 150 mL
sealed serum bottles containing 200 mg#yjene.The 200 mg/L concentration pfxylene was
selected because this compound is partially insoluble in watlrawolubility of 198 mg/L at 25

°C [217]. This value was considered to provide sufficient bioavailability of this compound to
promote the biodegradation efficiency of xylemdizing microorganisms. Our previous work also
showed that 200 mg/L-pylene can induce the production of degrading enzymes as wtikas
expression of genes encoding enzymes relative to 50 and 100 mgéne (low and intermediate
concentrations[218]. The medium (at pH 7.0 £ 0.2) was placed in adfkOserum bottle saled

with a Tefloncoated rubber stoppevjth a 9:1 airspace/liquid ratid he inoculum was added after
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24 hof equilibrium of the pxylene concentration between the liquid and headspaderthe
experimental conditiongnoculation(1% v/v, OD600=2) was caed out using a gatsght syringe.

The inoculated cultures (0d600=rresponding t6x10 cells/mL) were incubated at 15 °C in

a rotary shaking incubator (150 rpm).

The concentration of-gylene in the collected liquid phase was detected using GC/M$%x A
xylene is considered a highlplatilie compound only approximately50 to 60% of the
concentration added can be detected in the liquid phase. The concentrations in the liquid and gas
phasesvere measuredind the necessary concentration was compensated to correct the results.
Growth experiments indicated th&. putidaS2TRO01 could not grow on-gylene as the sole
source of energy and carbon. To assess the effecixpiepe, the cells were grown on TSB
medium harvested via centrifugation at 12,00@&nd4 °C for 5 min,andthen inoculated in

MSM supplemented with 200 mg/iqylene. At selected time intervals, the cells were harvested
for further analyses.

Two types of control groups were designed foe tests 1) abioticcontrols inoculated with
autoclaved bacterid®l °Cf or 20 min) were run in parallel
volatilization and bacterial sorption in the biodegradation experiments; and 2) controls consisting
of isolateggrown in the presence of glucose (2.5 g/L) as the sole source of §at8pmsteadof

p-xylene were used for intermediate, gene expression and enzyme analyses.

p-xylene analysis

In each batch studgubsample$500 uL) were removed from the liquid geaof bottles using
gastight syringefor the OD600 and substrate concentration measurements everys@lisaimple

of 50 uL was prepared in a 40 mL standard headspace bottle containing 5 mL of ultrapure water

and10 pL of fluorobenzen®5 (100 mg/L dilded in methanol) aaninternal standard, and the
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bottle was then sealed immediately. The concentrationsxgfeme were analyzed based the

EPA 8021B method, andxylene was extracted using a Perkin Elmer TurbomatrixdB$rap
automatic headspace spler. The gaphase othe samples was quantitatively analyzed usang
7890A gas chromatograpfbB-1 701 col umn 30 mlI 0. 25 mm i .d.

temperatures of 48C and 300°C for thecolumn and detector, respectively. The concentration of

intermediates was analyzed usegP-Wax 57 CB column (25 m I 0.25

Technologies, Netherlands) connected to a Varian g280chromatograptoupled to a Saturn
mass detectorintermediates (feresol and goluic acid) were not determined by headspace

GC/MS becausthey are semivolatiieompounds.

Gene expression analysis

Based on biodegradation and biomass kinetics (results presented in Section 3.2), the timepoints of
10, 20, and50 h were selected for gene expression analysis to repteseaarly phase of
incubation (lag period of biodegradation), exponential phase of biomass productigme¢rou

of biodegradation), and stationary phase of biomass (last stage of substdaigrduation),
respectively. Growing cultures were harvested by centrifugation to obtafi cell§ and the

pellets were then used for RNA extraction and cDNA synthesis as indicated in the supplementary
material (Sectio®1 and FigA1l).

The xyl gene segence ofPseudomonas putiddOL plasmid pDK1 (GenBank accession no.
AF019635.1) was used as the complete CDS (Coding Sequence) for primer Hesiil@SRNA
sequence oPseudomonas putidgGenBank accession ndVIN625925.1) was also used as a
template forprimer designPrimers for PCR and reime PCR were designed using Primer3
program version 0.4.0 (http://bioinfo.ut.ee/prim&x3.0/) to target thrylM, xylA, xylE, xylS xyIR

and 16S rRNA genes of isolatdeseudomonagTable 3.1.1). PrimerBLAST (Basic Local
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Alignment Search Tool) was used to chéduoispecificityof the primers in a wide range of
Pseudomonassatrains. This onlin@rimerdesign platform combine8LAST with a global
alignment algorithm to ensure that primers are seeshough to detect targets without a number

of mismatches to primerg220]. The potential formation of primedimers and other
secondangtructuresvas checked in Gene Runner software Version 6.5.52 Belditionally,

plasmid DNA was amplified usindi¢ above primersaand the PCR products were checked for

their estimated size to ensure that the primers targeted the appropriate genes in the isolated strains.
The relativeexpression of selected genes was analyzed with-@im@PCR System (Rotd&Bene
Q-QIAGEN) and a SYBR Green realime PCR Master Mix kit (QIAGEN, Germany). The
reaction componentgereTaq polymerase, dNTP, Mg SYBR green | dye (20 pL Master Mix),

0.2 pL primers, 0.5 pL cDNA, and 10 pL2B. The thermocyclingonditions for reatime PCR

are shown in Tabla2. All experiments were repeated in triplicate in both biological and analytical
experiments. Each mRNA expression value was normalized against the threshold cycle of 16S
rRNA expression as a housekeepireneg Our preliminary results showed that 16S rRiNAs
constitutively expressedduring pxylene biodegradation by the testmswtlates(CT=14.0+0.7)
indicating that it could be used as a reference or housekeeping gene. Mean normalized gene
expression + statard deviation (SD) values were calculated from triplicate analyses. The fold

changes of target genes were calculated as RE€E 2alues using Equations 1 to 3:

o &= (G of targeted gene)(C: of housekeeping gene) (2)
PG (1 gb€perimental test)( o Gf control test) (2)
RQ =2'®® 3)

Our target genes wergIM, xylA, xyIR, xylEandxylS Ourhousekeeping gene was the 16S RNA

gene.
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One advantage of the rélae quantification method is that it does not require the us¢aofiard
curves, which makes it faster and easier than other appro@&igsThe melting curve of the
reattime PCRproducts was checked by raising the temperature in increments°@ b&nsure
that only the targeted products were formgkis study applied gPCR tchieve more accurate
and quantitative results than are obtained with other analytical methodsa&uymrteinand
biochemical analyses) for the TOL plasrsiddy.

Table 3.2.1 Primer sequences used for PCR and redime PCR in this study.

Target Product Orientation | Primer Sequence (53" Tm Amplicon
Gene (°C) size (bp)
XylM Xylene monooxygenase F AATGTCTCGGTTCGGATCAC 60 114

hydroxylase subunit R AGTGGTGTGCCAACTCTTCC
xylA Xylene monooxygenase F GCAGCGCTTCTATTTCGTC 58 166
R GAGAGCAATGCGACAATGG
xylE Catechol 2,3ioxygenase F CTTCAAGGTGACCGACGATG 60 172
R GGTGTACTCCTTCTCGGCATA
G
xylS Transcriptional activator F ACCACAGAATCTTCGGATGC 60 157
R GGCGAAAAATAGTGCTCCTG
xylIR Transcriptional activator F ACCCGCTCTAGCTCTCCTTC 60 179
R ATCGAGTCGGAACTGTTTGG
16S Ribosomal RNA F CGGAATTACTGGGCGTAAAG 59 149
rRNA R TCTACGCATTTCACCGCTAC

Enzyme and protein assays
Bacterial cells were harvested after 50 h of incubation because the maximum enzyme activity can
be assayed when the bacteaie in thestationary phase of growtf222]. The extaction of

intracellular products is dependent on the growth pf&#, and it is well documented thtte

99



cell lysis effect can be negligible when bacterial cells réaelstationary growth phagg24]. Our
preliminary results also confirmed that B®f incubation was the best time for the extraction of
intracellular enzymes. These preliminary results were obtained based on the xylene
monooxygenase assay in cell suspensions according to Arengh2adahnd in cell lysates after
ultrasonicationBriefly, the cells were washed twice by centrifugation at 50@dwith 20 mM
phosphate buffer (pApproximately7.0) and wereesuspendeith the same buffer. The cells were
disrupted by applying two frequenciekultrasound (22 kHz and 30 kHz) for 6 min The cellular
lysates were centrifuged at 13,000 for 20 min, and the supernatant was used for enzyme assays.
Two key enzymes encoded the xyl operon were selected (xylene monooxygenase and catechol
2, 3 dioyygenase)and their activities were measurfgl8]. Based on enzyme activity tests in
psychrophilicisolates, 15 °C was determingxbe theoptimal temperature for enzymes obtained
from the isolates, so all of trenzymesassayswerecarried out at thisptimal temperature. To
determine specific activity (units per mg of proteing)e total protein concentration was
determined by the Bradford methf&26]. Briefly, an acidic solution of Coomassie dyas added

to the protein solutionand the absorbaze was then measured 35 nm The total protein
concentration in the samples was determined using a standard curve with known concentrations of

bovine serum albumin (BSA).

Xylene monooxygenase activity

Xylene monooxygenase activity was determined by monitoring the increase in the phenolic
compouncconcentration in the medium using a colorimetric assay slightly modified from Arenghi

et al.[225]. Briefly, 0.5 mM NADPH (ynal p-Rylereennt r at i
N,N-dimethylformamide were added to the cellular lysates. After incubation at 15-/C, 1

samples were collected aindn intervals and mixed with 100 pL of 1 M N&H and 10 pL of
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2% 4amino antipyrine. After the addition of 100 pL of 8%H€(CN}, t he sampl es
centrifuged (14,008 g), andthe A500 of the supernatant was then measured. Phenolic compound
concentrations were calculated by reference to a standewel fon p-cresol (in the range of-80
pg/mL). Specific activity was defined as micromoles of phenolic compounds produced per minute

per milligram of cell protein.

Catechol dioxygenase assay

The reaction mixture (3.0 mL) contained 2.0 mL phosphate b@f@mL of 1 mM catechol, 0.2

mL deionized water and 0.2 mL cellular lysates. The reaction was allowed to proceed at 15 °C
andsubsamplewere taken every 2 minutes. Catechol@@ygenase activities were determined

by measuring the production oft/draxymuconic semialdehyde at 375 nm. One unit of enzyme
activity was defined as the amount of enzyme that formed 1 pumol of muconic acid per minute per

milligram of cell proteif205].

Carbon mass balance

The carbon mass balance of each isolate was detetrhineneasuring substrate consumption
using GGhead space (as mentioned previously), intermediate, biomass growth, and carbon
dioxide production measurements.

Intermediates formed during-§ylene biodegradation were analyzed using two types of gas
chromatogaphy/mass spectrometry systermsa GCGMS system equipped with a wax capillary
column (for the detection afonvolatileintermediates) and 2) a G@S system equipped with
headspace sampler (for the detection of possible volatile intermediates, atethdic pxylene
concentration analysis).

The GCGMS systemwasequipped with a CRVax 57 CB column of 25 x 0.25mm x 020 um

(Agilent Technologies, Netherlands). The temperature of the GC oven was programmed to
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increase fromd0 °C (held for 1 min) at 5 °C/min to 200C (held for 10 min). The injector
temperature was set at 180, and the MS interface temperature was set at€shd 280°C for

the ionization source. All metabol i tom8mesver e
and ion spectra with authentic standards and NIST library data, fffeeconcentrations were
determined using the calibration curves of the corresponding standards.

The amounts of carbon recovered a€@G: and the carbon recovered as biomassedetermined

after substrate exhausticand the values were corrected using control flasks incubated with no
carbon source. Carbon dioxide was measured chromatographically \Ne8GT820A GC system
Agilent Technologies, Netherlandf27]. Biomass was dallected via 0.45um-porediameter
filtration andplaced inanoven, and the dry biomass content was determined. A linear relationship
was observed between the OD600 and the cell dry weight of the iq@leltedry weight (mg/L)
=308x OD600, R=0.95). Theamount of carbon recovered as biomass was calculated by assuming
that 26 g dry weight contains approximately 1 mole of carf228]. Tijhuis et al., (1993)
mentioned that one-@ole of biomass is the amount of biomass which contains 12 g C, which is
abaut 26 g dry weighf228]. Carbon mass balance tests were conducted in triplicate for isolates

and control samples.

Statistical analysis

Statistical analysis was performed via om@y analysis of variance (ANOVA) followed by
Tuk ey 6 s prpcedsire. A prabability of less than 0.05 was considered statistically significant.
All analytical and biological tests were performedriplicate Error bars indicate SDi= TBhe
p-xylene removal and target gene expression correlations were analyzed using-tagetivo

Pearson correlation test.
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3.2.3.Results and Discussion

Identification of psychrophilic isolates

Among all obtainedsolates, three psychrophilracteria were selected based on their ability to
grow on BTEXs and the differences in their behavior regardirglgne degradation as the sole
source of carbon. The three BTHMgrading bacteria were named S20R S2TR09, and
ST2TR20. The 16S rRNA gene sequences indicated that &SAMRs most closely related to the

type of strain oPseudomonas putidaTCC 12633, with 99% sequence similarity. S270® and
ST2TR20 showed more than 98% similarity RseudomonaazotoformandDSM 18862 and
Pseudomonas synxant®TCC 9890, respectively. The 16S rRNA gene sequences of each
isolate weralepositedn theNCBI GenBank database and assigned the accession numbers shown
in Fig. A2. Phylogenetic analysis also showed that SPTRS2R-09, and ST2TR0formed a
phylogenetic lineage with members of the mentioned strafseudomonaspp. is an
excellentmicroorganisnfor use in bioremediation because of the plasticity and flexibility of its
metabolic pathwayandits ability to live under diverse environmental conditi¢Ralleroni and
Moore, 2010) Kabelitzet al. (2009) reported thBiseudomonaspeciesare the dominant
microbial community in ecosystems that are highly contaminated with kerosene and BTEXs. Their
results showed th&tseudomonasot only survives under harsh conditions, such as low oxygen
levels, high loads of aromatic carbon pollutantsfaigtl solvent concentrations, but also replicates
under these conditions, which is an important indicator of efficient bioremedja#iéh

The BTEX degradation abilities of the three isolated bacterial strains were analyz&f aC5

and all ofthem showedbvious BTEX degradation at cold temperatured%5C). The optimum
temperature for bacterial growth and biodegradation was 15 °C, and no growth was observed at

30 °C in the presence of BTEXs (Talid&). These strains showed interesting rassiich as a
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high rate of BTEX degradation at a low temperature (15 °C). However, they exhibited different
degradation and growth abilities in the presence-xjflene as the sole source of carbon (Table.
B1). Many mesophili®®seudomonastrains have beeréntified as BTEX degraders, such as
PseudomonaB1 and X1[208], Pseudomonas stutzediX1 [230], Pseudomonasp. BTEX-30

[210], and Pseudomonas putideQ8[211]. These strains have also shown low xylene degradation
rates even at favorable temperatures3Q0C).A study on the effect of the chemical structure of
BTEXs on four chemolithotrophicacteria showed that increases in the number of alkyl groups in
a benzene ring and the size of the compounds can increase the toxicity of these cof@ptlinds
Similarly, the isolated bacteria showed differeptyfene degradation rates (as describethe
following section), which could be due to the additional methyl groupxplgneand its toxic
effectrelative to other BTE compounds. However, a more detailed toxicity assay is needed to
confirm that pxylene and ethylbenzene, with additional nyéthnd ethyl groups relative to

benzene and toluene, respectively, are more toxic than the latter pair of compounds.

Biodegradation of p-xylene

The pxylene biodegradation experiments were carried oanainitial pxylene concentration
equal to ~200 mg/L at 15 °C. The changes in biomass andxyleme concentratiomersus time

are shown in Fig3.2.1. The results indicated thBt azotoforman$2TR09 degraded fylene
faster than the other isolates after 60 h (p<0.05). The biodegradapetylgine byP. synxantha
S2TR20was complete after 5 days (120 h). HoweWwerputidaS2TRO01 showed no fylene
degradation even after 10 days of inciudra{Fig. 3.2.1). The biomass results confirmed tRat
putidaS2TRO01 could not use-gylene as the sole source of carbon. Although a small decrease in
the pxylene concentration (~30 mg/L) was observed in the preserfeemitidaS2TRO01, this

change was not attributed to biomass production @2jl). This was due to the accumulation of
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intermediates, as mentioned in the following section on carbon mass balance. As shown in Fig.
3.2.1, the concentration &f. azotoformanS$2TR09 biomass increased with time in the presence
of p-xylene in the following order: S2TB9> S2TR20> S2TRO01 (p<0.05)Based on the reported
literature, the degradation ofxylene can be expected to vary amdtgpudomonastrains. For
instance, You et al2013) reported that 54%xylene degradation was achieved By putida
YNS1 after 96 h d&2] Jeonyettah 2008) repoeed 90860emdval of p
xylene (5.1 mg) using§seudomonasp. NBM21 in a biofilter at 30 °C after 4233]. Worsery et

al. (1975) showed th#&t. putidamt-2 could degrade-gylene as a carbon source for gro\2h4].
These results indicated that each strain has a different degradation ability. The réisisltstody

also showed that the examingslychrophilicisolates presertifferent biodegradative abilities in

the presence of-pylene.

Several researchers have reported that when microbial strains are grown in basal mineral media or
media containing fxylene alone at ambient temperature-80°C), toluene is degraded more
readily, and the slowest biodegradation rate is observeedygepe (sometimes no biodegradation

is reported)[234], [235] You et al. (2018) reported lower-xylene biodegradation by
Rhodococcusp. ZJUT312 relative to its degradation of other BTE compo[#88. Wang et al.
(2015) reported th&®andoraeasp. strain WL1 could degradé.6D 99.4mg/L p-xylene as the

sole source of carbon in the liquid phase within 6 to 18 h at 306°1]. In the case of coldlimate
environmentsjow temperatures (e.g., below 10 °C) pose an additional challenge to biological
treatments, and it may require mairee (ranging from 1 to 10 years) to meet cleanup standards
in such area$199], [237] The results of this study showed that more time is needed for the

complete degradation ofxylene compared to the times indicated by previous studies. However,

105



the concentration of contaminants should be considered an important factor because of their

toxicity and inhibitory effects.
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Fig.3.2.1. p-xylene biodegradation (A) and biomass production (Bbpy P. putidaS2TR-01, P.
azotoformansS2TR-09, andP. synxanha S2TR-20 with an initial concentration of 200
mg/L. Error bars indicate Standard Deviation (SD);n= 3.

Effect of p-xyleneon catabolic gene expression

The TOL plasmid is the bestudied catabolic plasmid as a brdaastrange plasmif38], [239]
Generally, BTEX biodegradation occurs via two pathwayd &ndtol) in Pseudomonastrains

[240]. In thetod pathway, bacteria use xylene dioxygenase as a primary enzymexytene
degradation. Based on our preliminary results and a previous [@L8}y xylene dioxygenase
shows no activity in the presence ekylene in the exponentigiowth phase (data hghown);

hence, the isolates did not use tih@pathway in this casés bacteria use one of these pathways,

we conclude that these strains contain a ¢ pathway. We thus followed the expression of
TOL-type genes in the presence efydene(Fig. 3.2.2). The genetic organization of the catabolic
genes in the TOL plasmid reflects the biochemical pathways, so the catabolic genes can be
organized into two operonspperandmetacleavage operons (Fig.2.3). Notably, the proposed
genetic map of the TOplasmid in isolates (Fig.2.3) was described based on isolates with the
same catabolic phenotype, and the archetypal TOL plasmid pWWO origindegutidamt-2.

Many other TOL plasmids have been identified that have the same prototype but shamtdiffer
sizes because of gene duplications encompassing entire catabolic operons or parts of catabolic
operongWilliams et al., 2004)The comparative sequencing of ti@lTplasmids of isolates could

be carried out to provide a wealth of information about the role of TOL plasmids and the history
of bacterial evolution.

The upperoperoncomprises 5 genesy{ICMABN that encode the enzymes responsible for the
monooxidation of aromatic hydrocarbons to their corresponding carboxylic agillsand xylA

encode two subunits of xylene monooxygenase, which is the first and most important enzyme in
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the biodegradation pattay of BTEXs [241]. The metacleavage operon (containing
xyIXYZLTEGFJQKIH encodes the enzymes responsible for the degradation of benzoate to Krebs
cycle intermediates. These 13 genes are conserved as one of the largest operons found in
prokaryotes, at\er 11 kb[242]. ThexylE gene encodes a key enzyme, catechetiy8ygenase,
involved in the ring cleavage of aromatic hydrocarbons.xjfiRandxylSgenes encode specific
transcriptional regulators that activate the expression of two pathway g@RemdxylS,located
downstream of thenetacleavageoperon (Fig.3.2.3; [243]. In pWWO, the genes encoding XyIS

and XylR arelocatedt t h e 3 detaelendagecoperomytioh controls the expression of

the genes in this pathwdlig. 3.2.3).

The results presented in F§2.2 show thakylM andxylA were upregulated in all isolates in the
presence of fxylene because xylene monooxygenase is needed to initiate the degradation
pathway. The results obtained foflM andxylA were consistent with theyIR expression profile,
showing upregulation in the ggence of {xylene. Although there was mignificantdifference in

the gene expression ryIM andxylA between the isolategylR showed a decreasing trend after

10 h of incubation (active time of biodegradation). This may correspond to a decreasp-in the
xylene concentration and thegative autoregulation a¥/IR,as reported by de Las Heras et al.,
[244].

However,Bertoni et al. (1998) anilarqués (1194) reported thatlR expression in pWWO0 was
immediately downregulated after the addition ofytene to cells growing on mineral salt media.

Our results showed the upregulationxyiR in the presence of-pylene and growth phase
dependenkylR expressionXylene can induce the expressionxyiR and its encoded protein

(XyIR), and this protein can bind aromatic compounds and regulate the expression of the genes
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encoded by theipper operon in the TOL plasmifk42], [243] Further investigation of the

expression of this gene in different stramsuld provide a wealth of infaation on this gene.

Pear sonods

target genes and thexylene removal rate i?. azotoforman$S2TRO09 (Table3.2.2). The p

correl

ati

on indi

cat ed

a

stati

St

xylene degradation rate was calculatedhaschange in the-pylene concentration divided by the

change in time, with 10, 20 and 50 h representindgitnperiod of biodegradation, ntgeriod of
biodegradation, and last stage of biodegradation, respectireyexpression ofylEand pxylene

removal were significantly correlated in all isolates (p < 0.05), which was consistent-yytane

degradation in the order &. S2TR0O 9 P.S2TR2 0 P. S2TRO01 (p<0.05). The growth of

bacterial strains on-pylene requires the expression ofireetacleavage operon because this

c al

pathway funnels the intermediate benzoate derivative into the Krebs cycle, which provides the

main source of cellular energy for aerobic microorganigis]. Transcriptional stimulation of

the metacleavageoperon is activated by the/Sregulator, with the interaction of benzoate and

methyl benzoate as effectof@42]. As shown in Fig.3.22, gene expression levels differed

depending on the degradation ability of the strain and the time of degradatioesdts showed

thatxylSwas induced only in the isolateB. (azotoforman$§2TR09 andP. synxanth&2TR20)

that could grow in the presence ekylene, whereas iR. putidaS2TRO01, xylSand themeta

cleavage operon were not induced (Bi@.2).

Table 3.2.2 Correlations between fold change of target gene andxylene removal rate

P. putidaS2TR
01

P. azotoformans
S2TRO09

10h
20h
50h
10h
20h
50h
10h

p-xylene
Removal
-1.16922
-0.1956
-0.2
-1.7
-1.2
-3.52
-1.35

xylM xylA xyIR
1.12 0.314 0.006
0.95 0.32 0.005
0.78 0.31 0.0015
1.29**  0.315* 0.009**
1.2%* 0.31** 0.0079**
1.01**  0.280** 0.005**
1.17 0.3 0.0085**
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xXylE

0.019*
0.026*
0.021*
0.345*
0.39*
0.33*
0.12*

xylS

0.00017
0.00015
0.00016
0.0019*
0.0026*
0.0021*
0.0012



P. synxantha 20h -1.87 1.04 0.3 0.0062** 0.15* | 0.00118
S2TR20 50h -1.98 1.05 0.311 0.0067** 0.18* | 0.00125

* Symbolize the significant difference betweenylene concentration and each targeted geifre<ad.05.
** Symbolize the significant differendeetween pxylene concentration and each targeted geiffe<a.01.

Velazquez et al. (2005) showed that uppdioperon gene expression was quickly and strongly
induced upon exposure mexylene, while a certain delay in the induction of thetacleavage
operon genes was observed. They showed that the expression xflEhgene remained
upregulated in all growth phases until the end of the experiment. They also mentioned that the
most evident change after 3 h of contacPoputidamt-2 with m-xylene washe expression of

the entire complement ddwer operonxyl genes[246]. Our results showed an upregulation of
xylEin S2TR09 during thdag period of biodegradation, when metabolites had been accumulated.
Even higher relative expression of the gene was observed in the exponential phase of biomass
production (Fig3.2.2. D).

Generally, the expression of theetacleavageoperon is controlledni two ways: 1) the XyIS
protein activates the promotors of the operon, which is positively regulated by intermediates such
as benzoate derivatives; and 2) the toluene/xydatigated XylR protein in combination with a
sigma factor stimulates transcriptitrom the xylS gene promoter via a cascade regulatory system
[247]. Our correlation analysis between the gene expression @énes and the-ypylene removal

rate showed that a small increaseyiSin P. azotoforman§2TR09 had a significant effecto
p-xylene removal (p<0.05). Previous studies showed that the expression xflhgene is
constitutively high inPseudomonas putid@48], while thexylS gene appears to generally be
expressed at a low basal levgllSexpression seems to be requitedctivate thenetacleavage

operon via its promototP(m) [247]. Our results showed thaylSwas NOT induced in S2TR1,

and this result emphasizes that S20Rcannot degradexylene to use it as a sole carbon source.
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The differences in the expression of the genes ahittacleavageperon and its regulatory gene

(xyl§ can explain the differeces in pxylene degradation among the isolates.
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Fig. 3.2.2. Gene expression aipperand metaoperons and their transcriptional regulatory genes in different isolated bacteria
(P. putidaS2TR-01, P. azotoformanss2TR-09, andP. synxanthaS2TR-20) grown on pxylene, RQ, Relative quantification;
Control, the sample form the bacteria grow on media whout p-xylene (The presented data results from S2TR9 due to

similar data from other isolates). Error bars indicate Standard Deviation (SD)n= 3.
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Enzyme activity detection

In aerobic systes) oxygenases are key enzymes in microbial degradation. The key enzymes in
the metabolism of pylene are xylene monooxygenase and catechol 2,3 dioxyg§eib8ke
Previous research showed thatdR&lation of xylene may be initiated by the direct oxiolatof

the aromatic ring or the oxidation of one or two methyl groups of the aromatic nucleus by xylene
monooxygenase. This enzyme can catalyze multistep oxidation and produce catecholic or
noncatecholic derivativg249]. Then, in the ring dearomatization of central intermediatekp-

, meta or para-cleavage by catechol dioxygenases occurs as the crucial step in detoxification
[209], [250] CatechoR,3-dioxygenase is an irecontaining enzyme that is able to cleaverings

of oxidized derivatives frorp-xyleneto achieve the complete detoxification of this contaminant
[16]. Mass spectra results showed thailyfene is initially oxidized to central intermediates such

as ptoluic acid and gresol by xylene monooxygase (Fig.A3), and in the second step of
biodegradation, the dominant intermediatergsol is finally decomposed into inert intermediates

by catechoR,3-dioxygenase.

Based on our preliminary tireurse experiments, the best time for enzyme activity detection
was the stationary phase of bacterial growth, when the cell lysis effect was minimal. Nagy et al.
(2001) also reported that when growth reached the stationasg,piiie activity of intracellular
enzymes approached the maximum, and the cell lysis effect could be negligible at tf@4ime
Xylene monooxygenase and catechol 2,3 dioxygenase activities are shown 32BigThe
results showed that xylene momxggenase was produced in all isolates, which may support the
results of the expression analysisxyiA and xyIM as well as intermediate production in the
following section. Fig3.24 shows that the activity of xylene monooxygenase and catechol 2,3

dioxygenase was significantly increased fh azotoformansS2TR09 (0.5 and 0.08 U/mg,
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respectively)in the presence of-pylene (p<0.05). Catechol 2,3 dioxygenase showed low or no
activity inP. putidaS2TR01andP. synxanth&2TR-20, which was consistent with the observed
p-xylene degradation rate. This result indicated that the ring cleavage enzyme is necessary for the
biodegradation of fxylene in the isolates. Arenghi et al. (1999) showed th&seudomonas
stutzeriOX1, toluene and &ylene could be transformed by toluemylene monooxygenase
(ToMO), but the ToMGencoding operon did not contain genes related todiegvage enzymes.
Therefore, these genes may be clustered in one or more operons that are independently bu
coordinately regulated225]. Our results also showed that all isolates produced xylene
monooxygenase in the presence ofyfene, but catechol 2,3 dioxygenase was only produced in

the S2TRO9 isolate, which was consistent with the gene expressbbiadegradation results.
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Fig. 3.2.4. Xylene monooxygenase and catechol 2,3 dioxygenase activity in different isolated
bacteria (P. putidaS2TR-01, P. azotoformans$S2TR-09, andP. synxanthaS2TR-20) grown
on p-xylene. Control, the sample from thebacteria grow on media without pxylene (the
presented data results from S2TR09 due to similar data from other isolateg. Error bars
indicate Standard Deviation (SD);n= 3.

Carbon mass balance
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The carbon mass balances in each isolate dsgmined by measuring the amounts of consumed
C (pxylene) that were recovered asD, and biomass. Initially, the carbon balances were
determined based only on the amounts 2@ and Cbiomass after 60 h of incubation (the late
stage of pxylene biodgradation). The carbon recovery rates were 91%, 97%, and 85% in
putida S2TRO01, P. azotoformansS2TR09, andP. synxanthaS2TR20, respectively (Table
3.2.3). To investigate the reason for this incomplete carbon recovery, the intermediates were
detecte at 60 h (based on thexglene biodegradation results), and their concentrations were then
measured. The GC/MS results showed thaylpne was converted first totpluic acid and then

to p-cresol, which accumulated in the mediaPofputidaS2TR01 andP. synxanthé&52TR 20,
while no intermediates were detected in the presenBe a#otoformanS$2TR09 (Fig.A3). The
examination of gresol biodegradation also confirmed tiatazotoformanssS2TR09 andP.
synxantha&52TR 20 could degrade 200 mgAgoesol within 10 h and 45 h, respectively, wihile
putidaS2TR01 showed no{oresol degradation after 60 h (FA#). The formation of toluic acid
and pcresol in the presence #f. putida S2TROL1 indicated a small dease in pxylene
concentration (Fig3.2.1). This was attributed to-yylene transformation and NOT to degradation
and biomass production. As shown in TaBl2.3, when the concentrations ofcpesol, as the
central intermediate, and other intermediate(pic acid) were taken into account, the carbon
recovery rates increased from 91% to 94%fquutidaS2TR-01, 97% to 99% fdP. azotoformans
S2TR09 and 85% to 96% fd?. synxanth&2TR20. The results were consistent with the growth
ability and produgon of ring cleavage enzymes of strains in the presencexgfepe. The
significantly high percentages of-Xylene conversion to biomags33%) and CQ@(~66%)
indicated the predominant fate ekglene in the presence of S290R was incorporation into del

materials and mineralization. The carbon recovery rates in isolates with axideng degradation
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rate (S2TRO1 and 20) were lower (94 and 96%) than tha®.irmzotoforman$2TR09 (99%).
Similarly, PrenafetaBoldu et al. (2002) reported a higher carlbecovery rate together with a lack

of accumulation of intermediates, pointing to mineralization for BTE biodegradation in
Cladophialophorasp. strain T1, while -oand mxylene isomers were partially oxidized to dead

end products and showed lower carbecovery values. These authors showed that toluene and
ethylbenzene were both used for growth; approximately 67% of the carbon source was converted
to CO, and 21% was recovered as biompgXsl]. Moreover, Zhanget al. (2013) reported that
Mycobacterium cosmeticubyf-4 convertedo-xylene to CQ (65%) and biomass (27%), which
resulted in 92% carbon recovery, while the removal efficiency was 99282 These results
highlight the importance of the carbon mbhatance assay in the evaluation of microorganisms for
the biodegradation of contaminants.

The metabolism of a substrate involves multiple enzymatic steps. As mentioned previously, the
aerobic biodegradation of aromatic hydrocarbons has been dividetenioperpathway, which

starts with the original compounds (hydrocarbon compounds without any modification) and
produces central intermediates (modified hydrocarbons), and the lower pathway, beginning with
the ring cleavage of intermediates and producireggrmolecules needed for biomass production
[243].

Tsai et al. reported that catechols are formed during the aerobic biodegradation of a variety of
aromatic compoundf250]. Arenghi et al. also reported that most of monoaronttabolic
pathways give rise to (methyl) catechols, which are further processed thramigicleavage
pathwayq209]. The reaction products can be easily converted to tricarboxylic acid cycle (TCA
cycle) intermediates, which are further broken down D@ and water, providing energy for

biomass productiof240]. However, the results of this study showed thatgsol was the central
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intermediate and correlated well with the observations regarding gene expragktam(xylS

in the presence of-pylene). The results suggest that the ability to grow-gpl@ne is correlated

with the expression of ring cleavage enzymes and that a lack of ring cleavage enzymes or low
concentrations of these enzymes may lead to the accumulation of toxic intermediates.

Table3.2.3 Carbon balance in three isolated bacteria after 60h of incubation at 15°C

Concentration C-recovery (%)
Isolate C-CO:2 intermediates
Initial C- of p- C- (umol) (umol)
concentrati | xylene | Biomass .
on of p- (umol) | (umol) p-tol_wc p- Su_bstrate Su_bstrate
xylene acid cresol | , Biomass,| , Biomass,
(umol) CO: intermedi
ates, CQ
P. putida 2,080+65 | 1,870+5| 6+0.4 10+2 25+0.8 50+2 91 94
S2TRO1 0
P. 2,120487 <0.1 689+21 | 1,388+ ND 15+0.5 97 99
azotoforma 76
nsS2TR
09
P. 2,090+63 | 1467+3 | 8512 | 227+18| 31+0.8 198+5 85 96
synxantha 1
S2TR20

3.2.4.Conclusion

p-Xylene, which belongs to the higisk hazardous and noxious substances, is a persistent
pollutant in terms of its recalcitrance to biodegradation. The preferatitiahtion of a substrate
depends on genetic regulation in bacteria rather than a simple adagtatitis study, three
psychrophilic bacterial strain®,. putidaS2TRO01, P. azotoforman$§2TR09, andP. synxantha
S2TR20, were evaluated for theiryylene degradation abilitie®?. azotoformansS2TR09
catabolized pxylene after 60 h, while the two other strains showed lowefgne degradation at

15 °C. The biomass results alkdlowed the order S2TR9> S2TR20> S2TRO1. The gene
expression study showed that significantdifferences in the expression of thgM and xylA

genes among all isolates, whigE andxylSgenesvere induced only in isolatés azotoformans
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S2TR09 andP. synxanthé&82TR 20, which cold grow in the presence ofxylene. Therefore,

the expression ofylE (encoding a ring cleavage enzyme) and its activayd&(was correlated

with the pxylene removal rate. Enzyme activity tests also confirmed that all isolates produced
xylene monooxygnase in the presence ekylene, while a ringcleavage enzyme (catechol 2,3
dioxygenase) was produced only in the isolate that could growxgtepe as the sole source of
carbon. The expression ®&ylE and xylS or the production of catechol 2,3 dioxygse can be
considered a biomarker of complete, efficient biodegradation-xflgne. The analysis of
intermediates confirmed the formation oftguic acid and gresol as deadnd products in
isolates with lower fxylene degradation rates (S2-TR and S2R-20), which was consistent with

the lack of ring cleavage enzym®@s.azotoformanS2TR09 may be useful for the bioremediation

of p-xylene at contaminated sites, and the expressioxyl&f and xylS may be considered a
biomarker of the efficient biodegration of pxylene in isolated bacteria. Monitoring the
expression of these genes can also provide persons responsible for site management with
immediate feedback on the complete degradationoflgne after bioaugmentation. However,
further studies and dld demonstrations are required to confirm the applicability of the

bioaugmentation method usiRy azotoforman§2TR09 at coldclimate sites
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CHAPTER FOUR: COLD ACTIVE ENZYME BOOSTER TECHNOLOGY for
POTENTIAL APPLICATION in  GROUNDWATER and SOIL
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PART 1

3.1Psychrozymesas novel tools to biodegrade fylene and potential use for

contaminated groundwater in the cold climate
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Abstract

Sites contaminated by petroleum hydrocarbons in adichate regions have recently received
significant attention due to their sensitive ecosystem and human health impacts. Fadagd
pseudomonasstrains were isolatedrom contaminated groundwater and sofs xylene
monooxygenasdrom Pseudomonas synxanttf8TR26 and catechol 2,3lioxygenasefrom
Pseudomonas mandeBPTR08,have a matching end product, they actes}/imphony to degrade
p-xylene. Their unique thermodynamic and kinetic behavior permits them to achieve rapid
degradation of {xylene at low temperatures (<I5). The results showed that the sequential action
led to the conversion of 200 mg/l ofglene wihin 72h and complete degradation after 120h. The
cocktail of these enzymes with a ratio of 1. k{d€éne monooxygenase: catechol 2liBxygenase)
confirmed the complete degradation ekylene within 48h atl5°C. This approach will allow
efficient biodegadation ofp-xylene to minimize the bioremediation duration in callimate
regions.

Keywords: biodegradation, coldlimate, pxylene,monooxygenase, dioxygenase
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Graphical Abstract
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4.1.1.Introduction

p-xylene is widely used as solvent and can be distributed as a pollutant in the environment
sourced from various industries, such as leather, paint, rubber and printing, gasoline, airplane fuel.
As p-xyleneis a liquid, it can enter surface water, soil or air in large amountsessik of an
accidental spill during storage and burial at waste s8age pxylene evaporates easily, is

rarely found in high concentrations in surface water or topsoil, but a«yyepe that does not
evaporate from topsoil can travel downward anter groundwatgR53]. Remediation techniques
based on the addition of chemicals and mechanical processes can be problematic due to the risk of
additional environmental impacf®54]. Even though all petroleum aromatic hydrocarbons show
relative resstance to degradation because of the stability of tHedeptron cloud resulting in the

large negative resonance energy, bioremediation-cdimd pxylene is of great intere$255].
Xylene-degrading microorganisms, from the genBteodococcusind Psewlomonashave been
isolated with different xylene degradation pathwd#lkri et al., 2019) Commonly, the best
(optimized) scheme of biodegradation cannot be easily achieved since the biodegradation
efficiency of contaminants is strongly influenced by ttggicochemical characteristics of the
pollutant, the contaminated matrices, and microbial growth conditl&s

Hence, the biochemical remediation method based on using enzymes, rather thaneWhole
degrading microorganisms, has recently received increasing attention since the enzymatic method
can specifically catalyza series ofeactions for pollutant removgl3], [256] As bioremediation

(using whole microbial cells) is a cestfective and environmetitiendly technology and it is
powered by enzymes, the enzyme production needs to be optimizeedffeosvely. Using
enzymes have several advantages oveteumicrobial cellsfor examplegenzymatic method has

a shorter treatment period than the microbial process because the enzymes transform the substrate
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in a minute timescaldn the case of cold climate environmerntsy temperatures (e.g., below 10

°C) pcse an additional challenge for biological treatments, whole microbial cell may require more
time (ranging from 1 to 10 years) to meet cleanup standdr@8]. Moreover, enzymes
demonstrate higtspecificity for their substrateThus, the enzymatic treatmteagent can be
designated for specific pollutant removal without producing any toxiprbgucts[256]. This
technique can be applied for contaminants thataadyticallydecomposed in stepwise oxidation
reactions by various oxidoreductases. For example, Kweeahapplied the combination of
oxidative enzymes such aflorophenolmonooxygenaseghenol 4monooxygenaseputative

flavin reductase, and dioxygenase, for enaiiodegradation of~Chloropheno[13]. Gullotoet.al

studied the combined action of toluenexyjene monooxygenase to convert mormmd di
polyaromatic hydrocarbons into hydroxylated derivatives and fungal laccase to oxidize their
hydroxylatedderivatvesfor complete detoxificatiof257].

Concerning the challenges in bioremediation of -abichate groundwater, injection of
psychrozymes directly to the contaminated environment can be promising new methods for
increasing the bioremediation rate andcréasing the environmental risks compared to
conventional bioremediation (using whole microbial cells). The use of enzymes for human
consumption dates back to more than 2000 years ago and numerous food products contain
enzymes. To the best of our knowledtiere is no report on the ill effect of enzymes on humans,
animal species, and plants. Although enzymes are considered as a biocatalyst, it does not
categorize as biological hazards (Government of Canada & U.S. Food and Drug Administration).
In addition,introducing bacteria and their potential negative impacts on the ecological system of
cold climate regions led to the superiority of using enzymes over whole microbial cells and all

previous remediation approachédter enzymatic remediationthe enzymes as cellular proteins
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break down into peptides and eventually into amino acids. There is no report on environmental
hazards and negative effects of peptides and free amino dcmls. t he best of
knowledge, this study is the first repon psychrozymes for petroleum hydrocarbon degradation
[199]. Thermodynamic parameters, such as Gibbs free energy, activation energy, enthalpy and
entropy should be also studied to understanchdagtive strategy of coldctive enzymes. This

study ams to develop an alternative and novel enzymatic approach to effeckaggide pxylene

in cold and contaminated groundwater sifdse action of xylene monooxygenase and catechol 2,
3-dioxygenase was sequentially and simultaneously tested in the gratendsample Cost
effective enzyme purification processes and improvement in stability were proposed to show that
using enzymes can be economically competitive with using whole microbial cells.

4.1.2. Materials and Methods

Chemicals and culture media

All chemicals used were obtained in an analytical and microbiological grade that is commercially
available from Sigm&ldrich (Mississauga, Ontario, Canada) and Fisher Scientific (Ontario,
Canada). Mineral salt media (MSM) was used fotylene degradation experintsrto provide
inorganic nutrients and their composition modified from R4Bab]. The pH was adjusted to
around 7.0 £ 0.2 using HCIl and NaOH, before each experiment.

Characteristics of groundwater and soil sample

The groundwater and soil samples usedhe present study were provided the industrial
collaboratorin this workfrom a confidentiapetroleumsite in Montreal, Canad&his site was
selected because of its intensgyene contamination since 20@8depths ranging from 5 tond

and an approximately 10 reachof a river. The initial characterizations of the site showed that
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the concentration of-gylene in the soil exceed®,000 mg/kg, groundwater is also affected by

the free phase-pylene and with a concentration of 200 mg/L dissolveglene.

Isolation of p-xylene degrading bacteria from the soil sample

The isolation was carried out by enrichment and adaption teclsnicpileg MSM supplemented

with 50, 100 and 200 mg/l ofxylene (low, intermediate and high concentration). About 0.5 g of
soil or 1 ml of groundwater sample was mixed with 25mlI MSM supplemented with 50 mg/l of p
xylene. All tests were performed in 150 ndealed serum bottles with a Teflooated butyl rubber
septum and aluminum cap. Isolation and biodegradation tests were carried out between 8 to 15°C,
which is the typical aquifer temperature in the contaminated site. Thereafter, 10 mL of the enriched
culturewas added to a fresh MSM supplemented with 100 mg/bofigne and incubated at 8

+1°C, 150 rpm for one month. The procedure was repeated for the media supplemented with 200
mg/l of p-xylene for the microbial adaptation (ranging from 50 to 200 mdh¢. enriched culture

was inoculated onto tryptic soy agar (TSA) plate. After incubation at 8 +1°G Soda&ys, single
colonies with different morphology were selected aadh of them was inoculated to the fresh
MSM with 200 mg/I of pxylene as the standalone carbon and energy source and incubated at a
range of 411 to 35+1°C for testing itsxglene degrading ability, under different temperatures.

The biodegradation effiaey was calculated by the following Eq. (1).

QQQ HQPO Qé+— pmT Eq. (1)

Where# and# are the concentration of test and abiotic control, respectively.

As the isolated strains could kegqwing at 4°C, the strains were kept2® and-80°C in
tryptic soy broth (TSB) media with 20% glycerol (v/v) for shand longterm storage

respectively.

Strain identification and characterization
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The strains were identified with 16S ribosomal RNAgehegene fragmentvas amplified using

the following universal primers for PCR: 27F-(BGAGTTTGATCCTGGCTCAG3), 1492R
(5-GGTTACCTTGTTACGACTT3). The amplified products were sequenced and then the 16S
rRNA fragmentsequences were compared with the reference sequences using the BLASTnN
program[258] in the National Center for Biotechnology Information (NCBI) database. Thereatfter,
the phylogenetic analysis was developed using the neigbimang algorithm of MEGA 7
software with 1000 bootstragg59]. Biochemical characteristics of the selected strains were
investigated and compared wiseudomonas putidd®TCC 33015)as a reference straifhis
strain was purchased from NRRL (Northern Regional Research Latyrato

Growth in presence of pxylene and enzyme production

Among a total of 27 isolates obtained two isolates, SA8Rnd S2TR09 were selected based

on their ability to grow on{xylene at 8 +1°C.

Bacterial growth was measured using optical density (@) a spectrophotometer at A6aM.

To achieve enough biomass, the isolates were initially growhrgptic soy agarTSA), then a
fresh colony was transferred to 100 8B for 24 h at 8°C,150 rpm until reaching aneggdy—1-

1.2 thatcorresponded to 1.1x 96ells/ml. About2 x 1@ cell/ml of fresh culture was inoculated

in 25 mL ofMSM supplemented with 50, 100 and 200 mgflp-xylenein a 150mL sealed serum
bottle and incubated 8t+1°Cfor 15 days on an incubator shaker at 15@.rp

Enzyme determination

Cells were harvested from the mediadantrifugation (5000 x gt 4 +1°C), and the pellet was
washedwice with phosphate buff€pH 7.2) and thene-suspended in the same amount of media

The cell disruptionwas carried oubn ice using an Ultrasonifier (Branson Ultrasonics Corporation,
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Danbury, CT, USA) at 22 kHz and 30 kHz frequencies of ultrasounds for 10 min. The cell lysates
were used as crude enzysiier further analysis.

To determine protein concentratiotie Bradford as ay was perf ormed usi ng
Protein Assay Kit (Thermo Fisher Scientific, Canada) and bovine serum albumin (BSA) standard
curve [226]. Based on enzyme activity tests in different temperatures (mentioned in the results
section), 15°C was determinad an optimal temperature for psychrozymes obtained from isolates,

so all the enzymassays werearried out at their optimal temperature.

Xylene monooxygenase activitassay

Xylene monooxygenase activity was measured willylpne as a substrate and monitoring the
production ofphenolic compounds by using a colorimetric assay modified from Arenghi et al.,
[225]. NADPH (ynal concentrati on,, théh 3%ul angdjenewa s ad
(4% v/v) in N,Ndimethylformamide was added to the reaction mixture. After incubation at 15
+1°C, every &min interval, 1ml suksamples were collected and mixed with 100 pl o®&H (1

M) and 100 pl of 4amino antipyrine (2% w/v)After the addition of 100 pl of 8% Potassium
ferricyanide, the samples were centrifuged (14000 x g), the A500 of the supernatant was measured
and then calculated by referencéhtep-cresol of 050 pug/mL standard curve. One unit of specific
activity was @fined as the amount of catalyst that produced 1 pmotaégol per minute per
milligram of cell protein.

Xylene dioxygenasectivity assay

Xylene dioxygenase activity was assayed Oasethe formation of indigo. The enzyme reaction

was carried out using 5 pL of indole 100 mM as a substrate in-tNméthylformamide to the

cellular lysates. The absorbance of the reaction mixture at 500 nm was recorded against a blank
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containingallingpdi ent s except the substrate. The enzy

indigo absorbance per time unit normalized to the protein content of the §a6{jle

Catechol dioxygenases activitpssays

Catechol 2, dlioxygenase and catechol kddxygenase activities were assayed by monitoring
the production of 2hydroxymuconic semialdehyde and muconic acid at 375 nm and 260 nm,
respectively. About 3nL of the mixture contained 0.6 mL catechol (1 mM), 2.0 mL phosphate
buffer (pH=7.0), 0.2 mL cellukalysates and 0.2 mL deionized water. The reaction mixture was
allowed to proceed at 15 °C and the -salmples were taken every 2 min. One unit of enzyme
activity was defined as the amount of enzyme that produced 1 pmol of emmugenic acid and
2-hydroxymuconic semialdehyde per time Ui61].

Kinetic analysis of enzymes

As mentioned in the results;qylene is initially oxidized to the central intermediates, such-as p
toluic acid and gcresol, by monooxygenase, and then in the second step ofjtaddéon, p
cresol is finally decomposed into inert intermediates by thefigsgon enzyme (dioxygenase).
For the kinetic study, each step was assumed as-autasérate enzymeatalyzed reaction with
two or more intermediates. Daniet.al proposedthat the initial rate equation for enzyme
mechanisms with more than one intermediate would be in a form very similar to the Michaelis
Menten equation\{= vm / {1+kn/[S]}. So initial-rate measurements were carried out at constant
enzyme concentration anklet Michaelis constantdand maximal velocity were evaluated from
the plot ofv versugS] using GraphPaBrismversion8. Moreover, the plot of reaction velocity
for each enzyme was prepared to study the rate behavior of enzymes. This plot also itnditated
free substrate is present in great excess over the total enzyme concentration.

Thermodynamic parameters
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Gibbs free energy, activation energy, enthalpy and entropy were studied to undersadagtilie
strategy of coleactive enzymeslhe enzymaticactivities were recorded over a wide range of
temperatures (470°C). The rate of a reaction can be described by two models: the Arrhenius
model and the more sophisticated Eyffrglanyi model. The former model (Arrhenius model)
used the activation energgs the energy required to reach the activated transition state; which
includes the chemical potential and kinetic energy. However, the Eyring model applied the Gibbs
energy for the transition state activation that includes entropy and an enthalpy tenng @1 al.,

2011). Transition states can be modeled by the E\RDignyi Eq. (2):

Kcat exp ( — Eq(2)

Wheret s the reaction rate) the transmission coefficient may be approximated

1,0 Boltzmann constant (1.38 x #0J K1), “Ythe temperature’Qand R are the Planck (6.63 x
1034 J s) and gas (8.31 J*¥nol™) constant respectively.

Using the isothermal Giblequatiors* =3( -T33 , and assuming the transmission factor

:1'

Kcat

exp( — — Eq.(3)
Upon rearranging, we get a linear form of Eq. (4):
In (Kcat) = —-+ —+In(—) Eq.(4)
Analysis of gene coding enzymes
Gene expression levels x§yIM andxylE in isolated bacteria were analyzed using ¢ROR. To
determine whether thexylene concentration is reflected in the tramsown of the TOLplasmid

for enzyme production in differentyylene concentrations (50, 100 and 200 mg/l). As mentioned

above (the growth condition), the harvested cells were used for total RNA extraction by the
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BioBasic total RNA kit BS584, Canada).d eliminate the genomic DNA, the extracted RNA
mixture was treated by using DNase | (Qiagen, Germany)syhbhesizecDNA, a reverse
transcription reaction (RPCR) was performed using the same concentration of RNA in each
reaction by cDNASynthesis Kit (Takara Shuzo, Japafhe obtained cDNA was used for PCR

and realtime PCR Geneexpression level was determined usimgeaitime PCR RotoiGene Q
system (Qiagen, Germany) using the SYBR Green master mix {Betw Q).

Partial Purification of Enzymes

The target enzymes were partiapiyrified by ammonium sulfatéBurgess, 2009)Briefly, the

crude enzyme mixture was lgacted to 20%, 30%, 40%, 50%, and 60% ammonium sulphate
saturation with rapid stirring on ice (0 £1°Qhe pellets obtained from each ammonium sulfate

cut were completely dissolved in phosphate buffer (pH=7.0) and storedtEIC. Protein
concentratorwas quanti fied by PierceE BCA Protein
polyacrylamide gel electrophoresis (SP8GE). SDSPAGE was performed on 10%
polyacrylamide separation and 4% stacking gels. After electrophoresis, the loaded samples were
visualized using Coomassie Staining Solution.

Bioconversion and biodegradation test

All tests with enzymes were performad Minimal Salt Media (MSM) supplementesith the
substrates fylenes at 8+ 1°C, 150 rprithe conversion test ofxylene was characterized in a
sealed bottleontainingwater and 50, 100 and 200 mg/l ekylene. The concentration in tests

was selected based on the water solubility -af/lene at 25°C (~200 mg/[R62]. Usually, 10

U/mg of xylene monooxygenase and 10 U/mg of catecheldigygenase (1:1) were added to

the conversion and degradation media. For kinetic and thermodynamic analysis, the sequential

action of enzymes was studied in the ratio of 1:1. In the sequential actiorgtdobat 1, 2
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dioxygenase was added to the xylene monooxygenase converted media after xylene isomers
transformation whereas in the simultaneous action tests both xylene monooxygenase and catechol
1,2-dioxygenase were added simultaneously to the reactioluresx The tests were also carried

out in 150 ml with a 9:1 airspace: liquid ratieased with a Teflon rubber stoppawntaining25

ml of reaction volume. The concentration exylene was detected with GC/MS (as mentioned in

the following section) in thaquatic phase. Asyylene is considered a highWplatile compound;

only about 50 to 60% of the concentration added can be detected in the liquid phase. The
concentration in the liquid phase was measured and the needed concentration was compensated to
correct the detection result§he biodegradation test was also evaluated for groundwater samples
from the contaminated site, similarly, as mentionedstaquential and simultaneous testarst

and seconarder reaction rate equations were used to comip@rdiodegradation kinetics at

higher and lower concentrations ekplene atsequential and simultaneous action of enzymes.
Analytical procedures

The concentration of-gylene was determined using a 7890A Gas Chromatographl{DB
coumn0.25mmid. 80 mi 0. 250m yIlm thickness) equipped
HS-40 trap automatic headspace sampler. The temperature was set at 45 °C for the column and
300 °C for the detector. 50 pl of samples were injected directly into the 40 mL headspa&ce bottl
containingl10 pl of fluorobenzer@5 (100 mg/l diluted in methanol) as an internal standard and 5

ml of ultrapure water.

Full scan mass detection is used to determine the products formed by the action of enzymes. The
concentration of products at diffetetrme intervals during kinetic trialwasanalyzed from the

areas of the substrates and compounds pegks.gnd mcresol were not determined by GC/MS

equipped headspace, therefore their concentration was determined byaxC3¥ CB column
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(25mx0.25mm0.20um, Agilent Technologies, Netherlands) connected to a Varian 2200 Gas
chromatograph coupled to a Saturn Mass Detector. The products appearing during the
bioconversion were initially identified using NIST library data, then the concentration was
deternined using the calibration curves of their standards. All analytical and biological tests were
performed in triplicates.

Statistical analysis

Statistical analysis was done by emay analysis of variancBANOVA) followed by Tukey
posthocprocedureto determine the differences among three or more numeric variables at a
significance level set gi<0.05.

4.1.3. Results anddiscussion

Identification of isolates

Among all the isolates obtaine82TR08 from groundwater sample and S2Z®& from soil
samples were selected based on their ability to grow-xylgme as a sole carbon and energy
source. When two isolates were grown on TSA at 8°C for 3 days, the following colony
morphologies from each were observed; smooth, white and raised with a Giwaar colony.

They could grow at between 4 £1°C and 25+1°C, but not well at 37+1°C as previously reported for
P. mandeliistrain [263]. This characteristic showed that these two strains have no potential
pathogenicity toward humans and animalse parial 16S rRNA sequencing showed tIEATR

08 was close to the type strain Bseudomonas mandetifrain CIP 105273 with 99% identity.

The sequence identity 82TR26 was 99% with a type of strain &fseudomonas synxantha
ATCC 9890. The sequences forS2TR08 and S2TR26 have beenlepositedn

theNCBI Genbank database and were assigned the accessMNI87757 and MN197891,
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respectively. Phylogenetic analysis also grouB#TR08 and S2TR26 with the type of
Pseudomonas mandelf. mandeli) andPseudomonas synxanthath 98% bootstrap support.
Pseudomonas mande(i®. mandeli) was first isolated by Verhill§264] from a mineral water
sample in France and later on isolated from mineral water in South Korea, and agricultural soi
samples in Canada, the United States and GR61d, [266] Li et al. (2013) reported the isolation

of psychrotrophid®. mandeliistrain from the soil in Changb®ountain, China that could grow

at 437°C and produce a high amountpaly-b-hydroxybutyratg266].

Liu et al. (2013) isolated a cotdlerant consortium from contaminated soil, which can degrade
nitrobenzene and aniline niteromatic and aromatic ané compounds at 10°C. In this
consortium,P. mandeliwas detected as a dominant species (37.7%) although the percentage of
P. synxanthavas quite low (<0.1%) it has degradation ability at 1{P&7]. SinceP. mandelii

andP. synxanthdave no prior reaal of pathogenicity and ability to degradexydene as a sole
source of carbon, they are therefore a good and novel candidate for bioremediation application in
contaminated sites. However, the main aim of this study is to use enzymatic biodegradation that
avoids the release of microorganisms into the contaminated environment. The biochemical
characteristics ofisolate S2TR08 and S2TR6 were compared withthe biochemical
characteristics ofPseudomonas putidéATCC 33015). The results from biochemical tests
confirmed that isolated bacteria aRdeudomonas putidare withinone species, but different
strains.

Effect of temperature on pxylene biodegradation

In cold regions, low temperature poses the main challenge for bioremediation that requires more
time to meet cleanup standarfd®9]. In the contaminated site, the temperature of groundwater

was regularly monitored, and it was reported to range from 8°C to 15 °C. To bioremediate this
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contaminated groundwater, the selected isolates have to survivecaldgdegradingnzymes

under this temperature. A series okylene biodegradation tests were conducted at different
temperatures (4, 8, 15, 25 and 35 +1°C) using MSM supplemetited00 mg/l of pxylene (as

the sole carbon source) to investigate the effect of different temperatures on degradation by
selected bacteria strains. The results showed a low biodegradation efficiency at a duration range
from 5 to 15 days at all tested temperatures. Although many researobported that
Pseudomonastrains could not degradexglene efficiently even at favorable temperatui@

bacterial growti{268], P. mandeliiS2TR08 andP. synxanthe&82TR26 appear to be unique in

their ability to grow with pxylene as a sole cash source at low temperature (4<T<15%1 °C).

As shown in Fig4.1.1, pxylene can be degraded by selected isolates at all tested temperatures
after one month of incubation. Thereafter, after incubation for 30 days, mostytére was
degraded at 4 °@( mandelii 82.59 + 3.75%P. synxantha99.96 * 0.04%), 15 °@?( mandelii

99.95+ 0.03%P. synxantha99.99+ 0.01%) and 25 °@ (mandelii 89.45 + 0.71%P. synxantha

92.34 + 6.09%). By contrast, the selected isolates exhibited a low degradatiorP@t (35
mandelii 57.12 £ 1.90%P. synxantha68.71+ 3.09%). The results indicated that the two selected
isolates are psychrophilic bacteria, and the optimum degradation temperature is 4 to 15 °C. Based
on this result and preliminary results, the enzyfnesy assimilating resting cells could be an
effective approach to minimize the time of biodegradation in cold climate regions. Since bacterial
whole cells need nutrition and air to maintain the optimum growth, considering that groundwater
lacks nutritionalfactors for microbial growth, using enzymes could be more feasible from this

perspective than the use of whole cEg9].
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Fig. 4.1.1. p-xylene degradation efficiency byP. mandeliiS2TR-08 andP. synxanthaS2TR-
26 at different temperatures after onemonth incubation.

Enzyme determination

One of the determining factors in enzyme expression is the concentration of the substrate. The
cultured bacteria in MSM supplemented 50, 100 and 200 mgAxgfegme at 8 °C and after 30

days of incubation were used for enzyme determination. Thechmee experiments also
demonstrated that 30 days of incubation was the best time when the growth reaches its stationary
phase and the production of the enzyme is near to maximum (data not shown). Nagy at al., (2001)
showed that enzyme activity was near to mmaxn when the growth reached the stationary phase
and the cell lysis effect could be negligible in enzyme act|2id#].

As p-xylene is considered partially insoluble in water and range ofLl®82mg/l can dissolve in

water at 25 °C. The value of 200 fhgnd lower than this value (50 and 100 mg/l) are consistent
with a sufficient bioavailability for these compounds to favorable biodegradation efficiency by
xyleneutilizing microorganisms. Tabld.1.1 shows the results fromylene monooxygenase

xylene doxygenasecatechol 1, Zlioxygenase and catechol 2d®xygenase activity. The cell
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lysate from cultured bacteria in presence of 50, 100 and 200 mg/I of substrate showed a significant
difference in enzyme activity in order of 200>100>50 (p<0.05), andriayme production, 200

mg/l of p-xylene seemed to be optimal substrate concentration (p<0.05). The present study
corroborates with previous studies showing thatylene degradation depends on the mono
oxidation of the methyl sidehain of the aromaticutleus and its fissiof13]. The cell lysate from

P. mandeliiS2TR08 showed high catechol 2dBoxygenase activity (11.28 + 0.45 U/mg), while

the cell lysate fronP. synxanthaS2TR26 showed high xylene monooxygenase activity (285

0.70 U/mg). Based on previous studies, biodegradation pathways begin with natamoxand

finish with the formation of catechol or naatecholic compounds as intermedigizg0]. By
comparison, the degradation efficiency ekydene at 8 °C, using two psychrophilic enzymes
could be more effective; xylene monooxygenase fRosynxanthaS2TR26 for the oxidation of
p-xylene to the phenolic product, followed by the ring fission using catecheb@xggenase

from P. mandeliiS2TR08. It has been reported a strong effect of temperature on cell membrane
permeability ofPseudomonasp.to phenolic compound®71], so a decrease of cell membrane
permeability at low temperature could result in different xylene monooxygenase and catechol 2,3
dioxygenase production in two isolates.

Table 4.1.1 Enzymes determination inP. mandeliiS2TR-08 andP. synxanthaS2TR-26.
ND, non-detected; Data (means * errors, n=5) were analyzed by om&ay ANOVA;
different letters within each column indicates significance among the enzyme produced in
the presenceof different concentration of p-xylene (for ingance,2°P<0.05, a, between 50
and 100; b: between 10 and 200); * is considered significance among enzyme activity in
different strain.

p-xylene P. mandelii S2TR08 P. synxantha&52TR 26

concentration (mg/L)

xylene monooxygenase¢ 50 0.81 +0.02 3.16+ 0.41*
(U/mg) 100 1.04x0.1C 5.21+0.16*
200 1.76 + 0.08 9.85+ 0.70%
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xylene dioxygenase 50 ND ND

(U/mg) 100 ND ND

200 ND ND

catechol 2,3 50 4.07+0.85 ND

dioxygenase 100 9.30+0.12 ND

(U/mg) 200 11.28 + 0.45 ND

catechol 1,2 50 ND 0.02+0.01

dioxygenase 100 ND 0.08 £ 0.01ns
(U/mg) 200 ND 0.12 £ 0.02ns

Enzyme characterization and thermodynamic parameter detection

Xylene monooxygenase was precipitated a76% cut of ammonium sulphate however catechol
2,3-dioxygenase was precipitated at80% cut of ammonium sulphate. The SBAGE analysis
confirmed the presence of xylene monooxygenase at approximately 80 kzataokol 2,3
dioxygenase at approximately 35 kDa and a decriegsetein content. The partial purification

of enzymes showed that the specific activity increased around 5 times more than the crude enzyme
mixture.

The highproduction cost of enzymes hastricted their industrial use for environmental purposes

and downstream processing asmajorcostin theproductionof enzymes and proteinEnzyme
purification is the most important process in downstream processing to remove interfering
compounds and ber cellular proteins and enzymes. The objective behind deciding the strategy
for purification is to obtain the desired purity level for the target application. In environmental
applications, there is a need for a quick, controllable, and simple to retm@recell components

and interfering substances. Ammonium sulfate has been used over the last hundred years and
remained the most widely used in industries becauge cheap, very soluble in water, and

relatively no toxic substance to living organisf2g2]. The partial purification of enzymes using

139



ammonium sulfatés a feasible solution to the high cost of enzyme production which is leading to
the limited application of enzymes for environmental purposes.

The results from enzyme activity in different temperatures showed that xylene monooxygenase
and catechol 2,-8ioxygenase fronf. synxanthaS2TR26 andP. mandeliiS2TR08 were most

active at 15°C. To compare their mesophilic counterpart enzymes, the mesophilic homologue
(mesozymes) of xylene monooxygenase and catechel®x8genase were produced frdt

putida The specific activity of xylene monooxygenase and catechol-dpxX3/genase from
isolated bacteria were 10 and 11 U/mg respectively, however, at the same temperature (15°C),
their mesophilic counterparts were 2 and 3 U/mg, respectively.4H@ illustrates that the
enzymes from isolated bacteria are psychrophilic Rn@utidaproduced mesophilic enzymes
(most active at 50°C). The present results corroborate with previous studies regarding features of
cold adaptation processes. The main fact of physiabgitaptation is the production of enzymes
having around tenfold higher specific activity in low temperatures to compensate for the slow
reaction rates in this temperature raftifj. The observations suggest that xylene monooxygenase
and catechol 2,-8ioxygenase have been adapted, in terms of temperature dependeB&§QA

to the growing range of its host.
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Fig. 4.1.2. Temperature dependency of selected enzyme activity. XMNO, xylene
monooxygenase; C2,3, catechol 2¢Boxygenase; PsyPsychrozymes; Meso, Mesozymes.

Turnover number(  represent the maximum number of substrates transformed to product per
enzyme active site per time. Tallé.2 shows the high turnover number of psychrozymes at 15°C

and mesozymes at 50°C. Thedtdiof the energy level between the ground state of enzyme
substrate and the transition state enzpmestrate can be calculated by the relation between the
temperature dependencyand .The val ues of @Gcoriespand tothereneegner gy
level (barrier) required for reactions to occur, the lower this barrier level, the higher activity
occurred. High activity of psychrozymes in low temperatures corresponds to a decr#&a€e of

(the free energy of activation). As illustrated in Tablel.2, the psychrophilic xylene
monooxygenase and catechol jJiBxygenase showed a decreas& 00 (14.7 and 14.2 Kcal

molt) compare to their mesophilic counterparts (16.3 and 14.7 Kcaljrabll5°C. The enthalpy

of activation ¢'O is related to the easof bond breaking and making (binding energy) in the
generation of the transitemt at e compl ex from theéfvgueofund st

psychrozymes at low temperature corresponds to the faster thAaemedingly, the reduced
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enthalpy in the psywozymes reaction could explain the main adaptive mechanism to low
temperature@~eller, 2013)Moreover, psychrophilic enzymes possess lai@rvalues reducing

the adverse effect of low temperatures on enzymatic reaction rate. The entropic contrsixion

for the psychrozymes is lower than mesozymes at low temperatures. 4TABleshows the
variations of the thermodynamic paramet@gramelyA A O A KO andA A

Y ). Thiscomparison provides some information to the understanding of how psychrophilic
enzymes can deal with low temperatures. Ahe& "O shows the difference of , due to

the relation betwee® 'O and0  according to Eq. (2). The negative valuezoB'O

confirms thapsychrozymes are more active than mesozymes at low tempef(&@aozkette et al.,
2004) Numerous analyses carriedut on psychrozymes proved that the 3O

ands 3Y has always negative value whatever the sign of the activation enthalpy and
entropy (positive/negative) at low temperature. As expected, the valug 30 :

330 andz 3Y were negativat 15°C (Tablet.1.2).

It is well documented that all studied psychrophilic enzymes possess #Wewralues and
resulted in reducingd  dependence on the temperature and consequently the effect of low
temperatures on enzymatic reaction rgg¥3]. Overall, reducing thenthalpy can be the main
cold-adaptive parameter for psychrozymedicating greater flexibility and lower stability at or
near the active site of psychrozymes. Based on the central concept in the cold adaptation that
flexibility should increase at the active site that is responsible for the high catalytic activity of
enzymes[274], in contrast, other residues of the enzyme are not involved in catalysis may not
show low stability. It can be interpreted that high stability in some residues of the enzyme structure

could contribute to a decrease ¥ Y , the unfavorablentropic contributiorf275].
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Table 4.1.2 Turnover number and thermodynamic parameters for selected enzymes edlevant temperatures (most active temperature).

At 15°C (288K)

At 50°C (323K)

Enzymes
Lol L 1 T 101 Mg 7 1 iR 7 1 h A
(SY (Kcal (Kcal mol- | (Kcal mol" | (Kcal | (Kcal (Kcal (sH (Kcal mol?) (Kcal (Kcal mol'?) | (Kcal (Kcal (Kcal
mol?) h h mol?) | mol?) mol™?) mol?) mol?) | mol?)
mol?)
XMNO
(Psy) fgg 14.774 14.772 -0.00217 7'877i0'0 16.240 16.292 0.05263
+3, ) ) - 0.03056
XMNO 0.620. 1.538 1.543 0.00558 0.578 0.608
Meso) | o5 16312 |  16.315 |  0.00341 65.1+1.3| 15662 | 15.684 | 0.02207
C2,3 (Psy)
104+1 14.234 14.232 -0.00282 ) 0.028 18.580 18.677 0.09724
-0.52 | -1.433 3.267 | 3.331 | 0.0727
c23 0.00138("100.6+4.
(Me’so) 38.8 14.754 14.753 -0.00144 2 - 15.322 15.346 0.02452




Gene expression analysis

To confirm the results afnzyme activity assays, the expression level of the encoding genes for
involved enzymesxfyIM and xylE) was investigated when enzyme activity reached the highest
amount in isolated strains. The TOL plasmid encodes the key enzymes for the oxidativesoataboli
of xylenes inPseudomonasp. Xylene and toluene can be degraded by the progressive oxidation
of a methyl side chain to carboxylic acid such as toluic acid-fglgne, followed by oxygenated
cleavage of the aromatic rifigj76]. Xylene monooxygenase the first enzyme and responsible

for the oxidation of the methyl side chain of xylexsdM gene encodebexylene monooxygenase
subunit, this subunit is an important componethe hydroxylation reaction of the carbon side
chain[276]. Catechol 2,3lioxygenasen the fission enzyme responsible for ring cleavage and
xylE encodes this enzyme under the regulation of TOL plag2id].

Fig. 4.1.3 shows the genexpression of two important geneylE andxylM) in isolated strains in

the presence of differentyylene concentrations (50, 100 and 200 mg/l). The result of gene
expression analysis indicated that isolated bacteria responded to the high concehpratidens

with an increase in the expression levetylM andxylEin P. synxanth&2TR 26 andP. mandelii
S2TRO08 respectively. The results frorylIM showed that this gene was highly expresseH.in
synxanthaS2TR26 exposedo p-xylene at 200 mg/l (RQE02). xyIM gene expression iR.
mandelii S2TR08 was significantly lower thaf. synxanthaS2TR26 (p<0.05).xylE gene
expression was induced only ih mandeliiand also unregulated in the high concentration-of p
xylene (200 mg/l). All the results of ge expression analysis were consistent with enzyme activity
results (Tabld.1.1). The findings of this study were also in agreement with the studies that showed
that some microorganisms can produce enzymes to degrade the majahi&y hofdrocarbons

whereas others may be specific to substr§2@8]. Gescher et al. (2006) showed that some
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contaminants could not be completely mineralized by a single bacterium strain. As xylene
monooxygenase artdtechol 2,3lioxygenase have a matofiend product, they can synchronize

together to degradexylene completely.

A xyIM

control 50 100 200

mP. mandelii S2TR-08 P. synxantha S2TR-26

B xylE

|
4
g 31
2_
1 -
0
50 100 200

control

H P. mandelii S2TR-08 = P. mandelii S2TR-08

Fig. 4.1.3. Gene expression otylM (A) and xylE (B) gene at different concentrations of p
xylene (50, 100 and 200 mg/l, RQ, Relative quantification; Contralhe samplefrom the
bacteria grow on media without pxylene.

The action of xylene monooxygenase on-gpylene
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Full scan mass detection is used to determine the products formed by the action of xylene
monooxygenase. Then, the transformation time courses were investigated quantitatively for
detected intermediates.

Xylene monooxygenase can hydroxylate xylene isonmethe ortho, meta, and para positions
[279], the oxidation may be initiated by direct oxidation or oxidation of one or two methyl groups
of the aromatic nucley280]. The results showed thatqglene was firstly converted totpluic

acid andthen onverted to gresol. The further conversions of cresol to catecholic derivatives
(methylcatechols) were previously observed with xylene isorf&3%], while they were not
detected in the present results and the accumulatiocrasel was detected dngtheincubation

time. A possible reason could be that xylene monooxygenase has a higher affinity for xylene
isomers than for qoresols[282]. Some literature used xylene monooxygenase to oxidize the
methyl group of aromatic hydrocarbons that shoullb¥oking 2, 3 or 1,dioxidation[283].

For partially purified enzyme, lack of rirgjeavage enzyme was the main reason forgsol
accumulation however, a similar result was observed using the crude enzymes mixture. This could
be due to the low catechl, 2dioxygenase activity for ring cleavageRn mandeliiS2TR08. In
Fig.4.1.4, the time courses ofyylene transformation were reporteghda maximal concentration

of p-toluic acid was observed within BDh. The transformation of-fpluic acid top-cresol
reaches completion within 72h (Fi¢1.4). Gullotto et al. (2008) reported that toluengytene
monooxygenase fromPseudomonassp. OX1 could transform toluene to-cpesol and
methylcatechol within 24 h at 30 9€57]. The results showed thpdcresol is the last product of
multi-step oxidation of xylene monooxygenase enzyme even at a longer time if the other substrates

(p-toluic acid and gxylene) were not present. Although bacterial multicomponent
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monooxygenases are highly homologous, thexe hdifferent affinity and substrate specificities
[284].

The oxidation rates of-gylene were tested using pure and crude enzymith equal specific
xylene monooxygenase activity (10 U/mg of xylene monooxygenase activity). The oxidation
rate of pxylene using crude xylene monooxygenase was 7+2% less than pure enzyme. All further
tests were carried out using partially purified enzymes. Although the industrial utilization of
purified enzymes for environmental purposes is not economically justifiedartireonium
sulphate precipitation method is relatively inexpensive and stabilizeprotein structurf285].

The stability test of these enzymes showed that partially purified catechali@ygenase and
xylene monooxygenase was quite stable (remgiri®9% of their activity) at storage condition

(4 °C £ 1) after 10 days, while crude enzymes lost ~ 50% of their activity in that given time. The
high degradation rate and improved stability of enzymes should be considered for datttimg
application of crude enzymes or partially purified enzymes. Since the reduced reaction rates and
lower stability in the crude enzyme cocktail can potentially negate the economic gain enabled by
the removal of the enzyme purification process. Besities)igher stability and reaction rate of
partially purified enzymes for complete mineralization ofyene in the cold climate region can

confirm the economical superiority of enzymes over whole microbial cells.
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Fig. 4.14. Xylene monooxygenase actiomg-xylene in time courseThe standard deviation
values of three replicates are also shown:-PpA (50), p-toluic acid in concentration of 50
mg/l; (100) and (200) in concentration of 100 and 200 mg/I.

Action of catechol 2, 3dioxygenase on bioconversioproducts

As the results showed the last productsydéne monooxygenasmnversion were4gresol,and
the oxidation rates of-presol were tested using partial pure and crude catechali@xggenase
with equal specific activity (222 U/mg). The oxidation rate ofgesol using crudeatechol 2,
3-dioxygenasavas 26+5% less than the partially pure enzymerelol aghe final product of
xylene monooxygenassonversion in the concentration range ofZ® mg/lwastransformed

leading toits complete disappearance within80h (Fig. 4.15).
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Fig. 4.15. The dynamics of pcresol oxidation by catechol 2, @lioxygenase at 18C. (50)
initial concentration of 50 mg/L, (100) initial concentration of 100 mg/L and (200) initial
concentration of 200 mg/L.

Full scan mass detection was carried out to determine the final products formed by the action of
catechol 2, 3lioxygenase. As a result, no specific product was formed after the ceraptain

of this enzyme that confirmed the complete degradationaregol (as central intermediate) to

inert products. Cresol is considered a carcinogenic and teratogenic conjp8@hdherefore,

they need to be removed from the contaminated envieannit is reported that intermediate
products from biochemical reactions may be more toxic than their parent compounds, thus the
modification of the initial parent compound is not always an effective method in remediation and
pollutant management. Theredp biodegradation techniques should be designedtHer
mineralization of the compound to completion from an environmental point of view. However,
several literature proposed biodegradation and biochemical techniques with misunderstandings in
the sequenaeof biochemical stegd287]. In this context, enzymes are proteins produced by all
living organisms; they act as a catalyst for a specific reaction to avoid the production of toxic by

products. Xylene monooxygenase specifically catalyzed the-stefioxidation of the aromatic
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nucleus of pxylene and produce-gresol as the last product. Catechol-2lj&ygenase showed a
high affinity to pcresol to degrade it to inert products. These results showed the complete
mineralization of pxylene without anyoxic by-producs.

Catechol dioxygenase can also play a key role in the degradation and finally detoxification of such
compounds. Merimaa et al. (2006) showed tRatesotdegradingpseudomonassed catechol
2,3-dioxygenase to initiate theetapathway leading to the formation of acetaldehyde and
pyruvate for their metabolic cycl¢288]. Choi et al. (2013) showed that in the xylene pathway,
abundances of key metabolic intermediates were gedeby their differing affinities to the
various involved xylene metabolic enzymj@80]. The current results also showed the high
affinity of p-xylene and goluic acid to xylene monooxygenase and the high affinity-ofgsol

to catechol 2,3 dioxygenas

Moreover, the fpxylene degradation rate was used to determine the parameters of the Michaelis
Menton model. The kinetics ofxylene conversion to-presol and fcresol conversion to inert
intermediates was determined (Tallel.3). The catalytic effiiency (ratio of ka/Km) was used

for the evaluation of overall kinetic efficiency. Teezymespecific constant has been reported to
decrease for the second step of degradation.

Table 4.1.3 The MichaelisMenten parameters for monooxygenase and dioxygesa

Vmax Catalytic Efficiency (KafKm, min?

(mM/min)  Km(MM) mM-9)
P-xylene
0.48 1.51 0.402
(xylene monooxygenase)
p-Cresol
20.77 3.92 0.44

(Catechol 2,3 dioxygenase)

Simultaneous action of enzymes
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The mixture of xylene monooxygenase and catecheld¥8/genase was applied for degradation

of 200 mg/L of pxylene in the groundwater sample. As mentioned previously, xylene
monooxygenase frorR. synxanthaS2TR26 and catechol 2,-8ioxygenase fronP. mandelii
S2TRO08 were used for the formulation of the enzyme cocktail. The enzymes were mixed in
different ratios, and the initial activity of each enzyme was around 10 U/mg.

To determine the synergistic action, the activity of the enzyme was comparectbéndividual
enzymes and the mixture of them. If the enzyme activity in the mixture is greater than individual
enzyme activity, they have a synergistic effect otherwise it is known as the additiorj28€ct

The results showed that enzyme activities were the same in the mixture and individual enzymes.
This proves thatylene monooxygenase and catechol Zjid&ygenase work in an additive
manner. The results showed that 10 U/mg of xylene monooxygenaseadestifb achieve 90%

of p-xylene degradation after 30h (F#§1.6). The highest biodegradation ekplene was found

in enzymeswith mixed ratie of 1:1.5 and 1:2 (xylene monooxygenase: catechol -2, 3
dioxygenase). As shown in Fig.1.6, pxylene degrad#n remained the sanweth the addition

of catechol 2, ]lioxygenase, so considering the commercial @atnzyme mixture with a ratio

of 1:1.5 can be considered an effective enzyme cocktail. Thus, the ratio of 1:1.5 was needed to
obtain the complete deadation of pxylene within 48h. Gullotto et al. (2008) also reported that
extra addition of 0.1 U/ml laccases was needed for the simultaneous action of tekydereeo

monooxygenase and laccase to compleeegradation of toluen@57].
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Fig. 4.1.6. The degradation of pxylene by in the enzymatic cocktails within the different
ratios

The requirement of further addition of catechol-2li@&ygenase in enzyme cocktail has probably

to be ascribed to inactivation through oxidation mechanisms andfidatssactive site iron atom
because of some poor substrate such as cresols and chlorethylcatecholf290].

As mentioned previously, the main concern in biodegradation is the final toxic products, full scan
mass detection was hence carried odetermine the final product. As a result, no specific product
was produced after the complete action of the enzyme cocktail (1:1.5) that confirmed the complete
degradation of xylene within 48h.

To quantitatively compare the sequential amiultaneous method, average degradation rates
(ADR) and specific degradation rates (SDKjre calculated for both methods. The ADR was
calculated as the slope of the plot of th&gyfene concentration/timacluding the lag period,
whereas SDR is the slope of the plot withalaig phas¢210]. The result of pxylene concentration

in enzymes mixed ratio of 1:1 was consideredHercalculation of SDR and ADR for considering

the same enzyme activity in two methods. The end time for SDR was 25h, while for ADR was
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60h. The SDR for sequential (7.22 mg IY) was slightly higher than for simultaneous (6.21 mg

Lt hY). The ADR value for sguential was the same as for simultaneous (3.1 mdrt).
Considering the enzyme activity of 10U/mg of each enzyme, the SDR of the sequential method
was 0.7 mg I h'! for each unit of enzyme and 0.6 mg bt in the simultaneous method. The
results fran the labscale tests demonstrated that the biodegradation rate was higher in the
sequential method in teswf enzyme activity, however considering the operational limitations
for field testsin cold-climate regions and the need for the sequential imjeaif enzymes in a
given time makes the concomitant method more feasible method for biodegradatigyleriep

in cold contaminated sites. Also, an extra addition of catecheliyxygenase can increase the
SDR of a simultaneous method to 7.7 myH.

Both the sequential and simultaneous methods, there was a perfect fit for biodegradation of p
xylene at high and low concentratgoanf substrate with the classic Michaéhdenten kinetic
model. According to this model, the degradation rate -g&flpne wil be zereorder at high
substrate concentrations however at low substrate concentrations, the degradation rate will be first
order. R value observed was 0.99 for zeyaler at a concentration of 2@% ppm, 0.97 for the

first order at a concentration kefss than 5ppm in the sequential method and the same agreement
with the simultaneous method %®.97 and 0.96 for zero and first order at mentioned
concentrations). The kinetic data showed no inhibition during the biodegradation at a high
concentration op-xylene as the catalytic process which followed both zero and first order.
Although, remediation using enzymatic treatment can be a costly prdtees. points of view

can show the significance of the current study affordably remediating contaminated

groundwater using enzymes:High biodegradation rate of crude/partial purified enzymes in cold
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environments (less time for remediating) cBsteffective method for partial purification; and 3

less or no environmental risk of enzymatic remediation @vetpto other approaches.

4.1.4. Conclusion

The combination of enzymes fradAdseudomonasp can be a promising method for conditions that
which rapid remediation is needed. The result of this study showed that xylene monooxygenase
from S2TR26 andcatechol 2, 3lioxygenase from S2TR8 are coléadapted and degradative
enzymes. Feasible protocols for sequential and simultaneous action of enzymes were proposed for
p-xylene biodegradation in cceldimate regions. The sequential action of the enzyma®fsrred

to their simultaneous action because in the latter the addition of catechalidky8enase is
required. However, the simultaneous method can also be a feasible method &itesolchere

the multistep operation is limited. In both these agmhesthe enzymes as a degradable
biocatalyst will break down into their monomers (amino acids) after enzymatic remediation. The
free amino acids can be used by the indigenous bacterial community in groundwater with a lesser
impact on the environment cqared to all previous remediation approaches. The biological
processes using enzymes are far more sustainable. They can catalysis a specific reaction without a
high amount of activation energy, auxiliary materials, or solvents. The present study proposed a
cold-active enzyme mixture for mineralization ekplene and no produced intermediates with the

goal of complete detoxification at low temperatures.
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BRIDGE-2

Batch test experimentsshowed thatthe cocktail of selected enzymes (xylene
monooxygenase&atechol 2, 3lioxygenasevith a ratio of 1:1.5couldcompletelydegiade
200 mg/lof p-xylenein groundwater samplewithin 48h The unique thermodynamic an
kinetic behaviorof the selected coldctive enzymespermit them to achieve rapid
degradation of fxylene at low temperatures (<I5). The next step was testp-xylene
degradation using the enzyme cockfait soil samples under low temperatutesconfirm
the potential application dhe enzyme cocktail the contaminated siteAfter batch tests
bioremediation of gxylene contaminated soil was carried out in soil column tests wit

injection of different concentrations of enzyme cocktail$5+1°C.
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Abstract

Enzymaticbioremediation is a sustainable and environnfieahdly method for the cleanp of
contaminated soil and water. In the present study, enzymatic bioremediation was designed using
cold-active enzymes (psychrozymes) which catalyze oxidation stepsygépe biodegradation

in highly contaminated soil (initial concentration of 13,000 mg/kg). The enzymes were obtained
via co-culture of two psychrophilieseudomonastrains and characterized by kinetic studies and
tandem LEMS/MS. To mimicin situapplication ofenzyme mixture, bioremediation ofxqylene
contaminated soil was carried out in soil column (140 mL) tests with the injection (3 pore volume)
of different concentrations of enzyme cocktails (X, X/5, and X/10). Enzyme cocktail in X
concentration containedbout 10 U/mL of xylene monooxygenase (XMO) and 20 U/mL of
catechol 2, 3 dioxygenases4,3D) X/5 and X/10 correspond to 5x and 10x dilution of enzyme
cocktail respectively. The results showed that arounél492 pxylene removal was achieved in

the trated soil column with enzyme concentration X, X/5 after second enzyme injection. While
the pxylene removal rate obtained by X/10 concentration of enzyme was less than 30% and near
to untreated soil column (22.2%). The analysis of microbial diversity eoxicity assay (root
elongation and seed germination) confirmed the advantage of using enzymes as a green and
environmentally friendly approach for decontamination of pollutants with minimal or even

positive effects on microbial community and also enrieht of soil after treatment.

Keywords: p-xylene; Enzymatic bioremediation; Ceddtive enzymes; Biodiversity; Soil column

157



Graphical Abstract

Contaminated Soil column

s

X, X/5 and X/10:
Enzyme concentration with
1x, 5x and 10x dilution

&

Increased richness of
microbial community

g
g
i g
| Microbial £
i Diversity » %
¢ xXMO L e
& C23D ¥ i
=
X X/5, X/10:Enzyme concentration with T o -

e Residual (Physical adsorption)
B Free phaze
" Biodegradation

p-xylene removal

2

[E]

. ,
b I I I I

0

Untreated
Biotoxicity analysis

Untreated

1%, 5x and 10x dilution X

trrerd ||

Xi5

X110 ‘

158




Nomenclature

Acronyms
XMO
C2,3D
BTEX
LC-MS/MS
TSB
OD600
CFU

ouT

Symbols

X X/5, X/10
a

Y

Ci

Co

Xylene Monooxygenase

Catechol 2, Dioxygenases

Benzene, Toluene, Ethylbenzene, Xylene

Liquid Chromatographyandem Mass Spectrometry
Tryptic Soy Broth

Optical Density at 600 nm

Colony-Forming Units

Operational Taxonomic Units

Enzyme concentration with 1x, 5x and 10x dilution
Competitive adsorption coefficient

Correlation coefficient

Concentration of fxylene at any time (g%

Initial oil concentration (ppm) (g4

Axial dispersion coefficient (cm)

Initial p-xylene concentration (ppm)

P-xylene equilibrium concentration in the liquid phase (g |
Freundlich adsorption isotherm constant (mg(bg™?) ™)
Michaelis constanfcm min™?)

Reaction rate (I ¢f)

Mass of dry soil (kg)

Saturated soil column mass (g)

Mass of water in both ends reservoir (g)

Mass ofthe dry column (g)

P-xylene total mass (mg)

The mass of the-pylene in the free phase (mg)

The mass of {xylene absorbed in the air (g)

The mass of pollutant in the liquid phase

The mass of {xyleneabsorbed on soil particles (g)
Total number of components

Isotherm constant

hydraulic conductivity (cng)

Adsorbentmass (Q)

Intra-particle transfer rate constant (mg min~2)
Constant rate (1 mih

Average of calculated adsorption capacity at equilibrium (mg gv)
Experimental adsorption capacity (md)g
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Retardation factor

Flow rate (mgt)
Breakthrough volume (ml)
Pore water velocity
Chi-square

Porosity of column
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4.2.1.Introduction

In the lastseveraldecades, soil and groundwater pollution from petroleum hydrocarbons has been
paralleled by a rapid increase in demand for petroleumeaikage from pipelines and tanks,
unsafe wastdisposal, and transportati@osmeri et al., 2019p-xylene is one of the most widely

used aromatic petroleum hydrocarbons as a solvent in various industries such as rubber, leather,
printing, paint,gasoline, and airplane fuel production. Sineryfene is considerka volatile
hydrocarbon, it evaporates from topsoil, but any remainirgigne can infiltrate through the soil
profile and contaminate groundwaf2b3].

In cold climate regions, the widespread use of petroleum products has led to contamination of
terestrial and aquatic systems at many $283]. The management of contaminated sites in these
regions is often confounded by the environmental, logistical, financial, and legislative challenges
associated with operating in the harsh condition of the cold refff®d$ A cold climate site is

one atwhich the average annual air temperature is less than 15°C (typically in the rain@®é of 4
°C). In the cold ecosystems, they may be more sensitive to the same levels of contamination than
the other ecosystems and treatment methods should be mild and Mtleraimpact on the
environmen{254].

Over the past decade, various technologies such as chemical mphysitsal treatmentshermal
treatments, and bioremediation have been applied groundwater, soils, and sedimenuis. ¢fean

cold sites,some dsadvantages of these methods may be highlighted such as cost, energy
consumption, and production of toxic intermedia@antaminated soil excavation the physical
methods on cold climate soils (such as Remote and northern sites) is very exbeosauee of

high mobilization and osite monitoring costs, limited equipment availability, and short seasonal

work windows[292]. The chemical and thermal methods can be quite hazardous and challenging
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when considering the risk of additional environmental ictpaue to some intermediates which

may be produced during the process as well as high cost and energy consygggjon
Bioremediation has been considered to be more effective and economical with lesser undue
damages to cold climate environments coragato the other methods. However, the highest
biodegradation efficiency cannot be easily achieved since the biodegradation of pollutants is
strongly influenced by the physicochemical characteristics of the contaminants, the polluted
matrices (soil, waterand air), and microbial growth conditions (temperature, oxygen, and
nutrition) [13].

Hence, using degrading enzymes rather than wtelledegrading microorganisms has recently
received increasing attenti¢iB]. Enzymatic bioremediation has several potential advantages over
whole-cell bioremediation such as 1) shorter treatment period; the enzymes transform the substrate
in a minute timescale; 2) safe technology to humans and other living organisms; enzynmes have

ill effect on humans, animals, and plants; 3) no toxipinducts; the enzymatic reagents can be
designed for complete pollutant degradatnhighly specific; enzymesan specifically catalyze

a series of reactions for pollutant removal; 5) no emmental risk; the enzymes as cellular
proteins break down into their building blocks (amino acids) after remediation without any further
harmful effectsDespite such advantagdise high production cost and stability of enzymessrict

their applicatio for environmental purposd269]. In this study, the use of less expensive
substrates(such as crustacean waste) was proposed for enzyme production, and the production of
cold-active enzymes was improved by theaudture of two psychrophilic bacteria.

Monooxygenases and dioxygenases are key enzymes in the degradation and detoxification of
petroleum aromatic hydrocarbons through oxidation, hydroxylation, and ring cle@i&jeln

the case of xylene, the oxidation can be initiated by the oxidatdrone or two methyl side
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chains by xylene monooxygenases (XMO). Then, the complete dearomatization of the produced
intermediates (catecholic or naatecholic compoundsproceeds by catechol dioxygenases
(C2,3D as a rindission enzyme]16]. Enzymatic bioremediation can be suitable for conditions
that rapid remediation is needed (such as cold sites) and also stimulate the degradation processes
in the contaminated sif@5]. Cold-active enzymes have almost #eid greater activity at low
temperatures (below 2B0 C) compared to their mesophilic counterpf2#®b]. Several studies
reported enzymes involved in the bioremediation of petroleum hydrocarbon usiradepied
microorganisms (Tablé.2.1). However, a few studies have been coneldiin the application of
cold-active enzymes for petroleum contaminant degradation. For example, our previous study
showed that coldctive xylene monooxygenase and catecholdiy8ygenase can be used for
enzymatic biodegradation ofyylene in groundwatr at 15°C [218]. The aim of the present study

is the use opsychrophilic enzymes fdhe first time for pxylene bioremediatiom the soil at a

low temperature. pylene was studied as a model of maromatic hydrocarbon and recalcitrate
contaminant Sincep-xylene is the most potent inhibitor compare to other compounds of BTEX
(Benzene, Toluene, Ethylbenzene, Xylenénited studies are available on bioremediation-of p
xylene alone and no enzymatic bioremediation report foyl@ne clearup except our previous
studieq218].

Table 4.2.1 Cold-active enzymes involved in biodegradation of petroleum hydrocarbons.

Enzymes Target Microorganism Temperature Ref.
pollutant
Alkane-1 monooxygenase Tetradecane Oleispira 16°C and 4°C [294]
(n Q) antarctcaR B 8
Catechol 2,3lioxygenase Candida 18 AC [295]
, subhashiistrain A0%L)
Catechol 1,dioxygenase Phenol
Candida
oregonenigstrain
B02)
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Schizoblastosporion
starkeyihenricii (strain

LO1,)
Alkane Tmonooxygenase Nocardia soliY48 20°C [78]
n-alkanes Rhodococcus
ranging from erythropolisYF28-1
Ci2to Gss
Alkane 1-monooxygenase : C5-C20 Colwellia 5 AC [296]
alkanes i
Phenol 2monooxygenase Cycloclasticus
Phenol .
Phenylacetone Porticoccaceae
monooxygenase Ketone .
andSpongiiabcteracee
Biphenyl 2, 3dioxygenase Benzene e
Naphthalene Naphthalene
1,2-dioxygenase
Ant hranil a Pseudomonasp. strain 10i 25°C [43]
dioxygenase i PAMC 25931
Anthranilate
Catechol 1, 2
Catechol and 2-,3,and 4 Rhodococcus 10i 30°C [297]
chlorocatechol 1;2 chlorobenzoat erythropolis
dioxygenase e
Biphenyl dioxygenase Biphenyl Hydrogenophagap. 5°C [298]
IA3-A
Alkane monooxygenase : Total Pseudomonas 5°C [299]
&2 petroleum putidaGPol
hydrocarbons ,
(TPH) Rhodococcusp. strain

Q15

Acinetobactesp. strain
ADP-1

However, enzymatic biodegradation in soil involves key factors that should be verified in batch

tests and soil columns. To miniit situ application of enzyme mixture, soil column tests can be

used to model thessentialcharacteristics of the environmetat predict the consequences of

bioremediation. To the best of our knowledge, there is no study available on the characterization

and application of soil column systems for enzymatic biodegradation of petroleum hydrocarbons.
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To ensure correct interpretatioof the results obtained, soil samples and columns were
characterized and then used for enzymatic biodegradation. The effect of enzymatic bioremediation
on the intrinsic microorganisms of soil was studied using-gereration sequencing before and
after treatment. Then, the biotoxicity assays were conducted to confirm which concentration of
enzyme cocktail should be applied for complete detoxificaBamce intermediate products from
biochemical reactions may be more toxic than their parent compoundgshth modification of

the initial parent compound is not always an effective method for remediation of pollutants.
Several works of literature proposed biodegradation and biochemical techniques with
misunderstandings of detoxification of targeted contamir{@B®. Thereforepiotoxicity assays

need to be conducted to ensure the correct interpretation of the efficigheyrefediation agent

and complete detoxification was achieved after treatment. This study aims to investigate (1) the
production and characterization p$§ychrophilic enzymeg2) the application oknzymes for
remediation of highly fylene contaminatedoil in columns, (3) the impact of enzymatic
bioremediation on the intrinsic microorganisms using 4gexteration sequencing of thel6s RNA

and (4) biologicaltoxicity of treated soil usingeed germination of winter whedthese results

may form a basifor the development of a biochemical remediation method using oxygenases for
in situ enzymatic bioremediation not only forxylene but also for other petroleum aromatic

hydrocarbons.

4.2.2.Materials and methods

Chemicalsand bacterial strains

The chemicals were purchased from Fisher Scientific (Ontario, Canada$igmaAldrich
(Mississauga, Ontario, Cangda analytical/microbial grade and were not further purifiEde

Bradford assay kit was purchased fr8igmaAldrich (Ontario, Canada).
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Isolation and characterization oPseudomonas synxantB2TR26 and Pseudomonas
mandeliiS2TR08 were described in our recent previous stighy8]. Briefly, the strains were
cultured and incubated in Minimal Salt Medium (MSébntaining 0.8 g BHPQs, 4.0g/L NH4CI,

0.1 g/L NaCl, 0.2 g/L MgS@7H.O, 0.01 ¢g/L FeS® 7HO (Rahul & Chandrajit, 2011)
supplemented with 5000 mg/L of pxylene at 15+3C on a rotary shaker (150 rpm). 15€lwas
considered for all tests as an average annual temperature of the contaminated site and optimum

temperature for these celtttive enzymes.

Enzymes production and characterization

Targd enzymes were produced based on theuwture ofPseudomonas synxant82TR-26 and
Pseudomonas mande8R2TR08. The enzyme production was carried out in 250 mL serum bottles
containing 50 mL of MSM supplemented with 18 g/Lcrustacean waste, 2 g of gmneeand

200 mg/L of pxylene. The enzyme production was described in detail in the supplementary

information (section S1).

Determination of peptide sequences

The cell hydrolysate was partially purified using&@@o ammonium sulphate saturation with rapid
stirring on ice and the resulted pellets were dissolved in 50 mMHRIsbuffer (pH 6.8)[285].

Dialysis was performed against the same buffer overnighé fitotein concentration was
determined using a Bradford assay kit usingine serum albumin as a stand@26]. Toprovide

a reference data set for peptide spectrum match (PSM) analysis for target etagmedially

purified enzymes were preparesing the suspension trapping {8p) method as described in

detail in the supplementary information (section S3). Resulted peptides were subjected to mass
determination analysis using a mass spectrometer coupled to anASY000system (Thermo

Fisher Sientific, USA) and mass spectrometry (M8p sequence analysis using Orbitrap Elite
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mass spectrometer (Thermo Fisher Scientific, USA) as described in the supplementary
information. All raw data were processed using the software Proteome Discoverem(2e2sio
Thermo Fisher Scientific, USA), then aligned with the protein database of Universal Protein

Resource, UniProt (www.uniprot.org) and BLASTP (https://blast.ncbi.nlm.nih[§00].

Enzymeactivity assays and kinetic analysis

XMO and C2,3D activity was assayed according to our previous btkTotal cell protein was
measure by the Bradford assay kit as mentioned 2@

The optimum temperature of enzymes, catalytic efficiehGy/Km) was determined in different
temperatures in the ranges50 N 1 Enzyme kinetics oKMO and C2,3D werstudied by using
p-xylene and catechol (as mentioned above) as enzyme substrates. Substrate rahgasN.1

and enzyme amounts were adjusted throughout the temperature range to optimize accuracy.
MichaelisMenten constants)( ), and catalyticefficiency (Kca/Km) were calculated using

the plot of velocity versus substrate using GraphPad Prism version 8. All enzyme activity tests
were replicated three times and the reaction velocity for each enzyme was evaluated to show the

presence of free satvate in great excess over the total enzyme concentfaah

Determination of p-xylene

About 0.05 g of soil was placed in 10 mL headspace vials filled with 5 mL of methanol as the
extracting solvent and then vortexed for 5 minutes. Thesaunipleq50uL) were removed from

the liquid phase using a gaght syringe and prepared in a 40 mL standardi@&dspace bottle.

The subsamples were added to 5 mL of ultrapure water, 10 pL of fluorobefi2&r{@00 mg/L
diluted in methanol) as internal stand#rdn sealed immediately. Each ssdmple was analyzed

in triplicate. The pxylene concentration was determined using a Perkin ElImer Turbomatrix HS

40 trap automatic headspace sampler and then the gas phase was analyzed using 7890A Gas
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Chromatograph (DR70L column 30 nk 0.25 mm i.dx0.25um y I m t hi ckness) eq
a Saturn Mass Detector (GC/MS). The column and vial pressures were 15 and 35 psi, respectively
The quantification was carried out using a standard curve constructed using by extraction of p
xylene spiked soil sampl¢302] as mentioned above. The standard calibration graphdiweae

with correlation coefficients (B being greater than 0.995

Soil characteristics

The soil samples used for column test experiments were provided by TechnoRem (our industrial
collaborator in this work) and have been collected from a contaminated site in Quebec, Canada.
This site was selected because of its irggmsylene contamination since 2003 at depths ranging
from 5 to 7m and an approximately 10 m reach of a river. This site is considered as a cold climate
site in which the average annual air temperaturéGq@pically in the range 8 *C), and where
groundwater temperatures are typically@®r lower. Biodegradation tests were carried out at
15N1U0C, which is the typical aqui fer temperat
originally contaminated with qgylene and have been artificialontaminated until an initial
concentration of 13,000 mg/kg was obtained (average concentration in site). Sieving analysis was
carried out according to the American Society for Testing and Materials (ASTM)-68122
procedure[303]. Grain size distributio and characteristics of the soil are summarized in

Supplementary material (Section S1).

Soil column setup and characterization

The soil columns used were made from a stainless steel cylinder (wall thickness of 2 mm, 3.5 cm
in diameter, and 14.5 cm inngth (140 mL)). Soil column sefp was described in detail in the
supplementary information (section S2). Each set had two repliEatdsminar flow through the

porous column bed, the hydraulic conductivity
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law (Eq. (1)) following a permeability test which was conducted in duplicates. Three hydraulic
gradients were imposed for each column at 5, 10, and 15 cm/crA@idl his range of hydraulic
gradients might be appropriate for the packed column becadidenivt alter soil fabric, structure,

and the rearrangement of the soil particles and it did not result in channelization in the cracks in

the soil samplef304].

o — (1)

Where K is hydraulic conductivity (cm/s), Q is tfiex (cm®s), A is crosssectional area (cf

H> and H are the hydraulic heads and L is the length of column (cm). Hydraulic conductivity,
indicating permeability of porous media, measurement is necessary to study the ability of fluid
(enzyme mixture iraqueous solution) to flow through the porous media and evaluate the enzyme

accessibility to contaminated soils. The pore volume of each column was measured according to
Eq. (2):
PV=4 & @& 2)

Where,& ,a anda are the saturated soil column mass, the mass of water in both ends reservoir
(including the attached tubing sections at the time of water injection), and the mass of the dry
column espectively. The conversion of the mass of water into volume was assumed at room
temperature to calculate the pore vol ume. The
internal porosity (pore volume/total volume of the soil column) of each packethrcohere
evaluated237], [305]

The dynamic behavior of water flowing into the packed soil columns was described by measuring

the axial dispersion coefficient to evaluate the assumption of dispersed plug flow. The axial

dispersion coefficient (D in the packed column was measured by injecting a conservative tracer
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(Br). This ion is not initially present in soil and in enzyme solution, is not affected by soill
adsorption, and has no effect on enzymes activity. The concentrationcofiBcted in theffluent
samples over time was measured using arsédective electrode detector. Dispersity by using the

onedimensional Ogat&8anks (1D) dispersion according to Eq. (3):

— -0l "Ge— 3

Whereo is the concentration in column outflo, is the initial Br concentration (1000 pg/L in

this study) Qi "@dhe complemeaty error functiongis the depth (position in the columm)is

the pore water velocity, anids the time. Dispersion coefficient measurement is needed to evaluate
if the column is packed properly and if a diffusidominated flow may exist. The vohe of Br
solution injected ab/6 = 0.5 gives the transport pore volume of the column. The ratio of the
volume of enzyme solution injected@® = 0.5 to the one of Bgives the retardation factor (R
enzymg Or the adsorption coefficient @K of the enzyme in the soil according to equations (4) and
(5). This is very important information to calculate how much enzyme solution is needed to flood
completely the porous media while achieving an enzyme activity that is equivalent to the solution
beinginjected. Fetter et al., (1999) showed that the Freundlich sorption isotherm coeffigjent (

can be calculated using the retardation factor as follow

Renzyme= Venzyme/ V- (%)

Where R is the retardation facterthe porosity,” the bulk density and Freundlich isotherm
constant.

Mass distribution of p-xylene in soil
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The concentration of-gylene is one of the important factors that impactsiadegradation. Thus,

the distribution of pxylene on the solid, liquid, and gas phases have been studied to investigate
pollutant availability for biodegrading and the effect of enzymatic bioremediation on the fate of p
xylene. A mass balance Eqg. (6) da@ applied to calculate the mass distribution -afylene in

soil, air, soil, water, and a free phase of contaminant mixture. The mass balance equation is as

follows:
Mtotal = Mtree + Mair + Mwater + Msoil (6)

WhereMotal is the pxylene total mass (mg), in four phask;:is mass of gxylene in the air and

can be calcul ated f r o mMieet tharhasspbitteyylemewn the freéd He nr
phase (mg)Msoil is the mass of pylene absorbed on soil particles (g); aighter is the mass of
pollutant in the liquid phase. Although some microorganisms can use sexyhp (Msoi), the

majority of micrdial species can metabolize only thosa&yfene molecules in the aqueous
solution Mwater= Vwater Swater). ThatVwater and Syater are volumes of water and water solubility.

Thus, a great deal of effort has been made to apply the enzyme solutions tcegnbifurtant

removal from soil media by gathering contaminants and degraders in a common location. Then,
processes that lower the substrate bioavailability, such as adsorption, cannot reduce thegon e 6 s
biodegradation rate anymore.

To explain the fixation of {xylene from a solution onto the surface of soil particles, equilibrium
isotherm equations have been developed. The Freundlich isotherm is an isotherm successfully used
to express the adsorption of aromatic compounds onto atitles. According to this isotherm,

the adsorption at equilibrium is expressed by :

Msoil= mKs Ce n (7)
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Where mKs, Ce are the mass of dry soil (kg), sorption equilibrium constant, and concentration of
p-xylene at equilibrium after sorption (mg/L), respectively. The constants defined in Eq. (7) are
defined by regressing the log of mass of sorbed on the soil partiti@$ &nd the log of the-p

xylene equilibrium concentration in the liquid phag&)( The adsorption experiments were
conducted at room temperature 20 2 ) by weighing out an appro
and placing it in glass containers with Teflbners in the caps. Various aqueous solution
concentrations were added to the soil to achieve 2@ B.2 g dry Soil. These concentrations

were obtained by diluting thexylene stock solution. The volume of solution added to the medium
was adjusted to aintain the minimum headspace. To measure volatilization losses, the aqueous
solutions with no medium and the concentration to those used in the adsorption study were shaken.
We assumed that the concentration -ofyfene in the liquid phase was equal ®sblubility and

the gas and liquid phases were at equilibrium. Moreover, 24h was considered for the equilibrium
time to confirm that adsorption equilibrium was reached in §8@6]. To study the effect of the
presence of the enzymes in the solutionadsorption of pxylene and subsequently the mass
distribution of pxylene in soil, the Freundlich isotherm model was used for rooitiponent

adsorption systems (Eq. (8))

N=KiCei B @& O (8)

Where Ks, f; , n, N are the Freundlich constant for componerimg kg') (mg )", the
equilibrium adsorption capacity (g ofqylene/ g of soil), constant indicative of sorption intensity,
and the total number of components in the system. The subscapty are the indices that
represent each component in the system. For eachocami) the model parametdss, n andw

were determined to describe the simultaneous adsorption behavior of enzyrmeyterpresent
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in an aqueous solution. Ndimear regression method was applied to minimize the error
distribution between the edicted isotherm and experimental data based on the definition of the

error function (standard deviation of relative errors (Eq.(9)):

r’= 9)

Where n is the number of observations in the experimentaliggta, (mg/g),n1 s (mg/g) and

Nr (mg/g) are experimental adsorption capacity, theoretically calculated adsorption capacity at
equilibrium, and the averagepf; . Finally, the experimental data were analyzed statistically

by hypothesis testing applying tidi-square( 6 ) to stedyg the effect of the enzyme content on

p-xylene adsorption.

B

=B — (10)

Null hypothesis Ho: fxylene adsorption is higher it higher enzyme content. Alternate
hypothesis Ha: fxylene adsorption decrease in the presence of enZ3a0éks

Batch adsorption experiments were studied by a conventional mgBafl Briefly, the soil
samples were placed in a 15 mL tube contgnlO mL of enzyme solution. At a low initial
concentration of enzyme, the tubes were shaken at room temperature to reach equilibrium. At the
end of the adsorption period, the samples were centrifuged, and the solution was filtered to avoid
any sorbents ithe aqueous phase. Then the remaining enzyme activity in the supernatant was
measured.

Degradation kinetics of pxylene in thesoil column

Many chemical and biological degradation processes follow-didgr kinetics, which is

characterized using a single exponential rate constant. After determining the mass distribution of
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p-xylene in the column, and-xylene removal by means of differenteahanisms, the

biodegradation kinetics study can be carried out to comparexyleme degradation rate in terms

of half-life time (t :8—), using the fitting curve of G CoAQ . Where @ ,and Gare the p

xylene concentration atehinitial and t time,an® represents the rate constant with the unit of
reciprocal time. The soil samples were divided into three parts: top, middle, and bottom soil layers

and marked as Top, Mid, and Bot for the untreated and treated columns.

Enzyme stability in soil batch tests

A batch test was performed separately of the columns in 158emlm bottles sealed with an
aluminum cap and a rubber septum with the same condition of soil column (static incubation at
15N1eC). 2g of tddrwithepdylesepwas mixedvatman annima mixture. Two
control groups were designed: (1) enzyme mixture without soil, and (2) soil sample without any
enzymic treatment. Sukamples were taken each 2 days to determine residual activities for XMO

and C2,3Dover 4 weeks.

Enzymatic biodegradation of pxylene in soil columns

The packed soil columns include six treatments are shown in F&kike The enzyme mixture
contained 10 U/mg of XMO and 20 U/mg of C2,3D and was injected into the soil column as
influents until saturation. The effluents were collected for each 5 mL at regular intervals to
determine the enzyme activity and 8sncentration (FigC4).

As mentioned in Tabld.2.2, the soil column tests were carried out over 8 weeks at 15+1°C
(avera@ annual temperature of the targeted site). The enzyme injections were repeated after 4
weeks for the columns that were planned to open after 8 weeks. The time intervals for injection

were selected based on the enzyme stability results in batch tests.

174



To determine the fxylene concentration in soil samples, about 0.1 g of soil were taken from the
head, middle and bottom part of the soil column (depth of 2, 7, and 12 cm) in triplicate for each
part. To extract the contaminant, the soil samples were mixéd M mL of methanol and
vortexed for a few seconds (16 sec). Then, 50uL of the sisamples were used forxylene

concentration analysis using headspace gas chromatographgntioned in section 2.4.

Table 4.2.2 Soil column treatment and experimentaconditions.

Soil column Experimental Treatment duration Description
No. properties
1 4 weeks As a sterile control for
2 Autoclaved soil 8 weeks determination of natural
column biodegradation rate
3 Time O As a control for
4 Untreated soil 4 weeks determination of the initial
5 column 8 weeks concentration of

contaminant and natural
biodegradation rate

6 Treated soil column 4 weeks X corresponds to a
7 with enzyme 8 weeks (with an concentration of 10 U/mL
concentration X enzyme injection XMO and about 20 U/mL
after 4 weeks) C2,3D.
8 Treated soil column 4 weeks X/5 corresponds to 5 times
9 with enzyme 8 weeks (with an dilution of the enzyme
concentration X/5 enzyme injection mixture
after 4 weeks)
10 Treated soil column 4 weeks X/10 corresponds to 10
11 with enzyme 8 weekgqwith an times dilution of an enzyme
concentration X/10  enzyme injection mixture

after 4 weeks)

Microbial community determination
Next-generation sequencing was carried out to investigate the effect of enzymatic biodegradation
on the microbial community. Total microbial DNA was extracted from soil samples using MoBio

PowerMag Soil DNA Isolation Kit according to manufacturer protocbke concentration and
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guality of extracted DNA were measured using NanoDrop 2000 (Thermo Scientific, USA). The
V4 region of the 16S rRNA gene was amplified using 5I5FGYCAGCMGCCGCGGTAA and
GGACTACNVGGGTWTCTAAT, then the amplified sequences wanalyzel by the Illlumina

Miseq platform (Metagenomics Facility at McMaster University, Canada). The process of
demultiplexing was carried out for sequence runs using lllumina's Casava software. Then, the
cutadapt tool was applied for the removal of primers froendequencing data. The filtered and
trimmed forward and reverse pairedd reads at the opposing primers were proceed in DADAZ2.
The chimeric sequences were removed and the output sequences were clustered to operational
taxonomic units (OUT) at a threshafi97% using Abundant OTU +. The output sequences were
identified taxonomically using the SILVA 132 database (version 4). The phylogenetic diversity
values, maximum likelihood total branch length, were calculated usingdistgmce method in
MEGA7 [259]. Alpha diversity statistics and beta diversity analysis were performed using the
web-based platform of MicrobiomeAnalysbmprehensive statistical, visual, and rratalysis

of microbiome dat§308].

Biotoxicity assay

Soil samples from soil column tests were used for seed germination of winter wheat (eastern
Canadian wheat). Winter wheat is very important in Canadiaouttgire with a seeded area of

636 thousand hectares in 262920. Besides that, whedtr{ticum aestivumis one of the sensitive
species to petroleum contaminations and recommended by environmental regulatory organizations
(e.g., International Organisah for Standardisation (ISO), Organisation for Economic
Cooperation and Development (OECD), and the US EPA) for analysis the chronic effects of soil
contaminant$309]. Tests were performed according to Vaajagad] with some modification

and 3 rplicates of each soil sample. Briefly, a test unit consisted of 75 mm covered glass Petri
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dishes with 50 g wet weight of soil samples. About 10 seeds were added to each dish and were
incubated for 7 days in a sealed chamber to minimiggdene loss duringxperiments. At the end
of the test, the number of the germinated seeds and root elongation were calculated and compared

to the control groups (clean and contaminated soil sample).

Statistical analysis
As mentioned above, data in this study are sumnthasethe meatt standard deviation (SD).
Statistical analysis was performed using-er@a/ ANOVA analysis followedy Tukey posthoc

procedurdo determine the differences among test groups at a significance level of p<0.05.

4.2.3.Results andDiscussion

Production of enzymes mixture

Pseudomonas synxantB2TR 26 (P. S2TR26) andPseudomonas mandeB2TR08 (P. S2TR
08) as coleadaptedacteria were used for the production of eatlive enzymes cocktaiP.
S2TR26 and P. S2TR08 were selected based on the ability to degrade rammatic
hydrocarbons at <15°C. Aerobic biodegradation-gyiene is usually initiated by mormxidation

of the alkyl side chain (by XMO) to the formation of central intermediates which-sip acid
and mainly pcresol. Then, the dearomatization of central intermediates undengtesleavage
by catechol 2, 3 dioxygenases (C2,3D) as the crucial step of detoxifif2ii®nit was therefore
hypothesized that by incorporating both stralmenefits from enzymes produced in each strain
with the elimination of toxic intermediates produced during incomplete removakyepe. It
was observed thatxylene was degraded faster in theatdture of bacteria than the monoculture
of each strain tt resulted in higher biomass and enzyme produciibe.resultsn monoculture
showed thaP. S2TR26 can produc&0.41 £ 0.5 U/mg oKMO andP. S2TR08 produced 5.59

+ 0.64 U/mg of C2,3[after 24h (Fig4.2.1). Fig. 4.2.1 shows that the enzyme production was
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increased in the eoulture ofP. S2TR26 andP. S2TR08 (15.38 + 0.83 U/mg of XMO and 20.62

+ 0.53 of C2,3D).

Bordenave et al[311] reported that the complete biodegradation of hydrocarbons requires a
mixture of different bacterial groups. A similar result was also observed during BTEX
biodegradation by two bacterial straifFseudomonas putiddl andPseudomonas stutzediX1

[312], and a ceculture ofPseudomonas putidandP. fluorescen# a fibrousbed bioreactor for

BTEX removal[313].

The result of this study also showed that thewiure ofPseudomonas synxantB2TR-26 and

its enzymes could degradeplene to the inert final product (Fig5). It can be due to the presence

of both enzymes are required for oxidation of the alkyl side chain and the dearomatization of
intermediates (XMO and C2,3D).

Some studies proposed using genetically engineered microorganisms (GEMSs) for having desirable
biodegradation pathways or enzymes isirggle strain. Since, these enzymes can be brought
together from different microorganisms to perform specific reactions in a single strain with the
ability to produce more enzym§gE99]. However, biosafety and environmental risks of potential
release ofGEMs in the environment need to be considgg&®]. For example, using GEMs or
nonindigenous microorganisms is banned in Norway, Sweden, Iceland, Canada, and Antarctica
[31]. It may be due to little information about the potential impacts of modifigdnisms on
ecology and vulnerability of ecosystems to the potentially invasive microorggs$rithe main

aim of the present study is to propose a green, safe, and environmentally friendly remediation
method for in-situ applications. Therefore, using the -calture of indigenous bacteria
(Pseudomonas synxantB2TR26 and Pseudomonas mandeBRTRO08) was preferable

compared to GEMs for the enzyme production.
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Fig. 4.2.1. p-xylenedegradation, biomass and enzyme production blyseudomonas
mandelii S2TR-08 andPseudomonas synxanth@2TR-26 in monoculture (S2TR-08 and
S2TR-26) and ceculture mode: (a) biodegradation of pxylene and biomass production (b)
enzyme activity during the time p-: p-xylene concentration;B-: biomass concentration,
XMO: Xylene Monooxygenase, (C2,3D) Catechd,3-dioxygenase.

Identification of enzymes by LGMS/MS
The partial purification of enzymes showed that XMO &#J3D were precipitated at 6@0%

and 3040% cut of ammonium sulphate respectively. SEXSGE confirmed the presence of XMO
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andC2,3Dat approximately 80 and 35 kDa respectively. Each protein cut that contained the target
enzyme activity, was subjected to trypsin digestion andlitpeidl chromatogaphyTandem mass
spectrometry(LC-MS/MS) identification. According to Jardine et al., (2018),-MS/MS can
provide substantially more information on the detection of enzymes compared with conventional
assay$300].

The identified proteins with O1%4X3anheseeFDR i sco v
indicates the reliability of identified differentially expressed proteins. The sequences of two partial
purified enzyme mixtures showed the presence of othateips (as shown in Tablk.2.3),
however, they did not show strict identity to the sequences of any proteins of known
oxidoreductase function in the mixture. This can show that XMOGR\ED are key enzymes
responsible for the biodegradation ofxyene.All protein identified originated from
Pseudomonas synxantf@TCC 9890, CFBP 5591, CIP 59.22, DSM 18928) &séudomonas
mandelii (ATCC 700871, CCUG 42058, CFML 903, CIP 105273, DSM 17967revious
research showed thaxidation of xylene can be imtted by direct oxidation of one or two methyl
groups of the aromatic ring by xylene monooxygenase. This enzyme can catalyzstapulti
oxidation and produce catecholic or poatecholic derivatived280]. Then, the ring de
aromatization of central interediates undergeortho-, meta or para-cleavage by catechol
dioxygenases as the crucial step of detoxificaf@s0]. CatechoR,3-dioxygenase is an iren
containing enzyme able tmetacleave the ring of the produced intermediate for complete
detoxificaton of p-xylene[16].

It is reported that catechol 2¢8oxygenase and xylene monooxygenase subunits were identified
in different Pseudomonastrains, it may be due to the location of these genes quiahmnid.

Pseudomonaspecies play a major role in the degradation of BTEX and represent about 86.9% of
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bacterial species found in @bntaminated sitgd98]. TOL plasmids encode the key enzymes in

the metabolic pathways for the degradation of xylenes, and their catecheolarcatecholic

derivatives[281]. Horizontal gene transfer (by plasmids) is one of the main mechanisms for

adaptation to environmental changes such as pollution to acquire new metaboli@143itEhis

strongly indicateghe fact that the sequem of the catalytic center of celttive enzymes is

identical to that of mesophilic homolog&75]. Accordingly, structural adaptations such as

molecular plasticity or flexibility are thought to modify the catalytic activity and thermodynamic

propertieghat lead to cold activitj218].

Table 4.2.3 Identification of partially purified enzymes by LC-MS/MS analysis and

assignment to the corresponding UniProtKB entry

Sample Molecular function Protein/ Mass Mas?® Gene UniProt Coverage
description Enzyme (kDa) (kDa) ID (%)
Extradiol ring Catechol 35.1 35.2 xylE  P06622 65
cleavage dioxygenase dioxygenase
Iron storage Bacterioferritin 18 18.4 bfr AOA255 16
wuv7
Ribonucleoprotein 50S ribosomal 22.5 22 rplC  AOAO059 6
. protein L3 KZB9
Partially
purified Produces ATP from  ATP synthase  49.5 50 atpD  AO0A024 4
enzyme ADP in the presence  subunit beta ED61
mixture 1 of a proton gradient
(301 40% across the membrane
cut) Plays a role in cell Alkyl 20.4 20.8 OUS5_ A0A024 5
protection against hydroperoxide 0185 E2Y4
oxidative stress by reductase C
detoxifying peroxides
Prevents misfolding 60 kDa 56.2 57 groL  AOA024 3
and promotes the 1e chaperonin E424
folding and proper
assembly of unfolded
polypeptides producec
under stress condition
Oxidoreductase xylene 82.4 82.1 xylA  AOA5M9 48
monooxygenase J2D1
Partially
purified Monooxygenase Xylene 41.5 413 xylM  P21395 23
enzyme activity monooxygenase
mixture 2 subunit 1
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(601 70% GTPaseactivity Elongation 435 43.2 tuf AOAOR2 14

cut) factor Tu YBZ6
Electron transfer Cytochrome c  22.4 241 ccoO AOAOR2 11
activity oxidase (Cbhbh3 Z3T7
type) subunit
CcoO
glutamateammonia Glutamine 51.6 51.6 gln A AOA5D3 1
ligase activity synthetase GGFO

@Molecular mass was calculated from the respective UniprotKB entry (Theoretical Mass).

b Molecular mass was obtained from AMIS/MS (Experimental Mass).

Kinetic study and characterization of enzymes

Apparent catalytic parameters MO and C2,3D on fxyleneand catechol were determined at

10-50 °C. The results showed that the Kalue rose more rapidly compare tony as the
temperature approached 50°C and the enzyme approached the denaturation point. Nevertheless,
the value of WhaxandKn increases substaally with temperaturecatalytic efficiency (Ka/Km)

was decreased in higher temperatures (#i82). A consequence of the fact that the value of
VmadKm decreased as the temperature increased is that the time is taken for enzyme activity assay,
and also denaturation effect begins to be significant at the higher temperature. The result of this
study highlighted the central concept of lower stability aexilfility at or near the active site of
cold-active enzymes. Based on this concept, the flexibility of enzyme structure should be increased
at the active site for high catalytic activity and cold adaptation at low tempergfietts &

Somero, 1998)The optimum temperature for XMO and C2,3D as deitegth by the value of
VmadKm is in the rangeof 10-20°C (average of 15°C)he present results corroborate with
previous studiesregarding psychrophilic enzymes that reducirgca: dependence on the
temperature resulted in higher enzymatic reaction rates at low temperatures and consequently the
growing range of its ho§273]. In addition,Santiageet al., (2016) mentioned that the celdapted

enzymes generally exhibit an increadeK o (Catalytic rate) allowed by a decrease in enthalpy
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to changes in their stability and flexibility (central conc¢p15].
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Fig. 4.2.2. Plots of Km,Vmaxand VmaxKm against temperature for: (a)Xylene
Monooxygenase (XMO) and (b) Catechal,2-dioxygenase (C2,3D).
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Enzyme stability in soll

Stability tests in batch fo{MO and C2,3Dwereconducted to determine the operational stability

of enzymes in soil context and the necessary period requiredr@cea fresh enzyme solution

in the column tests to maximize the degradation efficiency.4-&3 shows the profile of the
relative activity oiXMO and C2,3xo the activity of the first day which is the highest. The enzyme
activities were determined at 15 +1°C in the presence of contaminated soil for 4 weeks in 2 days
intervals to evaluate their stability during the soil cofutest. The results demonstrated that both
XMO and C2,3Denzymes showed the presence of activity until 26 days in presence of soil with a
half-life of 8.66 days and 9.33 days, respectively. During the first 14 days of the expeXMént,
andC2,3Dlost 50and 40% of their activity in presence of the s&MO and C2,3Dmaintained

1% and 6% of their catalytic activity within 30 days, that is the necessary period required to re
inject a fresh enzyme solution in the column.test

In recent years, various oxickductases especially tyrosinases, laccases, dioxygenases, and
peroxidases have found many applications in technological processes, but they are characterized
by low operational stability. For example, crude catechol 2,3 dioxygenas&tesratrophomonas
maltophiliaKB2 showed no activity after 24h incubation at 4 {B16]. Pure laccase

from Trametes versicoloiost about 90% of its initial activity after days at room temperature
[317].

A few studies reported enzyme adsorption on soil surfacetharsthbilized enzymes into the soil.
However, many studies have been done separately on enzymatic activity in soil context and
adsorption of enzymes on different solid surfaf@8]. The adsorption of enzymes/proteins on

the soil solid phase is knowns a quasreversible phenomenon with great significance. Adsorption

can stabilize enzymes by increasing their resistance toward denaturation. Since unigue three
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dimensional structures of enzymes are essential for their activities. Enzymes graduallgitose th
activity during the time due to the conformational and structural changes (denaturation of proteins)
or their cofactors. Adsorption of enzymes on solid supports can decrease this effect by increasing
the structural rigidity of the proteif819]. However, the information on the mechanism of the
enzyme interaction with the soil surface is scarce at prE&20it

m Control XMO m Control C2,3D
m S+ XMO mS+ C2,3D

=
B o2} 00 o
o o o o
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N
o

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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Fig. 4.2.3. Stability of Xylene Monooxygenase (XMO) and Catechd®,3-dioxygenase
(C2,3D) enzymes in the batch test. S: enzyme mixture (XMO and C2,3D) in presence of
contaminated Soil, Control: the enzyme mixture without soil.

Soil and Column Characterization
The variation othe zeta potential with the pH of the soil sample is presentedGEjgAs can be
seen in FigC2., the zeta potential of soil suspended in water remained negative across the pH range

studied with the isoelectric point at pH3 due to the presence ofymencontaining function
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groups on the surface of the soil sample. Thus, the electrostatic attraction between soil particles

and pxylene molecules (weakly positively charged) increases the adsorption capacity.

Fouriertransform infrared spectrum of sqhrticles is presented in Fi§3. The spectra give
information on the abundancetb presence of oxygerontaining function groups on the surface

of the soil sample. For example, C=0 stretching peaks appeared between 1,600 and'#,900 cm
depicts the mesence of carbonyl components. Absorption peaks around 648 roight
characterize the bending vibration of Si ' O Si
and symmetric vibration region representing the presence of silica as chief componengsiin the
sample. The infrared spectrum of the clean soil sample depicts an adsorption peak arouht 850 cm
indicating the symmetric and asymmetric stret
at 953 cmt was assigned to the bending vibration 6f05i groups. The absorption band around

2,920 cm! is shown in Figtl3 t hat depicts the C'H symmetr.i
hydrocarbons and the O'H band "t unike thesiloxang et c hi
groups that are inert toward deprothom, the presence of hydroxyl group that is protonated at

low pH explained the positive charge of oil surface at acidic condif@2¥]. Finally, GN

stretching absorption is found at 1200 to 1350'cm

Table C2 presents the characteristic of the packed soil columns used for treatment experiments.
Different soil samples are mixed to prepare a uniform soil type for the experiments, soil type was

a mixture of coarse, medium, and fine particles (with grain size @& m) that refers to site
stratigraphy description presented in FEid. To predict the exact distribution of enzymes and get

a more accurate indication of saturation time, the dispersion was measured using total protein

concentrationin the effluent samles by the Bradford methodtig. C4 showsthe relative
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concentrations of the conservative tracer and total protein in effluent samples during enzyme
injection.

Bromide as a conservative tracer was used to measure the dispersion and get a more accurate
indication of the arrival timelThe EXCEL solver was applied to minimize the sum of the square

of the errors and adjusting the value of the axial dispersion coefficienC4&ghows that for the
packed soil columns, the low value of the axial disperstefficient (Dax= 0.301cm?/min) might

be assumed the characteristic of normal+pattked beds which can be neglected for liquid phase
systems (@ 5 mL/min). This value was selected based on hydraulic conductivity results that the
range of flow rates usetliring these experiments did not produce any pressure drop through the
column bottom and top ca@12]. According to the results of velocity (0.000096 m/s = 8.2944
m/day) and diffusion coefficient of bromide in water af@@1.6 x10'm?%day),findings showed

that for the Pe = (Length of the column x velocity of water) /diffusion coefficient) greater than 1
(74647.6) and convection was the dominant transport mechanism.

Mass distribution of p-xylene in the column

The column study showed retardeti of enzymes solution (R=3.4 and; = 0.38
((mg/g)(L/mg))}-°) and the breakthrough curve following the plug flow pulse arrival of enzyme
solution. Thus, the adsorption isotherm data for enzyme solution onto contaminated soil particles
was studied in batch system in order to obtain a good initial guess of soil adsorption capacity and
soil/pollutant/enzyme interaction during the bioremediation. The results froRréedlich and
multicomponentreundlich adsorption model for the three sets of expetimheata obtained for
p-xylene are presented in Fig.2.4. Parameter&s, € , andaij for multicomponent adsorption
isotherm for each component are given in TalBe The obtained coefficient of determination

('Y ) showed that the multicomponent adsorption Freundlich isotherm model fits the data well. The
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competitive adsorption coefficients (interaction parameter) obtained for the components in the
system less than zero demonstrated the loweylgne adsorption inhe presence of enzyme
solutions (TableC3). Hypothesis testing to infer that the higher content of enzyme in the solution
helps in higher adsorptionofpy | ene i s al so rejected. Fis om Egq.
¢ =4.79 where&¢ =3.84 at 5 % level of significance for 1 degree of freedom
f o Fdistébution(Abdehagh et al., 201670 validate the multicomponent adsorption Freundlich
isotherm model, the equilibrium concentrations efyfene were predicted at the high level of

enzyme concentratioll =0.95.
14000 |
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Fig. 4.24. Plots of experimental §ymbol3 and predicted curveg multicomponent
Freundlich isotherm fits for p-xylene for single compound (SC), the lovlevel concentration
of enzyme (LL= X/5) and highlevel concentrations of the enzyme (HL=X) at 15°C
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As mentioned previously, processes that lower the bioavailability of the substrate such as
adsorption, can reduce thexpy | eneds bi odegradat i on-xylret e. Tt
adsorption might decrease since theyfene coefficient in soil and thettd mass of gxylene in
solid-phase decreased in the presence of enzyme solution. As mentioned previously, the presence
of carbonyl and hydroxyl functional groups on soil particles resulted in a negative surface charge
whereas gxylene molecules are weakppositively charged across the pH rang&23 Thus, it is
plausible that the  “ electrondonoracceptor mechanism involving the carbonyl oxygésm

of soil particle surface as the electrdonor and the aromatic ring ofxylene as the electren
accepto was responsible for the uptake of pollutg@2].

However, the presence of the amine functional group might also enhance the adsorption of the
enzyme. Thus, the decreased mass of adsorbgtepe in the presence of unfolding enzyme
solution can be tiibuted to the displacement of pollutants from solid adsorbents due to the
adsorption of a fraction of the protein. Tadl2 4 shows the mass distribution ofxplene in

different phases for soil samples at the soil water content of2D{3t24 g Dry Sil.

Table 4.2.4 Measurement and calculation of p<ylene mass balance in different phases for
soil samples at the soil water content of 1 g4@/3.24 g Dry Soil.

Total pxylene?

Control X/5 Enzyme concentratior
Calc(:;)lated Measured Calculated (g) Measured
12.03 g/kg 7.8 g/kg
AdsorptionMsoil 0.161°% soil¢ 0.137 solil
Volatilization Mai 0.009° NA 0.0009 NA
Soil SolutionMwater 0.001¢ 198 ppm" 0.001 198
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Free phase
Miree 0.041¢ NA 0.064 NA

2 Total pxylene added 0.211tg 16.2 g soll

b Msoil= m Kt Ce Ln

®Mair=H SwaerWhere Hispx y | ene ds He nr p &t satmadmolsandadeat gasllaw4
n= PV.i/RT, where ¥ =5 mland T= 158

d Muwater = Swater VwaterWhere Water=5 mL
€ Mrree calculated using Eq. (6) whereld= 0.211 g
"Not available

9mg/kg soll

p-xylene removal

Fig.4.25 showshe bar chart graph representing (a) the residuglgne after injection 1 and 2

for different enzyme concentrations and (byyene removal due to biodegradation and water
flushing (free phase). The average meatylene removal was 22.2, 94.1, 92a%d 31.4 % for
untreated soil column, treated soil column with enzyme concentration X, X/5, and X/10,
respectively. The poor removal efficiency ofxylene in the untreated soil column can be
attributed to the removal of-yylene in the free phase and liduphase by washing (water
flooding). As can be seen in Fig25 (b), the enzymatic treatment resulted in the removal of
adsorbed pollutants and at the same time increase the free phase that can enfleneegmoval

from soil media. Considering ttiact that the residualpylene following the enzymatic treatment
using X/10 concentration of enzyme was low and residualigne in the presence of enzyme
concentrations X/5 and X after 8 weeks were almost the same (P>0.25), we can conclude that the

X/5 can be appropriate concentration for soil enzymatic bioremediation system.
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Fig. 4.25. a) residual pxylene after injection 1 and 2 for different enzyme concentrations
b) p-xylene removal

Degradation kinetics ofp-xylene in the column soil

Our results showed thatyylene concentration in soil samples in time 8 weeks of incubation
increased for some layers that might be due to the mass distributiotyleing between &erent

phases. Thus,:€ GAQ and its linear form could not provide a good fit to experimental data
obtained from some layered soils (data not shown here). In this study, the average mean residual
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p-xylene has been applied to determine the degradation rate constant due to the tlaetghat
xylene degradation dynamics were fitted as CoAQ 8The obtained kinetic parameters of
degradation are listed in Table2 5. Kinetic parameters clearly showed that degradation was the
fastest in treated soil columns with enzyme cotregion X (t ¥2=1.82 week) followed by in treated

soil columns with enzyme concentration X/5 (t %2=2.05 week) and X/10 (t ¥2=18.23 week).
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Moreover, the degradation rate constdt () of p-xylene increased significantly in treated soil columns witlyerezconcentrations X and X/5 compared to the untreated column.

Table 4.2.5 Estimated parameters of pseuddirst-order kinetic model at different concentration of enzyme

Kinetic

Model ~ Parameters Untreated X x/5 x/10
Top Mid cl?t Average Top Mid Bot Average Top Mid Bot Average Top Mid Bot Average
R? 0.92* 0.91* - 0.94* 0.99* 0.97* 0.64* 0.98* 0.99* 0.98* 0.93* 0.99* 0.94* 0.99* 0.98* 0.99*
C= Harflife
time 77 ¢ 99 3 i 533.08 1.89 1.83 1.33 1.82 2.33 0.2 1.92 1.82 2.05 21.04 40.76 10.3 18.23
Q (week) PP Y @ ¢ ™ W ™ o TP UL 04 T TC T T ], PP T oP T W PP
Degrada
cot:)srt]ant 0.009 0.007 0.0013 0.374 0.382 0.521 0.381 0.297 0.361 0.38 0.337 0.033 0.017 0.07 0.038
(1iweek) BT TT G T8t T O gimuy T@pp T TT ¢ T®@ 1T p TN TWqw TYPT ™ 0 TIpw TEBIP G TSI T T T8t P T8I p W
qd

* Significant at 0.05 probability level

qLeast Significant Difference (LSD) test (P®t U) showed that the reaction rate constapis(kVeek!) and halflife (ti2, week) values for degradation ofglene in the
soils under treatment are significantly different.
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Fig. 4.2.6 shows the degradation kinetics exyene in the soil enzymatic bioremediation system
based on the average of layered soils column. At different concentrations of the enzyme (X and
X/5), the content of {xylene was decreased to a range of.@2at 4 veeks and subsequently, the
decreasing trend became slowly for the next enzyme injection. This result was in agreement with
p-xylene degradation in Fig.2.5 in which in the initial 4 weeks, thexylene removal rate sharply
increased while after the secbmjection, the increasing trend has become slow. Moreover, from
the fact that the pylene removal rate obtained by X/10 concentration of enzyme was low and
average values of-yylene removal in the presence of enzyme concentrations X/5 and X after 8
weeks were almost the same, we can conclude that the X/5 can be appropriate concentration for
soil enzymatic bioremediation system. Our previawsk [323] studiedthe simultaneous and
sequential action of enzymes, applied for degradation of 200 ppmydépe in the groundwater.

The timecourse experiments indicated above 90 % removahofigne in 60 h; however, the
current study showed that less than 80 % xylene was removed from the column in the presence

of enzyme solutions X and X/5 in 28 dayattbhan be attributed to the different initial concentration

of p-xylene and simultaneous adsorption efypene in soil particles.
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Fig. 4.2.6. The degradation kinetics of pxylene in the soil bioremediation system: (a) fitting
of p-xylenedegradation by the pseudefirst -order kinetic model (linear form) (b) fitting of
p-xylene degradation by the pseuddirst -order kinetic model (nortlinear form)

Microbial community analysis

To understand how the process of biodegradation affects the dtionpax the microbial
community, it is necessary to analyze the microbial response to the treatmenThgdate of
enzymatic treatment and its effect on the microbial community were performed usimgxthe
generationsequencing of 16s rRNA after 8 kee®f treatment. The gemnlmsvel microbial
community composition in soil column samples is shown in Eig.7. The results showed
important shifts in the microbial community after enzymatic treatment. The Gseusiomonas

was dominant with more than 50%lative abundance in all soil samples. Meanwhile, they
observed in lower abundance in treated soil samples compared to untreated soil. This decrease in

Pseudomonagbundance after enzymatic treatment was probably due to the detoxifying and
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regeneration ofmicrobial community resulted in improving soil health with higher species
diversity. It is clearly stated that petroleum hydrocarbons can decrease species diversity and
reduced biomass (negative effect on soil microbial activity and composj8ad). The low
nutrient status of contaminated soil often hinders microbial growth resulted in the dissipation of
contaminantg97]. The enzymes are proteins that is arranged as a chain of amino acids as the
fundamental building blocks. After enzymatic remedmatthe enzymes as degradable biocatalysts
break down into amino acids and serve as grgwtimoting for the indigenous bacterial
community[325].

In comparison to untreated soil (control), the abundance Stdnotrophomonasand
Pseudoxanthomonasgas significantly increased in treated soil with enzymes. The concentration
of enzymes used for the treatment indicated a significant difference in ingréfasiabundance

of these genera (X X/5 X/ 10) wixyleoehconeemtsatiop,r o b a b
intermediates formation, and protein content as a nutrient for indigenous microorganisms. As per
the results of xylene and gcresol concentratig using an enzyme with the concentration of X
resulted in a more intermediate concentratioftr@sol), compared to treated soil with enzyme

X/5. Meanwhile, pxylene concentration is decreased in all treated soil samples. Li et al., (2002)
show thatStermtrophomonas maltophilid3-c could not grow in the MSM media supplemented
xylene as a growth substrate and carmmdabolize it in presence of toluef@26]. Recently,
Elufisan et al., (2020) also showed tlsenotrophomonas spersol isolated from erude oit
contaminated soil, could not use xylene as the sole source of carbon in Bushnell Hass medium
[327]. However, Bera et al., (2019) reported tGenotrophomonasp. (MF004205) strain DBK3
utilized p-cresol with a maximum growth rate of 0.1160 [828]. Therefore, pxylene was

transformed to feresol in presence of an enzyme with a concentration of X -anelspl affected
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the abundance @tenotrophomonaas a genus with the ability to degraderpsol. To visualize

the relative patterns of Higabundance at the genus level, the heat map was presented in Fig.
4.2.7b. The heat map clearly shows the microbial community shift in a treated soil sample with
enzyme X and X/5 but the soil sample with concentration X/10 shows a similar community with
the control group.

At the class level, the abundanceGdAmmaproteobact@a was increased in soil samples treated
with enzyme X and X/5 (>60000) compare to the
enzyme X/ 10 [8).Ri9dearl) gtatel tharageobacterieare dominant members of

the enrichments with moaoomatic hydrocarbons (BTEX) and play a key role in the
biodegradation of such contaminaf829]. Moreover, a significant increase in the abundance of
Bacilli and Alphaproteobacteriawas observed in soil samples treated with enzyme X in
comparison to th control group. These two classes of bacteria consist of several groups of aerobic
to facultativelyanaerobic bacteri§330]. It may be because of oxygen consumption during

enzymatic reaction that shifts in community composition toward metabolic dyersi
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Fig. 4.2.7. Genuslevel comparison of the microbial community (A): Area plot for direct
quantitative comparison of abundance in each sample, (B): Heatmap for comparison of
abundance patterns between different samples, C5 and €5(control group and its
replicate), C7 and C%1 (treated soil with enzyme X and its replicate), C9 and CQ (treated
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soil with enzyme X/5 and it's replicate) C11, C11 (treated soil with enzyme X/10 and its
replicate).

Alpha diversity of the microbial community

Knowledge of microbial diversity can be helpful for the selectioa gfeen and environmentally
friendly approach for the remediation of contaminamscrobial community diversity and
composition within each sample were assessed by using Chao, Shatex@sjrand phylogenetic
diversity (Table4.2.6). The results showed important shifts in the microbial community diversity
after enzymatic treatment. The soil sample from the column treated with enzyme X showed the
highest richness. According to observe@aes and all indices, the enzymatic treatment can
increase the richness and positive impact on of microbial community. In accordance with the
present results, previous studies showed that the presence of contaminants decreased the richness
of species[234]. Moreover, chemical oxidation treatments such as using oxygen releasing
compounds (Cag) and Fenton or modified Fenton reagent (8D, + FeSQ) adversely affect
microbial diversity and richneg831]. These results prove the advantage of usingreag as a

green and environmentally friendly approach for decontamination of pollutants with minimal or
even positive effects on microbial community and also enrichment of soil after treatment.

The increasing richness and phylogenetic diversity (BR). were consistent with the enzyme
concentration used for treatment X>X/5>X10, it can be due to efficient decontamination during
the time and enrichment of soil after degradation of the enzymewtu&ince the enzymes as
degradable protein structures break down into amino acids and served as apgoovating for
indigenous bacteria. Although all richness estimator (observes species from the operational
taxonomic unit (OUT), Shannon) was consigt with phylogenetic diversity trend in all soil
samples, Chat showed the same average value in control and soil sample treated with enzyme

concentration X/10. The main reason is that some species richness estimators such as Chao mainly
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depended on theumber of rare species and then significantly affected by the experimental
procedurd332]. Thus, using different indexes is recommended for the analysis of the result from
OTU. The refraction curve was analyzed to determine the number of observeda®d ttrse
sequencing depth of each sample. Bifj0 shows that all samples reached the sequencing plateau
that confirmed the acceptable sequence depth for all samples used for the analysis. The refraction
curve also showed that species richness and seqsamg®e size were slightly higher in treated

soil with enzyme X/10 than in control.

Table 5.2.6 Diversity indices for microbial communities of the soil column samples.

Sample Description Observed Phylogenetic Chao-1 Shannon
species (97%) diversity (PD) (97%) (97%)
Control Untreated soll 30620 2.979 55.5 0.823
column

X Treated soil 43557 3.613 76.5 2.086
column with
enzyme
concentration X
X/5 Treated soil 39800 3.157 74 1.79
column with
enzyme
concentration X/5
X/10 Treated soil 35215 3.00 55.5 1.168
column with
enzyme
concentration
X/10

Beta diversity of the microbial community

The differences and significance of microbial communities between different soil samples were
visualized using PCoA (Principal Coordinate Analysis). Big.8 showed the Bragurtis and
Jaccard indexes from beta diversity analysis at the genus leveliBetsity is a key concept to
describe the distribution of diversity in different soil samples. The results showed that untreated

soil samples (control) were separated from the treated soil with enzyme (p<0.012). While the soil
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samples treated with enzymevere grouped to the upside of the plot (Bg@8A), the control
samples were grouped separately which shows the distance of control and treated samples.
Moreover, the Jaccard method grouped soil samples treated with enzyme X and X/5 to the right
side and control and soil treated with enzyme X/10 on the left side of the plot4Ri§B). Both
matrices confirmed that enzymatic treatment of soil with concentrations X and X/5 can change the
microbial community and dilution of enzymes 10 times was notffe compard to undiluted

and 5 times dilution which is consistent with the results from alpha diversity -amyteme
concentration. According to the results, injection of the enzyme with concentrations X and X/5 is
suggested for-pylene contaminated 8dreatment which had higher removal and enriches the
soil microbial community. Sutton et al., (2013) reported that a highly significant reduction was
observed in microbial diversity in soil contaminated with petroleum hydrocarbons. They
mentioned that duced diversity may result from the selective ecological pressure of
contaminarg, including (1) the presence of a toxic concentration of contaminant and natural
biodegradation products, (2) the dominance of a less diverse pool of microbes that cantdegrade
petroleum hydrocarbons and contamiratiginating hydrocarbons, (3) imbalance C:N:P ratios in

soil due to the presence of carbach petroleum, leading changing the nutrition composition and
reduced nutrition availability for the microbial communigynd (4) electron acceptor limitation for
indigenous bacteria may have resulted in form microbial mineralization of contarf33ait
Following the present results, effective contaminant removal can help to regenerate the microbial

community tonormal conditions.
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Fig. 4.2.8. Principal coordinates analysis (PCoA) derived BrayCurtis index and Jaccard
distances from beta diversity analysis
Biotoxicity assay
The results of the biotoxicity tests were depicted in £ig9. In general, seed germination tests
showed that the presence oixylene inhibits seed germination as well as root elongation.
However, the control group (test with clean soil) showed thledsignumber of germinated seed
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and root elongation, enzymatic treatment increased seed germination and root length compared to
the untreated soil (contaminated soil). The number of germinated seeds in treated soil by an
enzyme with concentration X and X#ere 18 and 15 out of 20 seeds, while in untreated soil and
treated soil by an enzyme with concentration X/10 was 3 and 6 respectively. The results from root
elongation also were consistent with seed germination and showed the order of clean soil > treated
soil with enzyme X > treated soil with enzyme X/5 > treated soil with enzyme X/10 > untreated
soil. The result showed that soil treated with X was more effective than X/5 and X/10, which
indicated that fxylene and its toxic intermediates were degradeternompletely by the enzyme

with concentration X. Environmentally acceptable endpoints for the soil remediation include the
chemical concentration of target contaminant and biological respi@3H8slt is reported that the
hydrophobic properties of petroleum hydrocarbons limit the ability of plants to absorb nutrients
and water from the soil. Additionally, low molecular weight hydrocarbons suckxgleme are

rather more toxic than higher moleculeeight hydrocarbons due to their high bioavailability to
plants[309]. Some studies recommended evaluating the root elongation test as a more sensitive
indicator than seed germination tests for petroleum hydrocaf8®8k However, the result of the
present study showed high sensitivity of these two biotoxicity testsxglepe bioremediation

that was consistent with the results fromypene concentration and microbial community. Also,
winter wheat species can be used as a model bioindinasgmys to evaluate the toxicity of soll

after bioremediation that was consistent with the report of Bank &Schultz (2005). They showed
that selection of wheat as a bioindicator has several advantages over other plants such as the ability
to grow in a wide rarg of soil types, high germination efficiency, and worldwide availability

[336]
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Fig. 4.2.9. Biotoxicity analysis of uncontaminated soil (control) untreated soil (C5) and
enzymatically treated soils with differentconcentrations of enzyme mixture, treated soll
with enzyme X (C7), treated soil with enzyme X/5 (C9), and treated soil with enzyme X/10
(C11).

4.3.4.Conclusion

The present work demonstrates that enzymatic bioremediation is a promising toolyfen@

removal from highly contaminated soil. The enzyme stability test determined the necessary period
required to ranject a fresh enzyme in the soil column testsl &dumn test was suitable for the

study of enzymatic bioremediation in cold climate sites. The enzymatic treatment resulted in the
removal of adsorbed pollutants and at the same time increased the free phase recovery that
enhanced {xylene removal fromal media. Moreover, the average values -ofyfene removal

after 8 weeks indicated that the 5x of enzyme cocktail can be an appropriate concentration for soil
enzymatic bioremediation in the soil column system. Dilution of the enzyme cocktail can reduce

the cost of treatment. Meanwhile, the increasing microbial richness and phylogenetic diversity
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were consistent with the enzyme concentration used for treatment, it can be due to efficient
decontamination during the time and enrichment of soil after degradd the enzyme structure.

The results from nexgeneration sequencing and seed germination tests proved the advantage of
using enzymes for bioremediation with a positive effect on microbial community and also
detoxification of pollutants after treatmerfrurther studies (e.g. pilstale test using soil tank
andproduction of enzymes on larger scales) are under investigatemalizate the application of

this method in contaminated sites. More studies on other petroleum hydrocarbons, mixed
contaminatia, other soil types and climatic conditions such as different pH and temperetades

to be studiedo understand the advantages and limitations of this remediation method.
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CHAPTER FIVE: STABILITY ENHANCEMENT of COLD ACTIVE ENZYME
BOOSTER TECHNOLOGY
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Abstract

Toluenéo-Xylene Monooxygenase (ToMO) is equipped with a broad spectrum of aromatic
substrate specificity (such as BTEMenzene, toluene, ethylbenzene, and isomers of xylenes
TOMO has carhydroxylate more than a single position of aromatic rings in two consecutive
monooxygenation reactions. Catechd@-dioxygenase1,2D)is an irorcontaining enzyme able

to cleave the ring of catechol (the converted product from ToMO) for complete d=tbaif of
BTEX. In this study, coléictive TOMO and C1,2D were produced using newly isolated
psychrophilicPseudomonaS2TR 14 in the minimal salmedium supplemented with crustacean
waste and different concentrations of used motor oil (@22 (v/v)). Crude ToMO andC1,2D
were immobilized into micro/nano biochehitosan matrices and used for BTEX biodegradation
The results showed that tighest enzyme production (12 U/mg fioMO and 22U/mg for
C1,2D) was achieveat the presence od.5%v/v used motor oil compared to the control group
without motor oil 0.07 and 0.06 U/mgHigh immobilization yield was achieved duedavalent
bondingof ToMO (92.26% for micro matrix and 77.20% for nano matrix) @a¢2D (87.57% for
micro matrix and 74.79%for nano matrix with matrices FTIR spectra confirmedhe
immobilization of enzymes on the surfacenutrobiocharandnanobiochachitosanmatrices as
proper supporfThe immobilizationincreased the storage stability of the enzymes with more than
50% regdual activity after 30 days at 4+1 °C, while the free form of enzymes had less than 10%
of its activity. Immobilized enzymeglegradedmore than 80% of BTEX (~200ng/L in
groundwater and ~10,000g/kgin soil) at 10+1°C in groundwater and soil. Therefore, integrated
use ofmicrobiocharandnanobiochawith chitosanfor co-immobilization of TOMO andC1,2D

can be a potentialvay to remove petroleum hydrocarbons with higher efficiency from

contaminated groundwater andlsoi
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5.1.1.Introduction

Benzene, toluene, ethylbenzeardamixtureof xylene isomerare abundant compouniths most

of the crude petroleunoils. These compounds atensiderecn important class @nvironmental
contaminants due to their toxic acarcinogenigroperties[337]. BTEX-contaminated sites in

cold regionsave received significant attention because of their susceptible environment to human
impacts. The cold ecosystems may be more sensitive to the same levels of contamination than the
other ecosystemB38]. Although different physical and chemical methods for teenoval of

these contaminants ak&own; bioremediation is preferred over these methods due s
effectivenessefficiency and the benefit of its eddendly mannef339].

In cold regions, the teperature is the limiting factor in the rate and degree of microbial
hydrocarbon biodegradation and affects volatilisation and viscosity of hydrocarbon. Commonly,
the optimized scheme of biodegradation cannot be easily achieved since the biodegradation
efficiency of contaminants is strongly influenced by the contaminated matrices, the
physicochemical characteristics of the pollutant, and microbial growth condifitBis
Biotechnological improvements such as using @ative enzymes and immobilization rhets

seem promising methods for increasing the efficiency of bioremediation at such c[b@htébe
enzymatic treatment agent can be designated for pollutant remomaldering the advantage of

the shorter treatment period and higlsgrecificity of enzymes than the microbial procgk3],

[340].

Aerobic BTEX biodegradation is typically initiated by memxadation of the alkyl side chains to

form central intermediates which can be catecholic orgatacholic compounds. Then, thegi
de-aromatization of central intermediates underga#iso-, meta or para-cleavage by catechol

dioxygenases as the crucial step of detoxificaf8#®]. Monooxygenases and dioxygenases
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key enzymes involveih the attack of the aromatic hydrocarbon ring and reported in most of the
biodegradation pathways of the individual BTEX compouf3#d]. For example, Choi et al.,
(2013) reported th&seudomonasp. BCNU 106 can degrade BTEX via toluene dioxygenage an
xylene monooxygenasg280]. Cafaro et al. (2004) suggested that toluenaylene
monooxygenase (ToMO) as a mudbmponent protein fronPseudomonas stutze@X1 can
oxidize the individual BTEX compound342].

One of the major challenges in the gireed and commercial application of oxygenases is their
inherent instability[343]. It is proven thai mmobi | i zati on met hod [
resistance to various storage and operational conditidms use of immobilized enzymes in
biotechnologicalprocessess preferred over their free counterpart because ofptisdonged
availability of enzymes and their -tesability [318]. Different types of minerals and natural
polymers such as chitosan and biochar can be used for immobilizing enzymes for improvement of
their storage and operational stability. Biochar is taebonrich by-product of heating
biomasabove 258C in an aiflimited environmenf344]. Chitosan (known as poly ( 1 -¥ 4)
amino2-deoxyd-glucose) is derived from the deacetylation of chitin, the amino polysacciraride

the exoskeleton of crustacean sand, that shows improved solubility in dilute acids in comparison
with the chitin. Since chitosan is an inexpensive, hydrophilic, inert, biocompatible support
material, it has attracted great attention for enzyme immobilization. Also, the presence of some
amino groups can facilitate the covalent binding of enzymesitosaim[345] and can be used as

a crosdinker for enzyme and carrier support.

Micro/nanoscale immobilization technology can provide an opportunity fanombilization of
multienzymes in terms of high surface ar¢d46]. According to previous studies,

(micro/nano)biochar was suitable support for enzyme immobilization (lactasejnove the
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micropollutants from water and soil. They reported the specific characteristics of biochar, such as
high surface area, porous structure, low cb&rmal/microbial resistance and functional groups
[347]. To the best of our knowledge, this is the first report on thémowobilization of
oxidoreductase enzymes on micro and nano biochar for the biodegradation of petroleum
hydrocarbons. Although coldctive bacteria and their enzymes have been suggested for many
applications, the immobilization of celactive oxygenases on biochhasnot been reported yet.
Herein, this study investigated the-ibomobilization of coldactive oxygenases in timaicro- and
nanobiochakchitosan matrices for BTEX biodegradation at low temperature (10°T)e
application ofthe immobilizedcold-active enzymesvas testedn highly BTEX contaminated
groundwater and in soik-or sustainable enzyme productianjstacean wastmnd usedmotor olil
wereused for thegroduction mediaf cold-active ToMO andC1,2D by isolatedPseudomonas
S2TR14. Finally, the stability, hatfife, reusability of immobilized enzymes, and diffusion effects

in the porous matrix were studied. Gatudies suggest that cedattive enzymesan offer greater

value upon sustainable immobilization and productiangd maybe preferable due to higher
catalytic efficiency compare to their mesophilic counterparts for BTEX biodegradation in cold

sites.

5.1.2.Materials and Methods

Materials

The followinganalytical/microbilogical gradehemicalsvere all purchased from Fisher Scientific
(Ontario, Canada Tryptic soy broth/agar (TSB, TSA), glucose, NaOH, and HCI, yeast extract.
Chitosan (100,006300,000 g/mol molecular weight) was purchased from Fisher Scientific,
Australia.Glutaraldehyde solution (aqueous solution, 25% (w/w), tripolyphosplestidsodium

TPP (Get9@aa)agl (O 99 %) weAlddch (Misdissauga,@dtariiCanadim Si g ma
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Minimal Salt Medium (MSM)was prepared by dissolving8 g KkHPQs, 4.0 g NHCI, 0.01 g
FeSQ. 7H0, 0.1 g NaCl, 0.2 g MgSX¥YH.O in I-liter of distilled waterMiri et al., 2021b)

Pinewood biochar was supplied by Pyrovac. (Quebec, Canada). The nano and msired
pinewood biochar werkeindly providedby Dr. Mitra Naghdi. Briefly, nandiochar with a
specific surface area of 47.Ffgmand an average size of 60 +20 nm, migiachar with uniform

particle size lowertan 75 em was preparngld348.si ng a pl anet a

Isolation and identification of BTEX-degrading bacteria

The soil samples weiellected from a contaminated petroleum site, nearby Montreal, Quebec,
Canada. The soil was originally contaminated with petroleum monoaromatic hydrocarbons
(~10,000 mg/kg) having an average annual minimum of 5+1°C, avanagimaximumof 15+

1°C (aveage temperature of 10°C considered for tests). The soil samples were collected in summer
under opeftfield conditions from depths ranging from 5 to 7 below surface. Isolation of BTEX
degrading bacteria was carried out immediately after transferring by gaddid g of t h
contaminated soi l i n a crimp seal ed serum
MSMsuppl emented with 200 mg/L of BTEXs (in a
This concentration is considered higher with toxic effects on aquifeob@srand bacterial strain

with growth ability in this concentration is considered as a BT&s{stant culturévaronaTorres

et al., 2017) The bottles were incubatedt 200 rpm, 10 N 1AC. After
plated onto TSAising the spread plate technigpen d | ncubat ed at 10 N
Morphologically distinct colonies were selected, and tested for BTEX biodegradation at different
temperatures ranging from2 0 N 1 AC.

Genomic DNA of the selected isolate was P&Ryplified using universal 16S rRNAimers 7F,

S-NGAGTTTGATCCTGGCTCAG3Njand 1492R, HEGTTACCTTGTTACGACTT3N] via
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colony PCR[349]. The resulting PCR products were sequenced and 16S rRNA gene sequences
were compared with available sequences inNbhgonal Center for Biotechnology Information
(NCBI) GeneBankusing a BLASTN algorithm. A phylogenetic tree was developed using the

neightor-joining method of MEGA version 7.0 with 1000 bootstr§gs0].

Enzyme production

The crustacean waste from a Canadian seafood processing plant at GRepiesiela, Quebec

was used to produce enzymes from the selected isolate (heneaftedPseudoranasS2TR 14).

The ovendried seafood waste residues (shells of shrimp, crab, prawn, |odsteill) were

finely powdered in @rinderand stored at 4C (Pachapur et al., 2016)he overall composition

of the seafood waste is presented in the supplementary material (S1). The enzyme production was
performed in a 150L serum bottlecontained 50 mL of MSM supplemented with 18 g/L
crustaceanvaste, 10 g/L of glucose, 0.1% of yeast extractdiffdrent concentrations of motor

oil (0.2- 2% (v/v)). The sterile medium (pH 7.0+0.2) was inoculated with 10% (v/v) of bacterial
culture and incubated at 10:€1, 150 rpm for 3 days. Then, the culturesveantrifuged at 4000

g. (4*C) for 20 min. The pellet was washed twice with phosphate buffer (pH 7.0 £ 0.2) and then
ultrasonicated (22kHz, 10 min) for cell disruption and extraction of intracellular enZ¥{ads

et al., 2018) The cell lysate was filtered through PTFE filter with pore size of 0.45 um and the

cell free filtratewas stored at&C for further use as a crude enzyme mixture.

Enzyme assays

ToMO activity was quantitatively determined using the spectrophotometric method with toluene
as the substrati840]. 35 uL of N,N-dimethylformamidecontaining4% (vol/vol) toluenewas

mixed withthe cellular lysates. At-Bin intervals after incubation at 10 £1°Gpil samples were

mixed with 100 pL of 1 M NHOH and 100 pL of 2% -4@mino antipyrine. After the addition of
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100 pL of 8% KFe(CN, t he sampl es we r4800%(q) anddbgorbanemtt r i f u (
500nm was measured against the enzfrae control. A reference curve was determined by using
0-50 pg/mLof p-cresol as a product of the reaction

The activity of catechol 1,-8ioxygenase was measured according to Li ef281] with some
modification. Briefly, 0.emL of catechol (10nM) was added to 2.8L phosphate buffer, and
0.4mL cellular lysates. The enzyme activity was assayed by thleugtion of muconic acid at
260nm.

The total protein was measuoey Pi erceE BCA Protein Assay Kit
Canada)using bovine serum albumin (standard protdm)calculate the specific activity of
enzymes.

One enzyme unit was definad theamountof enzyme that producesricromole of compounds

per time unit per mg dbtal protein.

Immobilization of enzymes onbiochar-chitosan matrices

Activation of biochars r{anobiochaiand microbiochay was carried out to increase surface area
with NH2 and COOH groups for better adsorpti8ng of biochar samples was suspended in 1 L

of H:SQw: HNO:s (concentrated solution 3:1 v/v) and sonicated foruimg an ultrasonic bath.

The suspended biochar was diluted with M@liwater and centrifuged remove the acid and this
procedure was repeated several times, until neutrality. The oxidized biochar was lyophilized
overnight and kept at room temperature for drying.

About 2 g of each (micro aranobiochaand chitosan) wamiixed in 2% v/vacetic acid under
shaking conditiongor 24h. Later, 5 mL of crude enzyme solution (crd@®O andC1,2D)was

added under shaking conditions for 2h. About 0.25 mg/mL of tripolyphospbatasodium was

addedin adropwisemanner under similar conditions amntioned. After 2h incubation, 0.02%
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v/v glutaraldehydevas also addedropwise to the solutiorirhis mixture was allowed to stand
overnight at 25+ Z (RT). The pellet of immobilized enzymes was washeghygsphate buffer
(pH 7.0 £ 0.2)and centrifuged16,000 xg and 4°C for 10 mifr 3 to 4 times before drying and
further use The above process was repeated three times for enzyme immobilization.
Determination of immobilization efficiency and kinetic parameters

Protein loading and immobilization yields were used for the evaluation of immobilization

efficiency[351] according to Eq. (1) and (2) as given below:

01 € 06C¥QEQUIORUR Q p T (1)

04 d £ O QA VNG QL £ p T

2

Immobilization of TOMO and C1,2D on biochachitosanmatrix was further confirmed by
analyzing enzyme leachin@52]. The leaching test was carried out by 0.1 g of immobilized
enzymes in 1 mL of sodium phosphate buffer (pH 7.0) with continuously stirridighifo8h, 12h,

24 h, and 48 hThe mixture was cgrifuged 16,000 xg at 4°C and then the supernatant was

analyzed for enzyme activity. The leaching (%) was calculated according to Eq. (3)

0 QEd: B pTT (3)

Kinetic parameters were determined by Michablenten model for free and immobilized
enzymes to describe the kinetic beha{i@]. Briefly, the initial rate of substrate removal (toluene
for TOMO and catechol fo€1,2D) was measured at different sulasér concentrations (G1L0
mM). Then, \hax, Km,and catalytic efficiency (k/Km) were calculated for free and immobilized

enzymes using GraphP&dismversion8.
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When enzymes are immobilized on the internal pore surface of porous particles, suppsrates
toluene) diffuses through the porous pathways among pores and reacts with enzyme immobilized
on pore surfaced.o evaluate if immobilization of enzyme experiences diffusional limitations or
not. Some literature applied the effectiveness factoheasatio of the reaction rate with diffusion
limitation to the reaction rate without diffusion limitation can be applied. Under diffusion
limitation, the rate per unit volume is usually expressed in terms of the effectiveness factor as

follows:

Thus, the Thiele modulus for porous spherical reaction systems that follow the Michaelis rate

expression was given by Blaisa as:

A (4)

The relationship between effective factaand the Thiele modulus for low substrate concentration

is given by
- P T ©)
The effective diffusivity of the substratéi n por ous particles is rel

the geometrical tduosity, the substrate diffusivity in bulk solution by

~

O Q_Q_-0/ (6)
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Wheret is tortuosity of the pores and is assumed to be equal to 1 (e.g., uniform cylindrical pores)
inthiswork. @ _ and.Q _ are the hydrodynamic drag and the equilibrium partition coefficient
both functions of the ratio of the substrate molecule ®zpore size,. Ferry et.al proposed the

following Eq.(9) to calculatéQ _ for spherical molecules in a cylindrical pore with no wall

molecule interactions:

Q _ P _ )

Brenner et.al also proposed following Eq. for small

Q P — pAd LT p _ (8)

Using EQ.(910),"Q and'Q values are calculated for toluene and summarized in Txble

The pores were considered as a long cylinder from the center of the sphere to the surface of biochar
particles. The diameter and length of each cylinder are assumed 30 nnt andThus, the
effective diffusivity of substrate;$hrough 30 nm pore is@. 10° cn?.st.

FT-IR spectroscopy

Fourier transform infrared (FIR) spectra oimicro/nanobiochachitosanmatrices and enzyme
immobilized matriceswere recorded by placing a sample on the gripper plate and the diamond
crystal to have consistent coatdetween the sample and the diamond crystalR-3pectrum
wasrecorded for each sample in the wavenumber range ofi 4000cn?! using a Nicole 1S50
spectrometer (USA) equipped with attenuated total reflectance (ATR) accessory'{4 cm
resolution). Eaclspectrum was repeatadth 16 scans per sample, and their average was used for

plotting.
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Storage stability assessment
The enzyme samples (free and immobilized form) were stored at 4+1°C and room
temperatur€RT); 25 + 2 °C, which are typical storagenperatures for industrial purpoges 30

days and residual enzyme activity were assayed as mentioned above.

Biodegradation and reusability test

For BTEX-biodegradation tests, the groundwater sample was supplemented with 200 mg/L of
BTEX as the sole soce of carbonThe characterization of groundwater samples showed the
presence of carbonates (hard water) with a pH ot D.2. About 20 mg of immobilized enzymes
(each matrix) were added with 25mL of MSM medium in 150 mL sealed serum bottles. The
incubaion was carried out at 10 ¥1 (the typical aquifer temperature in the contaminated site) for
24h under shaking conditions (150 rpm). The-satmples (50uL) were removed from the liquid
phase of bottles usireggastight syringeand prepared in a 40 mLasidard GEheadspace bottle.

The sample bottle was containing 5 mL of ultrapure water, 10 pL of fluorobe#®(EH0 mg/L
diluted inmethano) as internal standar@ndthen sealed immediatelyhe extraction of BTEX

was carried out using a Perkin EImer Turbomatrix40Srap automatic headspace sampler and

then the gaphase was analyzed using 7890A Gas Chromatograpti{B column 30 m 0.25
mm i.d.x 0.25um thicknessgonnected to a Varian 82 Gaschromatograph coupled to a Saturn

Mass Detector. The concentration vgamntifiedfrom the areas of the substrates and compsund
peaks using a standard curve.

Soil BTEX-biodegradation test was performedl50 mL sealed serum bottlesntaining 2g of
the soil sample, 20 mg of immobilized enzymes and 25 mL of MSM medium at@QH30 rpm.
The soil is saturated with water for optimal biodegradation condifgs®]. The incubation and

subsample preparation were carried out as meeticmbove. The soil was originally contaminated
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with BTEX and has been artificially contaminated with BTEX until an initial concentration of
10,000 mg/kg (the average BTEX concentratiorthia contaminated site)The liquid phase
concentration of compounds groundwater and soil systems was directly measured gsisg
chromatography coupled with a headspace samplher.mineralogy of soils varies in different

parts of the site; quartz, feldspar, clay minerals and carbonates were found in soil séaples.

soil sample comprised 59% of particles with a size range betwBenr, 38% with a size range

of 250500 um and 3% of fine particles (< 250 pum in size). The physical characteristics of the soil
were determined as follows: moisture content of 24.148%0 pH 7.1+0.2, total solids:
75.36+0.91%.

For reusing the enzym#he immobilized enzymes were removed after decantaditohd[000 xg

for 20 min) and methanol was used for the washing. Then, it was dried in a desiccator and used in
a fresh groundwatezample supplemented wiB®0 mg/L of BTEX for 5 different cycles.

Two control groups were included in biodegradation experiments: 1) sterile controls with
autoclaved (121 AC for 30 min) soil and 2) r
ary treatment. Abiotic losses of BTEX were monitored in the sterile control sample and the
evaporatiorloss was compensated in the liquid phase before each test. In other words, each
compound was added to obtain an approximate specific total of 200 mgiindgrater sample)

and 10,000ng/kg (soil sample) in the liquid phagehang et al. reported thiat a bottle (250ml)

with at least 150 ml of headspace, shaken on a rotary shaker at more than 100 rpm can result in a
higher rate of mass transfer of BTEX beénethe gas and aqueous phases than the maximum
biodegradation rate ensuring rapid equilibrium with the liquid pli2%s4]. Thus, mass transfer

phenomena may not slow down the kinetics of biodegradation under mentioned conditions.
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The contribution of adsption was performed withmicro/nano biochachitosanmatrices (with
inactivateenzyme} in the BTEX reaction the same as mentioned above. As proteins have
adsorptionthe immobilized enzymes were deactivated by incubation at 75+1°C {863 To
determine the amount of BTEX adsorbednoatrices, the mixtures weteecantedat 10,000 xg

for 10 min)and the adsorbed BTEX were extracted using 5 mL of methanol by vortex shaker, then

the concentration was measured as mentioned above.

Statistical Analysis

All experiments were performedinplicate (for analytical and biological tests) and the calculated
average of replicates was used along with their standard deviation. SPSS software was used to
determine their statistical significance using (ANOVA) followed by Tukey posthoc procedure.

A p-value of 0.05 was considered the level of significaRepeated measures ANOVA was used

to calculate the difference between Hiedegradation ability of immobilized enzymes into micro

and nanobiochachitosan matrices.

5.1.3.Results & Discussion

Isolation and characterization of strainS2TR-14

An isolatedbacterial strainS2TR14, was selected based on the ability to degrade BTEX at 10
N1AC. Psychrophilic bacteria have an optimum
resulted colonies on TSplate had morphological characteristics of whitish, smooth and raised

with a circular shapéNucleotide fragment sequences of Y&BIA gene of strain S2TR4 was

deposited in the GenBank database (NCBI accession numMia&©7883). According to the

analysis of thephylogenetidree (Fig. E1l), the selected strain (S27H) showed a close
phylogenetic relationship with the strainsRfeudomonagenus. S2TR.4 showed the highest

similarity (99%) withPseudomonastrain N8 andPseudomonasp. PK8.
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Several mesophiliPseudomonastrains have been reported for BTEX biodegradd866]. It is
mentioned that indigenous microorganisms are more adapted to cold environments than any non
indigenous populationsolation and enrichment of indigenous mimes with biodegradative
potential are key steps for the bioremediaf@®7]. Isolation ofpsychrotrophic microorganisms

was also carried out for biodegradation of aromatic hydrocarbons in low temperatures, but only by
few researchers. For examplé€;habhin et al. isolated two psychrotrophitoluene
degrading®seudomonas putidsrains from the soil, but they reported that toluene is the growth
limiting factor for the isolated bacteria at all temperat(i8&8]. Liu et al. (2013) isolated a cold
tolerart consortium from contaminated soil, which can degrade nitrobenzene and anilinre nitro

aromatic and aromatic amino compounds at 1[28J.

Enzymesproduction

Biodegradation pathways of momoomatic hydrocarbons begin with mono oxidation and finish
with the formation of catechol isomers or poatecholic compounds as intermedid266]. The
metabolism of a substrate involves multiple enzymatic steps. Aerobic biodegradation of aromatic
hydrocarbon has been divided into tigperpathway, which stéed from the original compound
(hydrocarbon compound without any modification) to central intermediates (modified
hydrocarbons). The lower pathway, transitions from the ring cleavage of intermediates down to
the needed molecules for biom§359].

Our peliminary results showed th&seudomonastrain S2TR14 initiated the oxidation of the
methyl side chain of the aromatic nucleusTioO then followed the ring fission b§1,2D. Thus,

the presence of TOMO and C1,2D are needed for complete detoxificRBArEX.

The chemical nature of inducers has a significant role in the efficacy of enzyme production, and

the induction of oxygenases By EX was reported usingseudomonaspecie$280]. BTEXs are
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important industrial chemicals that have many applicatsn, theise of fewer and less expensive
substratesan make the use of enzymes more-effgctive in environmental applications. In this
study,enzymes were produced usindifierentconcentration of used motor oil ranging from 0.2%

to 2% as a source of BTEX#Iso, crustacean waste was used as aeffsttive source of calcium

and proteins that can promote bacterial groy@®0]. The raw materials needed for enzyme
production forbioremediation applications are crucialsince the high production cost of enzymes
has restricted the widespread use of them for remediation puf64é¢s

Fig. 5.1.1 demonstrates the productionT@MO andC1,2Dby S2TR 14 and their activity in the
presence of different concentrations of used motor oil at 10 £1°C. Our initial studies showed that
new motor oil could not inducBoMO andC1,2Dproduction (data are not shown), it may be due

to the absence of BTEXRaker et al. reported that used motor oil was a potential source of BTEX
with concentratioaranging from 29 to 2000 mg/L). The concentration rafand p-xylene was
higher, typically 500-2000 mg/L, compared to those of other BTEX compounds. While BTEX
was not detected in any of the five tested new motd86i].

As shown in Fig5.1.1, the highest enzymes production was obtained (12 U/nigpMdO and 22

U/mg forC1,2D) at 0.5% v/v after 72h. The enzyme activity is presented as an enzyme unit per
total protein content in the enzyme mixture. The bacteria grown with 2% v/v of usedaiiotor
showed low ToMO an€1,2Dproduction (0.07 and 0.08 U/mg respectively), whicssimilar

to thecontrolsample (0.07 and 0.06 U/mg) that was the batch without motor oil. It can be due to
the toxic effect of a high concentration of used motor oil on bacterial growth. Most of the petroleum
hydrocarbons led to toxic effects on bacterial growth and inhibit #uoivity mainly because of

their chemical structurdespite thaoxicity effect, the obtained data showed that used motor oil
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in low concentration (0.5% v/v) caplay a potential role as inducers for ToMO a@d,2D

production.
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Fig. 5.1.1. Enzymes production at different concentrations of used motor oil (0-:2%v/v),
control samples contained media without any used motor oil.

Immobilization efficiency of biochar mixtures

Biochar was selected as economical and renewable support material for the development of
immobilized and encapsulated valaéded bieproducts such as enzym&33]. Mico/nanasized
biochar can provide larger specific surface area for theigumobilization of enzymes. Surface

activation of biochar, which can serve as an effective binding agent, has been known to facilitate
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the crosslinking between amine and carboxylic grd@6&]. Chitosan was also selected as a
coating polymer since we can modify its surface by complexati@rpenetration (using
tripolyphosphatepentosodium)to improve biocompatibility and have controlled porosity in
matriceqg363].

ToMO andC1,2D were immobilizedinto the micro anchanobiochaichitosanmatrices Table

5.1.1 shows total protein loading and its yield, specific activity and its yield on two matrices. As
can be seen, biochathitosan matrices gave high immobilization yield for ToMO (92.26% for
micro matrix and 77.20% for nano matrix) a@d,2D (87.57% fomicro matrixand 74.79%or

nano matri. Almeida et al. (2017) used lipase fronBurkholderia cepaciaimmobilized on
biochar, however, they did not evaluate the immobilization efficien{364]. Lipase from
psychrotoleranPseudomonasp. ISTPL3immobilized on biochar gave ammobilization yield

of 83.04%[365]. The chitosamanobiochacomposite was used for laccase immobilization from
Trametesversicolorwith 35% effective binding efficienciB66]. Despite the satisfactory results
obtained from the immobilization of enzymes on activated biochar, the immobilization of
oxygenases is very limited yet.

Some studies mentioned that the physical properties of support material for enzyme
immobilization ca increase loading capacity as well as the surface area and then reduce the mass
transfer resistance whidmprovesthe efficiency of immobilization. The result dis study
showeda similar efficiency of immobilization on the micro and nano bioettatosanmatrices

and the size of thparticlein microbiocharand nanobiochadid not affect the immobilization
efficiency (160.5 and 145.5 pug/maf protein loading) This may be due to the reactive functional
group of chitosafi367] which gave the same efficiency famicrobiocharandnanobichaiin the

immobilization of enzymes. The results showed thatieaching of protein fronthe micro and
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nanobiochaichitosarmatriceswas less than 10% for each matrix after 48h of incubation E2ig.

which augurs welfor subsequent reusability die immobilized enzymes in an aquatic medium.
Another study reported immobilized lipase on biochar with 21.4% leachindldfteixcubation at

25°C, while it had goodeusabilityfor 3 cycles of biodiesel productidB65]. Referencing the

result of this study, chitosaran decrease the leaching of proteins from solid support (such as
activated biochar). For example, Woo et al., (2015) showedithsdlinked chitosan coatirmpto
mesoporous material can effectively prevent the leaching of carbonic anhydrase under shaking

conditions[368].

Immobilization efficiency of biochar mixtures

Biochar was selected as economical and renewable support material for the development of
immobilized and encapsulated valagded bigproducts such as enzymdg3]. Mico/nanasized
biochar can provide larger specific surface area for theioumobilization of enzymes. Surface
activation of biochar, which can serve as an effective binding agent, has been known to facilitate
the crosslinking between amine and carboxylic grd@6&]. Chitosan was also selected as a
coating polymer since we can modifys isurface by complexatieinterpenetration (using
tripolyphosphatepentosodium)to improve biocompatibility and have controlled porosity in
matriceqg363].

ToMO andC1,2D were immobilizedinto the micro anchanobiochaichitosanmatrices Table

5.1.1 shows total protein loading and its yield, specific activity and its yield on two matrices. As
can be seen, biochachitosan matrices gave high immobilization yield for ToMO (92.26% for
micro matrix and 77.20% for nano matrix) a@d,2D (87.57% fomicro matrixand 74.79%or

nano matriy. Almeida et al. (2017) used lipase fronBurkholderia cepaciaimmobilized on

biochar, however, they did not evaluate the immobilization efficien{§64]. Lipase from
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psychrotoleranPseudomonasp. ISTPL3immobilized on biochar gave ammobilization yield

of 83.04%[365]. The chitosamanobiochacomposite was used for laccase immobilization from
Trametesversicolorwith 35% effective binding efficienciB869]. Despite the satisfactory results
obtained from the immobilization of enzymes on activated biochar, the immobilization of
oxygenases is very limited yet.

Some studies mentioned that the physical properties of support material for enzyme
immobilization ca increase loading capacity as well as the surface area and then reduce the mass
transfer resistance whidmprovesthe efficiency of immobilization. The result dis study
showed the similar efficiency of immobilization on the micro and nano biadfirsanmatrices

and the size of thparticlein microbiocharand nanobiochadid not affect the immobilization
efficiency (160.5 and 145.5 ug/maf protein loading) This may be due to the reactive functional
group of chitosarf367] which gave the same fidiency for microbiocharand nanobichaiin the
immobilization of enzymes. The results showed thatieaching of protein fronthe micro and
nanobiochaichitosarmatriceswas less than 10% for each matrix after 48h of incubation E2ig.
which agreesvell for subsequent reusability tie immobilized enzymes in an aquatic medium.
Another study reported immobilized lipase on biochar with 21.4% leachindLdftercubationat

25°C, while it had goodeusabilityfor 3 cycles of biodiesel productidB65]. Referencing the
result of this study, chitosatan decrease the leaching of proteins from solid support (such as
activated biochar). For example, Woo et al., (2015) showedithsdlinked chitosan coatirmnto
mesoporous material can effectively prevent the leaching of carbonic anhydrase undey shakin

conditions[368].
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Table 5.1.1 Immobilization of ToMO and C1,2D on microbiochar and nanobiochar

mixture
Material used Total Total ToMO ToMO C1,2D C1,2D Leached Leached
for protein  protein  specific  immobilization  specific  immobilization =~ ToMO C1,2D
immobilization ~ loaded loading  activity yield (%) activity yield (%) (%) (%)
(ng/mL yield (U/mg.p (U/mg.p
) (%) rotein) rotein)
Micro -biochar +  160.5+ 1296 11.9+0.1 92.26 20.01+ 87.57 2.1 2.4
chitosan 0.87 0.5
Nano-biochar 145.5+ 16.59 9.28+ 77.20 17.09+ 74.79 15 2.2
+ chitosan 1.03 0.02 0.32

Kinetics

As mentioned in the method section, toluene aatbcholdegradation rate from free and
immobilized ToMO andC1,2D was used respectively for the detection of Michaglenten

model parameters (Tabk1.2). It was reported that TOMO exhib#pecificity to toluene as
substrate and catalyzed toluene oxidation to catechol as its metf8¥fitén addition, Kalogas

et al., (2006) reported th@tl,2D showedhigh specificity for catech@nd subsequently cleave the
aromatic rings. They also mentioned that both free and immobilized forms of the enzyme showed
identical substrate specificity patterns toward catechtheis substrat¢371]. In the case othe

free enzyme and particlemmo bi | i zed enzyme systemb6sBurki net i c
(LB) graphical method was applied from data obtained at two different substrate concentrations of
0.1 and 0.5 mM. Asan be seen in Tab®1.2., since th&n, for free and immobilized enzymes

are the same, there is no diffusion limitation for nanoparticles. Using Eq.(6) the Thiele modulus
can be calculated for the nanoporous glass with a 30 nm pore diameter. The obtzdnkds

value was approximatB.7 p 1T corresponding to an effective factor 0of0.99. This value
suggests according to the effectiveness factor versus the Thiele modulus showing that the system
was reaction limitedThe Vimaxwasslightly decreasedfter immobilization on both matrice8.46

and 0.45) TheKn of immobilized enzymes &re1.43 and 1.42vhich was slightly lower than the

value of free enzymel(51)indicating the enhanced affinity of ToMO for toluene. These results
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showed that the lossihancemeraf enzyme activity was almost negligible after immobilization.
This phenomeon is attributed to the denaturation and/or the strong association of enazifime

its suppor{13]. It is noticeable that thenx for Toluene was approximately 20 times more than

the Vimaxfor catechol. It could be explained the phenomenon that tired mxidation steps required
greater activation energy compare to the later steps of biodegradation since the stability of the
substrate decreases as the biodegradation prfic&edhe overall kinetics efficiency (known as

the enzymespecific constas) was evaluated using the catalytic efficiency of ToMO and C1,2D
(kcalKm). Table5.1.2 showed that the catalytic efficienfyr immobilized enzymes on both
matrices was almost similar foee enzymes. These results indicated that the loss of enzyme

activity was negligible during immobilization.

Table 5.1.2 The MichaelisMenten parameters for ToMo and C1,2D

V max K m(mM) K cat n Catalytic Efficiency
(mM/min) (min't) (KcalKm, mintmM1)
Toluene Free enzyme 0.48 151 0.608 - 0.40
Micro -biochar 0.61 X
Matrix 0.46 1.43 o 0.42
(TOMO) N bioch 0.59 5.7
ano-blochar 0.45 1.42 ' L P 0.41
Matrix
Catechol Free enzyme 20.77 3.92 1.73 0.44
vicro -blochar 50,65 3.91 171 ] 0.43
(C1,2D)
Nanquchar 20.43 3.89 1.74 - 0.44
Matrix

Characterization of biochar mixtures with enzymes
FTIR measures the quantity of infrared radiation absorbesuis frequency by atoms alifferent
frequency. When a sampkesubjected tanfraredradiation (IR), the difference of charge between

carbon atoms in the sampheluceshe formation of an electric dipole and the appearance of these
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electric dipoles generates detectable sigfgd&]. In this study,biocharchitosanmatriceswith
enzymes and without enzysweresubjected to FTIR spectra to compare them and evaluate the
characteristics of the immobilized enzymes.

Fig.5.1.2 presents the FTIR spectra of immobilized enzymawnioro andnanobiocharchitosan
matrices. Three maimeaksweredetected in thepectraof the immobilized enzymeascluding 1)

a strong band aB8264 cm! was assigned to NHand OH vibrations; 2) @eak at 1635 crit
corresponding to CONH linkage, and 3) a band at9@@m! was attributedto Ci H bending
vibration.

Thebands at 3264 chwere corresponding to the vibration ofHNgroups from the chitosd@73].

The vibration peak at 1641636 cm?, was increased with the C=dMoupformation as a result of

the glutaraldehyde crodimking reaction[348]. Glutaraldehyde as a-fiinctional crossinker is
capable of crosslinking the support and enzymdter the reaction of biochar mixture with
enzymes, all three bands and peaks showed higher intensity which confirmed the immobilization
of enzymes on the dace of biocharmatrices Proteinrderived bands at around 3000 and

3 4 0 0!could be seeMhemicrobiochamandnanobiochamatriceshad similarspectraand they

had a singlespectrumn Fig.5.1.2.
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Fig. 5.1.2. FTIR spectra ofbiochar-chitosan matrices. four spectra can be observed; two
matrices: Microbiochar-chitosan matrix and nanobiocharchitosan matrix, two spectra
from immobilized enzyme into two different matrices. Since the matrices have similar
spectra they can be obserd as a single spectrum and also after immobilization of enzyme,
they had similar spectra

Based on this result and the previous stuf®€®], a schematicstructure of thammobilized
enzyme on thbiocharchitosammatrix was proposed in Fi§.1.3. The enzymes were immobilized

on activated biochar through physical adsorption and covalent bonding because of the acid
treatment of biochar. Carboxylic groups on sefaceof biochar can react with amino groups of

theenzymes andldehyde groups on chitosan react with amino groups in ToMO and C1,2D then

formed imino group (CH=N). Chitosan has a linear structureglumosamineandN-

acetylglucosamink i n k e dl,4imannea.Fre® amine groups are chemically active geoin

thechitosan structurcated in the C2 position of the glucose residue in the polysaccharide chain
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and thehydroxyl groupsThese active groups can be involved in hydrogen or electrostatic bonding

[374]

Chitosan -

Glutaraldehyde cross-linking reaction

ToMO/C1.2D

NHy*

> Carboxylic group from acid treatmen> ”\ /‘!"

Activated Biochar -

Fig. 5.1.3. Schematic ofimmobilized enzymes in the biochaichitosan matrix. ToMO,
Toluenego-Xylene Monooxygenase; C1,2D, Catechdal2-dioxygenase.

Storage stability

Oxygenasesatalyze the initial reactions of aerobic catabolic pathways for aromatic compounds
by incorporatingither a single oxygen atom (monooxygenases) or two atoms of molecular oxygen
(dioxygenases). For  monooxygenases that require the NAD(P)H cofactor
(nicotinamideadeninedinucleotide cofactors)the reaction is separated into two steps: (1) the
oxidation of NAD(P)H to generate two reducing equivalents and; (2) the hydroxylation of
substrates. Some monooxygenases are flavoprotein enzymes and the two reactiong in a
single polypeptide chain. However, multicomponent monooxygenases catalyze NAD(P)H
oxidation and the hydroxylation reaction by separate polypepfid. Generally,the major
challenge in the practical and commercial applicatianal/nes are lackf stability under storage

conditionssuch as ambient temperature (2238 K) or at refrigerator temperature (2283 K)
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[343], [376] Unique threadimensional structures of enzymes are essential for their activities.
Enzymes gradually lose their activigver the time due to the conformational and structural
changes (denaturation of proteins) or their cofactors. Immobilization of e@szgmsolid supports

such as biochars can decrease this effect by increasing the structural rigidity of thg38{ein

On the other handToMO consists of two polypeptide subunits; one of these subunits is a
hydroxylase and membrafund componentand its activity depends on ferrous ions and
phospholipid$377]. Suzuki et al., (1991) determined the primary structure (amino acids sequence)
of xylene monooxygenase frofseudomonas putidthat consists of two different subunits
encoded by the TOLIlasmid[378]. Multimeric enzymes have limited stabilitytside the cell,
probably due to the dissociation of subunits resulting in the loss of a¢8gity.

Also, C1,2D is anon-hemeiron oxidative enzyme thatatalyzes aromatic ring cleavage witie
incorporation of ferrous ions in its active site and molecular oxygen. Tsai & Li (200ifjed

C1,2D from gphenol degradin@andida albican§g'L3 and analyzetheamino acid sequence and
metal content of this enzyme. They reported@B2D is a horadimer and each subunit contained
one iron ion[379]. The ferrous ion at the active siteT@MO andC1,2D makes these enzymes
more sensitive to autooxidation and oxidation than other enzymes and, consequently, to
deactivatior{343].

Moreover, the active sites of psychrophilic enzymes are less stable than that of the mesophilic
enzymes to have less activation energy at low temperatures. The lower enthalpyaditiveld
enzymes at low temperature corresponds to the faster the raf@ge@ious study showed that the
reduced enthalpy in the celtttive can explain the main adaptive mechanism to low temperatures
[212]. Therefore, the inactivation rate of psychrophilic enzymes is faster than their mesophilic or

thermophilic homolog§380Q].
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The kind of solid support used for immobilization is a determining factor for the protective effect
of the i mmobilization method. To the best of
protective effect of biochar for immobilization of ceddtive ToMO andC1,2D.

The stability of TOMO and C1,2 D are shown in FdL.4 at room temperature (20 + 2 °C) and 4

+ 1°C for 30 days, which are typical storage temperatures.5Rig. (A and C) showed that
immobilized enzymes onto biochahitosan maices have maintained more than 50%lodir
residual activity at 4 £ 1 °C while free enzysiad less than 10% dlfieir activity after 30 days.

The results from lovwemperature storage are similar to the results observed with the room
temperature storagdfect. However, the residual activity at room temperature was generally less
than 4 °C, which may be due to more changdhenstructure and conformation of enzymes at
higher temperaturesThe improved stability of immobilized enzymes can be attribtiethe
increased resistance of enzygme the conformational changes as well as lower structural
flexibility of the ToMO and C1,2D in the immobilized forj881]. However, the immobilization

of enzymes by multipoint attachments provided a solution for the low stability of enzymes, the
multipoint attachment between two complex structures is very complicated and may result in the
de-activation of enzymes after immobilization. It is necessagbtain a very intensive and non
distortive binding in the area of contact between the enzymes and the support. This critical point
was found to be the correct choice of the immobilization sy§8&@]. Notomista et al., (2009)
showed that the binding ey between the enzyme and substrate indicates the stability of
Tolueneb-xylene Monooxygenase froPseudomonasp. strain OX1. Destabilization &flene
monooxygenase depends on the loss of weak forces such as van der Waals interactions between
the GH groups at its active sitB883]. Also, the results obtained from miclbeocharchitosan

matrix were similar to nanleiocharchitosarmatrix because the nature of the support material and
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mechanism of enzyme binding was the sdmeappan et al. comparedgpmanure, pinewood,

and almond shell micrbiochars for immobilization of laccase using covalent binding, their results
showed that different biochars showed various laccase residual activity and pinewood showed
better storage stability compared to othechars[319]. In this study, pinewood biochar was used
for the first time as carriers of ToMO -and C1
dioxygenase on alginate hydrogel for improving functional stability (50.63% of initial activity
after35 days). The improvement was contributed to increasing the structural rigidity of the enzyme
[384]. The lower stability reported in this study might be the fact of more flexibility ofaolive
enzyme structuresOne of the main challenges with ceaddtive enzymes is their inherent
instability, due tagreater flexibility and lower stability at or near the active site compared to their

mesophilic counterpar{885].
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Fig. 5.14. Storage effects on A) the activity ofToMO at 4 °C + 1, B) the activity of ToMO at room temperature (RT) 20 °C * 2,
C) the activity of C1,2D at 4 °C = 1 and D) the activity o€1,2D at room temperature(RT) 20 °C + 2. M immobilized, enzyme
immobilized on microbiochar matrix; N immobilized, enzyme immobilized on nanobiochar matrix.
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Application of immobilized enzymes for BTEXbiodegradation test

Contaminated groundwater sample

Fig. 5.15 shows the concentration of BTEafter 24hof incubation with free andnmobilized
enzymes in contaminated groundwater samples (with 200 mg/L of each BTEX compound) at 10
+1°C. The degradation tests clearly showed that immobilized enzymes had biodegradation ability
for all BTEX compounds (more than 85% of degradation for all the compounds).(Ft).while

the free enzyme had less than 50% BTEX degradateference contrel with original
groundwater were almost similar to abiotic control (referred to as autoclaved) due to low microbial
density in groundwater samples and the results of abiotic controls were presentedbih.3-ig.

With immobilized enzymes, near 100% biodsgation was achieved after 48h (FiR) while

with the free enzyme, about 20% of BTEX compounds were detected in the media. Xin et al.
(2013) reported the biodegradation of high concentration B&&Xaminated groundwater (the

total concentration of BTEXvas about 10éng/L; 25 mg/l for each compound) at&5using
immobilized Pseudomonasp. YATO411 and Mycobacteriunsp. CHXY119 beadsin batch

tests, they reported 100% biodegradation ethylbenpexdene, andoluene after 120, 210, and

400h respectivig. However, only 5% of benzene was degraded after fZ&B.

The observed different biodegradation efficiencies using whole microbial cells can be due to two
key processes: 1) adaptation and; 2) toxicity eplyducts. In general, petroleum hydrocarbon
degrading bacteria show a lag growth phase in contact withatm@minants. During this lag
phase, the involved enzymes in the degradation pathway are produced to convert and transport the
contaminant through the cell membrane. The lag phase differs greatly based on adaptation
mechanisms of bacterial cells and toti@f by-products during biodegradation. According to the

chemical structure of petroleum aromatic hydrocarbons, all of them are relatively resistant to
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degradation due to the stability of large negative resonance energy resulting from the stability of
the pi-electron cloud. However, using enzymes rather than the whole microbial cells can address
these two challenges, because there is no lag phase and degradation starts as soon as the pollutants
came in contact with the enzymes. In addition, the enzymesfdran the substrate on a minute
timescale and can specifically catalyze a reaction without producing any teprodiyctg13].

The substrate interaction can resulathifference in biodegradation of each contaminant by whole
bacterial cells. Forexample, pxylene can be cmetabolized in presence of other BTE
compoundsDuring the growth phase in the-oeetabolic system., the microorganisms consume
growth-associated substrates and produce enzymes (the same pathway of biodegradation) that can
fortuitously transform the negrowth substrateloluendo-Xylene Monooxygenase (ToMias

a broad substrate range such as BTEX,aatelcholl,2-dioxygenase@1,2D)cancleave the ring

of catechol as a product from ToMO. However, the enzymes responsible fdegradation of

BTEX can have specificity and affinity to each substrate that can allow the study of biodegradation
in quaternary mixtures he efficiency of a substrate is determined by its Km value, the lower this
value the better the substrate. Oumary result for Km difference for the BTEXs compound was

not significant. These results were consistent with substrate concentratio®G@M§ equipped
headspace sampletJsually, the most efficient substrate may be taken in activity assays, in this
case, toluene was considered an efficient substrate for TOMO and catechol for C1,2D.

Although nanebiochar can provide a greater surface area than fhioahar, the biodegradation
results from nandiocharchitosanwere similar micro biochaichitosan Theparticle size of the
supportestablishes the total surface aaga affects the capacity for binding of enzyn®46].
However, as mentioneghrlier, the difference in immobilization efficiency for micro and nano

sized matrices was not significamhich resuledin the equivalent degradation efficiency.
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Fig. 5.15. Biodegradation of BTEX by free and immobilized enzymes on micro and nano
biochar-chitosan matrices, control (1) samples contained groundwater and BTEX without
the addition of any enzymes and matrices, the control (2) samples contained groundwater
and BTEX with deactivated enzymes immobilized obiochar-chitosan matrices. Capital
letters (A-F) indicated the significant difference between the control samples and test
samples. Small letters (d) indicated the significant difference between the free enzyme
sample and immobilized enzymes. The differendaetweencontrol samples (1 and 2) was
not significant and the control (2) sample was used as a control group for comparison with
test groups in statistical tests. For Microbiochar and Nanobiochar that were not
statistically significant, the letters were not shownThe significance levelvas 0.05.

Contaminated soil sample

Considering the fact of soil heterogeneity, four sets of experiments and five repetitions were
performed for solil tests. Fi§.16 illustrates theoncentration of BTEX in contaminated soil after

2 and 4 weeks of incubation B £1°C.

In the experimerget with the free enzymes, the decreasiegfadation rate between 2 weeks and

4 weeks may be explained by less activity of free enzymes as a result of their less stability in

comparison with immobilized form. Practically, the first weeks of enzymatiedmagmatic
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treatments are important because can determine the efficiency of the method, efforts to enhance
the enzyme activity (stability) should be directed to this pdB8d].

Results presented in Fig 1.6 have shown that the best degradation peages for all compounds

were detected in immobilized enzymes on the nano biedfiBysan matrix treatment. The reason

for the more efficiency of the narsized matrix can be a better distribution of nanopatrticles than
microparticles and more contact beem immobilized enzymes and their substrates (BTEX). The
biodegradation of BTEX in sterile and neterile soil showed less than 2% (Figl6).It is
reported that abiotic conditions lead to reduced bioavailability of petroleum hydrocarbons as a
limiting factor for biodegradation during the period of treatnj@87].

The lower performance of enzymes in the sot@mpared to water samples can be attributed to

the presence of organic and inorganic soil constituents as enzyme inhibitors. As shown in Fig.
5.16, a morenhibitory effect on the activity of free enzymes was observed. Probably, macro/nano
biocharchitosan matricessurrounding the immobilized enzyme protected it aganganic and
inorganic soil constituents. Generally, the immobilization of enzymes on support material may
cause changes in the structural conformation of prot€hese conformational sttture changes

may partially cover the hydrophobic channels of the enzyme by which the substrate penetrates the
active siteThese changes result in the decrease of the local concentration of the enzyme inhibitors
(organic or inorganic soil constituents)iisequently, immobilization increases the resistance of
the enzyme to the inhibitory and toxicity effect of compoui3ds].

It was hypothesized that some amount of BTEX was adsorbed to the nhano/micro biochar matrices
and protein structure of enzymesttimaay not have undergone enzymatic biodegradation. Our

results showed that in both samples (groundwater and soil), the adsorption was less than 20% and
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15% after 24h and 4 weeks of incubation for water and soil systems, respectively. However, the

contribution of biodegradation was more thar90% in both matrices.

= Control (1) o Control (2) # Free enzymes

2W 4 W 2W 4 W 2W 4 W 2W 4 W 2W 4 W 2W 4 W

Benzene Toluene Ethylbenzene p-xylene m-xylene o-xylene

Fig. 5.16. Biodegradation of BTEX by immobilized enzymes on micro and nanbiochar
matrices in contaminated soilincubated for 2 weeks (2W) and 4 weeks (4W). Control 1,
abiotic control (sterile soil) was used to determine abiotic losses. Control 2, neterile

control contained soil anddeactivated enzymes immobilized obiochar-chitosan matrices.
*, indicated the sgnificant difference between free enzyme samples and immobilized
enzyme samples. #, indicated the significant difference between microbiochar enzyme
sample and nanobiochar enzymes:or those there was no statistically significant difference
between samplesthe symbols were not showrThe significance level was 0.05.

Operational stability (reusability) of immobilized ToMO and C1,2 D

The operational reusability of immobilized enzymes was investigated for 5 cycles in groundwater
samples, due to the solid nature of soil with different particle sizes, separation of immobilized
enzymes by available methods (such as centrifugation, fitraéitc.) was not possible for soil

context. Besides that, the sedimentation of Aginchar matrix was not effective by centrifugation
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(at 16000xg for 10min) due to the small size of the mainxcomplete separation of suspended
nanoparticles from aqueous medium may not prad8&a]. Hence, the operational reusability of
immobilized enzymes was carried out only for micro bioattatosan matrix in the groundwater
sample. As shown in Fidg.1.7, TOMO immobilized on micro biocharhitosan matrix retained

53% and 15% activity and C1,2D also retained 65% and 22% activity after 3 and 5 cycles of
reusability respectively. Although free ToMO is very well descrifB=ttoni et al., 1998; Sazinsky

et al., 2004)there is rather little information about the immobitiz€oMO. However, several
studies mentioned higher reusability for immobilized catecholdib®ygenase. For instance,
immobilized C1,2D fronPseudomonas putidan alginate beads was mentioned to retain more
than 70% of its catalytic activityver5 cycled389]. One reason for the lower reusability of C1,2D

in this study is the fact of greater flexibility at or near the active site of psychrophilic enzymes that
makes them more unstable compared to their mesophilic counte[B88%

In addition, ToMOandC1,2Dhave beeidentified as one the most complex and multicomponent
monooxygenase for hydroxylation of aromatic compounds such as BTEX, phend39Gitc
Immobilization of cefactors such as NAD, NADH can also increase the stability ofsnzymes.

For example, lactate dehydrogenase was stabilized by its cofactor NAD, NADH against thermal
inactivation condition$391]. However, such ctactors (NADPH/NADH) are expensive and the
high cost of enzymes has restricted their industrial use fariramental purposes.
NADH/NADPH regeneration systems may enhance the stability of petradegnading enzyme
cocktails more costffectively. Ji et al. proposed formate dehydrogenase @€andida boidinii

for NADH regeneration system. They reported ahbigdegradation rate of oil in high
concentration and enhanced operational stability of the enzyme cq8kjil However, Bes et

al., (1995) concluded that immobilization of cofactor regenerating enzymes, FerrbbRkRP"
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reductase, does not appearb strictly necessary for improving operational stabilization for
NADP-dependent redox enzym@82]. Thus, more studies are neededtf@co-immobilization
of nicotinamideadeninedinucleotide cefactors oNADH/NADPH regeneration systesthat may

retan the activity after repeated ugg93].
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Fig. 5.1.7. Operational stability of Toluene/exylene Monooxygenase (ToMO) and catechol
1, 2dioxygenase (C1,2D) enzymes immobilized micro bioch&hitosan matrix.

Comparison micro and nano biochamatrices

To compare the immobilized enzyritem the application point of view, the obtained results from
this study showed that enzymes immobilized on nano biegthistbsan matrix can effectively be

used in contaminated soil with more than 80% BTEX bioadation. While nanobiochar cannot

be effective for usability in the soil system and groundwater system, a study reported that the
immobilized catechol dioxygenasato nanosponges showed high reusability for the production

of muconic acid in the smadicak bioreactor eveafter 50 cycles without enzyme detachment
from the carrier[394]. Although the nansized matrix could provide more surface area, the
obtained results in this study showtbe samestorage stability as micrsized matrix. Also, the

biodegradation efficiency was the same in the groundwater sample. Considering the high cost of
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production of nanaize particlestheir limited reusability in some contexts and less convenient
usage of thenzymesupport complex in the reaction, the nano biochar matrix could be selected
in specific conditions or bioreactors. The results of this study showed that micro klibdbaan
matrix could be applied as a desirable carrier in terms of reusabilitiysasuccessful application

for coimmobilization of multienzymes for biodegradation of BTEX in low temperatures.

5.1.4.Conclusions

Psychrophilic PseudomonasS2TR 14 was isolated from a contaminated colinate site.
PseudomonaS2TR 14 produced a hig amount of coleactive enzymegl2 U/mg ofToMO and
22U/mg ofC1,2D) in the medium composed of crustacean wastedafb v/v of used motor oil.
Both nano and micro biochackitosan matrices gave higinding capacityor co-immobilization

of ToMO (92.26 and 77.20%) artl,2D (87.57 and 74.79%). The leaching of protein from the
micro and nanobiocharhitosan matrices was negligible (less than 10% after 48h of incubation).
More than 85% and 70% dfiodegradation of BTEX werebserved usinthe immobilized
enzymes irgroundwater and soil samples, respectivielymobilization of coldactiveToMO and
C1,2D enhanced their storage stabilitypre than 50% of its residual activity at 4 + 1, &0d

operational stabilityfter 3 andb cycles of reusability
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BRIDGE-3

Selectedenzymes(xylene monooxygenase: catechol dioxygenasee immobilized
into micro/nano biochachitosan matrices and used for BTE¥degradationBoth
nano and micro biochachitosan matrices gave highinding capacityfor co-
immobilization of selectedcold-active enzymes However, separationand reuseof
immobilized enzymesverenot possible for soil contexiue to the solid nature of so
with different particle sizef\Iso, the storage stability of the enzynusild be improved
for these enzyme$he next step was &valuate the immobilization of selected enzyr,
onto magnetic carriers for the simple magnetic separation of immobilized enfrygmme
soil matrix Then, pH tolerance temperature stabilitystorage stability, and mor

importantly, reusabilityvere tested usinfyee formandimmobilized enzymes
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Abstract

Stability and reusabilitproperties are the two most important factors that determine an enzyme's
application in industry. To this endgld-active xylene monooxygenase (XMO) and catechal 1,2
dioxygenase (C1,2D) from a psychrophile were immobilized on magnetic chitosan microparticles
using glutaraldehyde as a linker agdrite immobilization process was optimized based on four
variablessuch as magnetic particle, chitosgiytaraldehyde, and enzyme concentratidie
immobilized enzymewere characterized by Fourier Transform Infrared Spectroscopy (FTIR) and
Scanning Electron Microscope (SEM). The immobilized enzymes shionggdved pH tlerance
ranging from 4.0 to 9.(yetter temperature stability ranging from 5 to 50, higher storage stability
(D70% activity after 30 days of storage), and more importantly, reusali% activity after

10 repetitive cycles of usage) compared to tfree form. Also, the immobilization of enzymes
increasedhe effectiveness of the enzymatic treatment-gflene in soil (initial concentration of
10,000 mg/kg)As a result of the superior catalytic properties of immobilized XMO and C1,2D,

they offer grat potential for in situ or ex situ bioremediation of pollutants in soil or water.

Keywords: Cold active, Immobilization, Magnetic, chitosan, Composite
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5.2.1.Introduction

Living systems rely upon enzymesdatalyze a variety of chemical reactiobale to enzymes'
specific properties, such as their chensteree, and regioselectivity, they are generally preferred
over chemicals as catalysts. Hence, using enzyxagsecentlyeceived increasing attentidor
pollutant removal aan environmenfriendly technology. Howevegnzymes are not widely used

for remediation purposes due to their high production costs. A useful tool for reducing costs is the
immobilization of enzymes as it enables efficient recoveeyse, and recycling, as well as
increased stability under harsh operational conditions such as high/low pH and temperature. An
important challenge of using immobilized enzymes is the identification of new matrix materials
with appropriate structural chemteristics, such as morphology and surface functionaldies,
compositions, as well as the understanding of enigmagix interactions for the improvemerit o
catalysig395], [396]

Many different carriers can be used to immobilize enzyja@%]. Among all of them, chitosan
(knownas polyb (1Y 4)-2-amino2-deoxy-d-glucose)s a linear polysaccharide tHads been
often used fotheimmobilization of enzymef398]. The chitosan polymer has many interesting
properties, including biocompatibilityavailability of reactive functional groups for chemical
modifications, hydrophilicity, mechanical stability, renewability, and ease of preparation in
multiple geometrical configurations suitable for various biodegradation procé@s$esher
benefit of clitosan is its low cost, allowing it to be used to preparedost carriers for largecale
applicationsEnzymes can be immobilized by crdsking chitosan and activation by
glutaraldehyd§¢399]. In addition, magnetic carriers can be used for thelsim@agnetic separation

of immobilized enzymedagnetic chitosagarriers have already been prepared and used for

immobilizing several enzymes as depicted in Tdb®l. In many casesnagnetic chitosan

250



particles are used for immobilization of mesoph#ieczymes for various application§able

5.2.1), butarenot used for colgctive enzymes and biodegradation of petroleum hydrocarbons.

Table 5.2.1. Magnetic chitosanbased carriers for enzyme immobilization, their
applications and reusability

Enzyme Carrier Application Reusability Ref.
Lipase Magnetic chitosan beads Synthesis of flavor 5 cycles with more thar [400]
esters 70% of its initial activity
Glucose Magnetic chitosar Production of Sodiunm 10 with more than 60% o [401]
oxidase and microspheres gluconatefrom their remaining activity
catalase glucose
Lipase b-cyclodextrin grafted anc Synthesis of fruity 15 cycles with a sligh' [402]
aminopropydfunctionalized  flavor esters decrease (15%) in th
chitosan/FeD. magnetic relative activity
nanocomposites
Laccase Magnetic chitosar Removal of 2,4 6 cycles with a remova [403]
nanoparticles modified witt dichlorophenol, efficiency of 93.2 % for
amincfunctionalized  ionic bisphenol A, indole 2,4-dichlorophenol.
liquid containing ABTS and anthracene
L act age Magnetic chitosar Biomedical 10 recycles with more tha [404]
galactosidase) microsphere applications 65 % of its initial activity
Uamylase Chitosanmagnetite Food, fermentation 10 cycles with 4655% of [405]
composite detergent applications its initial activity
textle and papel
industry
Porcine Magnetic chitosar ND 10 recycles with more tha [406]
pancreatic nanoparticles modified witt 84.6% of its initial activity
lipase imidazolebased functiona
ionic liquid
Laccase Chitosan beads magnetiz¢ Removal of Evans 10 cycles with 47% of [407]
with FesO4 NPs blue, Direct blue 15, remaining activity
Reactive black 5 ant
Acid red37 azo dyes
Xylanase Magnetic chitosan Production of 3 cycles retaining 50% o [408]
xylooligosaccharides its initial activity
with food and
pharmaceutical
applications
Cellulase Magnetic Chitosan Glucose production 10 cycles with more thal [409]
Nanopatrticles 80% of its initial activity
Glucoamylase Magnetic chitosar Production of glucose 10 cycles with 4668.4% [410]

microspheres

from starch

of its initial activity

Lipase and b- Magnetic chitosar ND 8 cycles with more thar [399]
galactosidase microparticles 90% of its initial activity
Pullulanase Magnetic chitosan beads Improves the 10 cycles retaining 64.89% [411]

saccharification of residual activity

starch to produce

glucose
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Xylene monooxygenase (XMO) and catecholdi@ygenase (C1,2D) are key enzynreslved

in the oxidation of aromatic hydrocarbon rings and reported in most of the biodegradation
pathways of monaromatic hydrocarbons. For inste, Wang et al., (2021) reported that
Pseudomonas stutzegan degrade toluene and benzene by expressing taueniene
monooxygenasil12]. Wongbunmak et al., (2028uggested tha¥MO played important roles in
toluene andan-xylene biodegradation bBacillus amyloliquefaciensubsp plantarumstrain W1

[413]. Moreover, XMO fromP. putidamt-2, could catalyze onlyn-xylene andp-xylene[414].

Our previous research also showed that -amlive Pseudomonastrains produced td-active
xylene monooxygenase and catechol 2,3 dioxygenase that can degrg@@epunder low
temperatures (<P&). Coldactive enzymes have the potential to provide greater value in terms of
sustainable immobilization and production and may be prefagradesult of their higher catalytic
activity in comparison to their mesophilic counterparts for biodegradation of contaminants in cold
environments. Our previous finding also showed thatinherent instability of these enzymes is
one of the major chienges in the practical and commercial application of these enZ\lles
[415].

The current study hence focusedemaluatingthe stability and reusability of immobilized XMO

and C1,2D for biodegradation ofxylene in highly contaminated soil. Immakdtion of cold

active enzymes was optimized for maximummobilization yield.Later, the kinetic parameters

of enzymes were determined before and after immobilization. To the best of our knowledge, no
reports have systematically evaluated the use of niagttetosan carriers for immobilization of
cold-active XMO and C1,2D and how these immobilized enzymes can be applied to the

degradation of petroleum hydrocarbons in soil.
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5.2.2.Materials and Methods

Bacterial strains and enzyme preparation

Isolation and characterization of psychrophilseudomona$&§2TR14 were described in our
previous studyMiri et al., 2021) Briefly, the selected strawas cultured irtryptic soy broth
(TSB) at 15£T*C and 150 rpm. A correlation was obtained between optical density at 600 nm
(OD600) and the number of viable bacteria by counting ceformping units (CFU). Each OD600
value corresponds to 1.2>816f viable PseudomonaS2TR14. Enzyme production was carried
out according to our previous stui5] with some modificationsl8 g/L of crustacean waste, 2
g/L of yeast extract, an2l00 mg/L of pxylenewere used as the source of calcium, proteins, and
carbon respectivelAfter 24h of incubation, the culture was centrifuged at 38gGor 20 min.
Then, the pellet was collected and washed twice with phosphate buffer (pH 7.2) mné the
suspended in the same buffer then ultrasonicated-80 ZHz frequencies for 10 min on ice
(Branson Ultrasonics Corporation, Danbury, CT, USA). It is noticeable lthat 1*C was
considered the optimum temperature for these-aotive enzymes andl dests were carried out

at this temperature.

Magnetic particle preparation

There are several methods for the synthesis sidf/aepending on the particle size to be obtained.
In this study, magnetic microparticles were synthesized by the meth@ingh et al., @16).
Briefly, the magnetic microparticles (MPs) were obtained by reduction of,Fé&D and
FeCk.6HO chlorides in an aqueous ammonia solution under vigorous stirring. 5.4 g af FeCl
6H.0 followed by 2.0 g of Fe@l 4H,O was dissolved in 25 mL @&.4 M HCI solution. The
solution was added dropwise to 250 mL of a 1.5 M NaOH solution with vigorous stirring. A black

precipitate was formed immediately. The synthesized magnetic microparticles were washed
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several times using deoxygenated water and sigplimaing a simple permanent magnet and dried
using a vacuum until further use.

Optimization of the immobilization parameters by RSM

Immobilization of enzymes onto magnetic chitosan microparticles was carried out according to
Kumari et al. with modificatn [396]. The optimum levels of parameters ehzyme
immobilization on magnetic particldser the maximumimmobilization yieldwere determined
statistically using the BoeBehnken design of experiment (BBD) in the Response Surface
Methodology (RSM). Tabl&l shows the defined factors including magnetic particle, chitosan,
glutaraldehydeand enzyme concentrations, along vitikir related leveld_evels for the factors

were selected based on preliminary experimditperimental design, model calculatigraph
drawing, and statistical analyses were performed using Mfhiafiware (Version 8.0.6, Stat

Ease Inc., Minneapolis, USA). The response model was assessed using ANOVA to evaluate its
adequacy and significancBased on the best results of the -ate-time approacha selected
concentration of t he magnetic mi croparticl es
microcentrifuge tube. A magnetic bar was used to settle the microparticle. Each gram of magnetic
microparticles and chitosan wasxed in 2% Vv acetic acid under shaking conditicias 24 h.

These magnetic particles were washed extensively with water and activated using glutaraldehyde
through overnight incubation at room temperatueger, crude enzyme solution was added under
shaking conditias for 2 h.To remove excess glutaraldehyde and free enzymes, these particles
were washed five ti mes wi tThis®ifturensls ajfjolver sogtandt e b L
overnight at 4°C under the vacuum condition for drying.

According to Eqg. (1), immbilization yields were calculated and usecvaluate the response of

independent variables (Box et al., 1978).
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Enzymes kinetic parameter analysis

To describe the kinetic behaviafax, Km, and catalytic efficiencyKca/Km) were determined by
the MichaelisMenten model as described Ip§40jwith some modificationsThe Michaelis

Menten model, as given in Eq 2. was used to describe the kinetic behavior of enzymes.

B (2)

Where v and vmax correspond to the rate of substrate utilization and its maximum Cate,
corresponds to the initial substrate concentration ancoiresponds to the hadubstrate constant
(for enzymesubstrate affinity indication)l'he initial rate of produtn of compoundsptcresol

for xylene monooxygenase amatechol 1, Zlioxygenasdor muconic acid) was measured at
different substrate concentrations {10 mM). Then, the parameters were calculated using

GraphPad Prism version 9.3.1.

Enzyme leaching est

The leaching test was carried out by 0.1 g of immobilized enzymes in 1 mL of sodium phosphate
buffer (pH 7.0) with continuously stirring fdr h, 6h, 12h, 24 h, and 48 The mixture was
centrifuged 16,000 xg at 4°C and then the supernatant was analyzsakzyone activity. The

leaching (%) was calculated according to Eq. (3):

0 Q&dE '® P ()

Effect of pH and temperature
For pH stability, aliquots of 500 Lof free enzyme$40U/mgC1,2D and 20 U/mg XMOandO0.1

mg of immobilized enzyme@nitial activity 400U/g of C1,2D per gram of support ag60 U/g
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of XMO per gram of suppt) were added to test tubes containthgpL of buffers (pH range of 2

to 10).The residual activity of free and immobilized samples measured.he thermal stability

was assessed by incubating free and immobilized enzymes at difeargrdratures (50 °C) for

8 h and measuring the residual activity in the same way that was explained for pH stability
Biodegradation andreusability tests

Bioremediation experiments were carried iout50 mL sealed serum bottles containing 25 mL of
contaminated groundwater or 5 g of soil sample and 0.2 g of immobilized enzyme. The
groundwater sample was characterized as hard water due to the presmarbemdites. The soll

and groundwater were originally contaminated witkkxyfene and have been iidially
contaminated until an initial concentration at the contaminated site (10,000 mg/Kg in soil and 200
mg/L in groundwater)Before the beginning of incubation, soil moisture was adjusted to 70%
of water holding capacity using groundwater. Three eétsontrols were designed: 1) control
treatment usingterilized soil/groundwater bgutoclave (122C, 30min) that simulated abiotic
losses 2) reference controls without any treatmémat simulated natural attenuatid@) control
treated with magnetichitosan microparticles without enzymes that determined the adsorption of
p-xylene to the carrierTo study the reusability of the immobilized XMO and C1,2D, the
immobilized enzymes were removed using a magnet and washed with methanol after thedirst cycl
of enzymatic reaction. It was later suspended in a fresh reaction mixture to evaluate the enzyme
activity. The initial activity of the enzymes was considered as 100% and activity in the cycle was
reported as a relative percentage of the initial activity.

Analytical methods

Gas Chromatography/Mass Spectrometry GC/MS)
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For sample preparation, approximately 0.05 g of soil was placed in 10 mL headspace vials
containing 5 mL of methanol as the extracting solvent. Then, samples were vortexed for 5 minutes
ard 50 pL of subsample was removed. A gtght syringe was used to remove the-samples

(50 uL) from the liquid phase of bottles and prepare them in 40 mL standahg&iSpace vials.
Each vial was containing 5 mLenzeheD5U100 mghpasr e wa
an internal standard.-xylene concentration was measured using a 7890A Gas Chromatograph
coupled to a Saturn Mass Detector (GC/MS) equipped withteap@utomated headspace sampler

as described in detail in our previous stydy5]. The concentration of the substrates and
compounds was determined by measuring the areas of their peaks and a calibration curve.
Fourier transform infrared (FT -IR) spectroscopy

FTIR spectra of each sample were measured usingTéR spectrophotometer (Nicole 1S50)
equipped with an attenuated total reflectance (ATR). Each spectrum was repeated with 16 scans
per sample in the spectral range from 500 to 4000atmoom temperature. The average of spectra

for each sample was ustat plotting.

Scanning electron microscope (SEM)

The morphological changes of MPs before and after coating with chitosan and enzyme
immobilization were evaluated by a scannabgctron microscop€rhermofisher Quanta 3D). The
acceleration voltage and wanky distance for each image were 30 kV ain# tinm respectively.

Before observation, the samples were coated with aggriductive layer.

Liquid Chromatography with tandem mass spectrometry (C-MS/MS)

For the identification of proteins, the enzyme mixturas preparedising theS-Trapmini spin

column (Protifi, USA) according to the manufacturer's instructions. The peptides were analyzed

using a mass spectrometer coupled to an EABX 1000 system (Thermo Fisher Scientific,
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USA) and using Orbitrap Elite ma spectrometer (Thermo Fisher Scientific, USA) to determine
their massProteome Discoverer (version 2.2, Thermo Fisher Scientific, USA) was used to process
the raw data. The identification of a protein was established with greater than 99.0% probability
and contained at least two distinct peptides. The Protein Prophet algorithm assigned probabilities
to proteins. Then the data was aligned with the protein database of the Universal Protein Resource

at UniProt (www.uniprot.org) and BLASTRit(ps://blast.ncbi.nlm.nih.gdv

Enzyme activity and protein concentration assays

Xylene monooxygenase activity was assaysihg the spectrophotometric method as described

by [416] with some modifications. Briefly, 4% xylene was prepared in MiiNethylformamide

as the substrate. 38 of 4% pxylene was added to the cell lysates and incubat&8 at1*C.

The subsamples( 1 mL) were <collected at 3 minutes i
ammonium hydroxidel( M) , 1 0d@dmiero odntdi pyri ne (pdt&3ium and 1
ferricyanide The mixture was briefly centrifuged (14,000gx and the production of-presol

(product of the enzymatic reaction) was determined at 500 nm.

Catechol 1, dlioxygenase activity was determined by the measurement of muconic acid
production using a spectrophotometric metfidd@]. 6 00 € L echol (AsGhe subktratea t

was added to 2.0 mL phosphate buffer (pH 7.0
of the mixture was measured at 500 nm every 3 minutes.

To calculate the specific activity of target enzymes, the total protein dysatiés was determined

by a bicinchoninic acid (BCA) protein assay Kit { e r Rratelh Assay Kit, Thermo Scientific,

US). One unit of enzyme activiwas def i ned as the amount of en
compounds (fcresol or muconic acid) per miteuper mg of total protein.

Statistical analysis

258


https://blast.ncbi.nlm.nih.gov/

An analysis of variance (ANOVA) was conducted using SPSS software (Version 23) on a
completely randomized design. Analytical and biological tests were performed in triplicate, and
the calculated means ofetineplicates were used along with their standard deviations. The level of
significance was set at avalue of 0.05.

5.2.3.Results and Discussion

Enzyme mixture characterization

Pseudomona$§2TR14 was used to produce the ca@dtive enzyme mixture. Epme activity
assays showed that the enzyme mixture contained 20 U/mg for XMO and 41 U/mg for C1,2D.
This result corroborated with previous studies that showed the highest enzyme production was
obtained in the media supplemented withistacean waste, yeast extract, and 200 mg/L- of p
xylene[16], [415]. Yeast extract and crustacean waste offer effective sources of calcium, nitrogen,
and proteins that can facilitate bacterial growtityjene carinduce the production of XMO and
C1,2Das crucial enzymes in thexylene biodegradation pathwagyxylene is usually degraded

by aerobic biodegradation through the maxidation of its alkyl groups (by XMO) resulting in
several intermediates such asojuic acid,andp-cresol, etc. The nestep of dearomatization is
metacleavage by catechol 1, 2 dioxygenases (C1,2D) which is crucial for the detoxification
procesg16], [416]

In addition, results fromL.C-MS/MS spectra showed that more than 50 different proteins were
detected in the enmye mixture (Tabl&2). TheFalse discovery rate (FDR) indicates the reliability

of identified differentially expressed proteins aftd the identified proteindsDR’~ 1% was

consideredTwo enzyme sequences were detected in the mixture in the presence of other proteins
(TableE2). According to Tabld&e2, XMO and C1,2D showed the highest number of total peptide

hits, affirming their identification, and indicating their high abundance indh&le enzyme

259



mixture. According to previous research, oxidation of xylene can be initiated by direct oxidation
of one or two methyl groups of the aromatic ring by xylene monooxygenase. In addition to
catalyzing multistep oxidation, this enzyme can alsmduce catecholic or necatecholic
derivativeg418].

The main reason for the presence of other proteins is that a crude enzyme mixture was used in this
study.The process of enzyme production involves several steps of purification and downstream
processing, which must be completed for minimal impurities and high specifititgh step
increases the cost of production, which also limits the application of en@8tsTherefore,

using crude enzyme mixtures can significantly reduce the cost of pimduand result in
affordably remediating opti@for contaminated soil.

Optimization of the immobilization compounds

In the present study, the effect of four parameters, sucimametic particles, chitosan,
glutaraldehyde, and enzymencentration®n immobilization yield was studied with the help of
response surface methodology (RSM) (Td&8¢. The enzyme activity of C1,2D was considered

for the calculation of immobilization yield as this enzyme was the dominant enzyme in the mixture
with a highervmaxand ease of testing compared to XMO (as described in the following section).
The interaction model between immobilization yield (Y) and the four testedbles is giveln

Eq 4:

9 p&@ x® B8 T8 o B8 wso@ p8 088 T @8 8
pP® p &8 ™ 188 v @ 8 g md 8 T® o & 8
vg B8 T8I B 8 TABTUX & 8

(4)
Where, X, X2, X3, and X representhitosan, glutaraldehyde magnetic microparticles, and

enzymes respectively.
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The accuracy and significance of the factors were accomplished by calculating Fvaloed?
Statistical significance is defined as P > 0.05, whereas nonsignificant means Pre (ANOVA
results showed thahe amount othitosan andntroduced enzyméad significant linear effects
on immobilization yield (Tablé.2.2). In addition, the direct interaction between chitosan and
magnetic particles{1X3, (P=0.014) showed a significant influence, while the-lewe@| interaction

of other compounds was nonsificant. The quadratic effects of chitosan (P=0.023),

glutaraldehyde (P=0.044), and enzyme (P=0.043¥ also significant on immobilization yield.

Table 5.2.2.Regression analysis of four tested variables on immobilization yield from the
Box-Behnken exgriment.

Source Coefficient (Coef) F-value P-value

Model 95.00 13.15 0.000**
X1-Chitosan -9.02 6.74 0.017*
X2-Glutaraldehyde -0.37 0.01 0.906
X3-Magnetic particle 4.75 2.05 0.168

X4-Enzyme 22.78 39.42 0.000**
X1X2 8.64 2.67 0.118
X1X3 16.54 7.31 0.014*
X1X4 5.44 0.71 0.410
X2X3 -6.82 1.44 0.244
X2X4 -0.09 0.00 0.987
X3X4 1.05 0.03 0.868

X1X1 -12.89 6.07 0.023*

X2X2 -10.25 4.62 0.044*
X3X3 -8.24 3.37 0.082
X4X4 -16.43 7.41 0.013*

* Significant (0.01< P-Value< 0.05). **Very significant (Pvalue< 0.001).

Analytical results showetthat the optimal ratio fommobilization of enzymes was found to be
chitosan 3% (W/V)glutaraldehyde 0.42% (V/V)nagnetic microparticleg¢.48% (W/V), and
enzymes 10.3% (V/V). As expected, the immobilization yield reached 9B.66%, when the
content of chitosan and magnetic particles increased to 3% (w/v) and 4.48% tve/v),

immobilization yield reached the maximum value, and then decreased as the two independent
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variables increased (Fi§.2.1A and5.2.1D). Previous studidsave demonstrated that chitoam

be used as a croisker for enzymes and carrier support. Since chitosan contains amino groups
that facilitate the covalent attachment of enzyfd€é$. Meanwhile, glutaraldehydas a powerful
crosslinker can prevenneyme leakage from support and chitosan. Reddy & Lee (2013) also
mentioned that composites of magnetic chitosan exhibit good sorption properties towards various
toxic pollutants in aqueous solutions addition to having a fast adsorption rate and high
adsorption efficiency, these magnetic composites are also easy to recover anf##18lise
Although the cros$inking of enzymes adsorbed on aminated supports is possible by
glutaraldehyd¢420], the interaction between the amount of glutaraldelamieother variables on
immobilization yield was nonsignificant (Fi§.2.1B). The leaching test results confirmed that
glutaraldehyde prevented the leaching of enzymes from the chitoséed magnetic piacles.

As described ifrig. 5.2.1C and4.21D, with increasing dosages of the introduced enzymes (up to
10% V/V), the immobilization yields gradually enhanced and then declinedd@wisward trend
indicated the maximum protein adsorption capacity ofntlagnetic chitosan carrier. Similarly,
Mahdavinia et al., (2018), showed that the adsorption of bovine serum albumin (BSA) by magnetic
hydrogel beads continues and then is followed by a decrease in the rate of BSA uptake because of

reaching saturation adsaion in the final step421].
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Fig. 5.2.1. Contour Plots (AC) and response optimization (D) of immobilization yield at
different magnetic particles, chitosan, glutaraldehyde, and enzymes content

Immobilized and free enzymes Kinetics

The MichaelisMenten model parameters were detected by measuring the degradation rates of p
xylene and catechol using free and immobilized XMO and C1,2D respectively (3.2t3%
According to Ma et al. (2013), XMGsispecific for toluene as a substrate and catalyzes the
oxidation of toluene to catechol as its end profRied]. Similarly, it has been reported that C1,2D
cleaves aromatic rings by showing high specificity for catef@¥dl]. The LineweaveBurk (LB)
graphical method was used to determine the kinetic constants of enzymes in free and immobilized
forms using two different substrate concentrations (0.1 and 0.5 Bike theKn, for free and

immobilized enzymes is the same, there is no diffusion limitation for magnetic chitosan
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microparticles, as shown in TalBe2.3. In addition, it is noteworthy that in contrast to our prior
study[16], enzymes are not immobilized on the mtd surface of pores in porous particles, thus
diffusion limitations of the substrate appear to be negligible in this study because enzymes are
immobilized on the surface of the carrier. These results showedhthfdr p-xylene (substrate of

XMO) was Ess than for catechol (substrate of C1,2D). This phenomenon may be attributed to the
fact that the initial steps in oxidation require higher activation energy than the latter steps in
biodegradation, since the stability of the substrate is decreasedhistepof biodegradatidt5],

[140]. Table5.2.3 shows that almost no enzyme activity and kinetic parameters were increased or
decreased following immobilizationKcat / Km of XMO and C1,2D were used to calculate the
overall kinetic efficiency (known ashe catalytic efficiency. The catalytic efficiency of
immobilized enzymes is similar to that of free enzynk=ice, the loss of enzyme activity due to
denaturation and/or strong attachment of enzymes to their support was negligible during
immobilization

Table 5.2.3 Kinetics parameters for XMO and C1,2D

Enzyme Vmax Km Keat Catalytic

(mM min?) (mM) (min'Y) Efficiency
(min't mMY)
XMO (Free) 0.45+0.03 1.40+£0.12 0.8+0.2 0.57+0.12
XMO (Immobilized) 0.48 + 0.04 1.39+£0.23 0.83+0.25 0.59 +0.23
C1,2D (Free) 20.13+0.74 3.71+£0.33 1.71+£0.34 0.46 £ 0.03
C1,2D (Immobilized) 21.06 £ 0.98 3.69+0.45 1.73+£0.13 0.46+0.11

Characterization of immobilized enzymes

Scanning electron microscope (SEM)
The surface morphology of the supporting material was analyzed to confirm the immobilization
of enzymes on magnetic chitosan microparticles. The surface morphology of native MPs and

chitosan (Fig5.2.21 A and5.2.2I B), chitosarcoated MPs (Fig5.2.21 C), and glutaraldehyde
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treated MPs (Figh.2.2I D), and enzyme immobilized MPs (Fiy2.2I E and5.2.2l F) was studied

using SEM. Fig5.2.2E and5.2.2F show that the enzyme has been successfully immobilized onto
MPs, as indicated by the white patches in the circle. Althatlgine is no major effect seen on the
surface features ahagnetic chitosan microparticles after immobilization of enzymes, clumping

and white patches were observed after enzyme immobilizatios observation can be attributed

to the changes in the carrier surface after the addition of crude enzymes. Since the molecular
weight of xylene monooxygenase and catecholdigygenase are approximately 80 kDa and 35

kDa [15] which corresponds to apticle size lower than 5 nf819]. Based on the micrographs,

a minimum magnification was achieved of 1 e&m
to the limitations of the instrumer@imilarly, Agrawal et al., (2020) showethanges in the ovdra

mor phol ogy of functionalized gr aplamyasd3duant um
Lonappan et al., (2018) also observed clumping after immobilization of crude laccase onto micro

biocharg319].

Fourier transform infrared (FTIR) spectroscopy

To verify the immobilization of enzymes onto MPs, FTIR spectra have been compared for the
immobilized enzymes (Fig5.2.2ll B) with those of native chitosan (Fig.2.211 A), and
glutaraldehyddreated MPs (Figh.2.211 C). FTIR spectra for MPare also presented in FigR2 211

D. FTIR analysis can provide general information regarding the functional groups of the samples
and changes after each prodd?]. A peak obtained at ~1630 th{Fig. 5.2.21l B) revealed the
presence of CONH linkagbetween MPs composite as organic support and enzyme. Bands at 3264
cm?® (Fig. 5.2.2A) and ~570 cit (Fig. 5.2.2B and4.22C) correspond to NH groups from the
chitosan and Re& groups from MP$422]. The difference in the stretching band of Bewas

observed at 570 to 580 ¢nfFig. 5.2.2B and4.22C) and the NH stretching vibrational band from
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1653 to 1633 cm. This phenomenon could be assigned to the fact that iron ions became bound
with NH; growps of chitosan and enzym@g®3]. The bands at 2918 and 1625%oan be attributed

to the CHstretching and the amidgpe 1 vibrational modes of chitosan, respectively.

Based on Beauchamp Spectroscopy Tables, the band at 10%®rasponds to the gsence of

the GO groupwhich confirmed the presence of oxygemmtaining functional groups on
immobilized MPs. SimilarlyAgrawal et al., 2020) showed the presence of th€&©@roup on
graphene quantum dots after functionalizing using glutaraldehyde and 3

aminopropyltriethoxysilang895].
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Fig. 5.2.2. l) SEM images of (A) Native MPs at 2 ¢

Chitosan coated MPs at 2 em (D) Glutaral dehy
i mmobilized MPs at 2 em and (F) EnzymMes i mmo

spectra displaying maked changes in the range of 5061000 cm*, FTIR analysis of (A)
Native chitosan (B) Enzyme immobilized MPs (C) Glutaraldehyde treated MPs (D) Native
MPs.

Enzymes leaching

The results showed that the leaching of protein from the magnetic chitosan microparticles, and
glutaraldehyde was lower than 5% after 48 h of incubation under shaking conditionS2(Fig.

This augurs well for subsequent reusability of the immobilizedraegytreated with both linkers

in an aquatic medium. The results confirmed that using one of the linkersdédyteer leaching

of proteins (around 13% for glutaraldehyde and 21% for chitosan). A few studies suggested that
using both chitosan and glutadtahyde could decrease the amount of protein that is leached from
solid supportsFor example, Naghdi et al., (2019) showed trdy 2% of laccase leached out

from functionalized nanb i ochar composi te {B66f Arineernejddoet ., of i
(2021) showed that leaching of cellulase, hemicellulase, and cellulase + hemicellulase cocktails
from magnetitecellulose nanocrystals were around 10% afted24].

Effect of pH and temperature
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The effect of pH on both free and immobilized enzymes determined in this study in the pH
range of 2.0 to 10rhe maximum activity of free enzymes was present at pH 7, whereas in the
case of immobilized enzymes they showed the maximum activity at the pH rangieod 6(Big.
5.23A). The immobilized enzymes showed greater pH stabilityi @), indicating that it
becomes less sensitive to changes in pH. In the immobilized form of the enzymes, the pH is
influenced by the interaction between the charged residues of the amino acedsnaytimes and

the functional groups on the matris a result of physicochemical force perturbations at extreme
pH, the conformational state of a free enzyme may be altered, which leads to a reduction in its
activity. In contrast, immobilized enzyme stélgican be attributed to a multipoint attachment of

the enzyme to the matrix, which prevents denaturg866].

The optimum temperature graph for free and immobilized enzymes revealed that there was
nochange in optimum temperature at low temperataisr immobilization Fig. 5.2.3hb).
However, the immobilized XMO and C1,2D showed higher activity than the free enzymes in the
temperature range of ZH°C. Fernandézafuente et al., (2000) reported that immobilized
thermophilic catechol 2;8ioxygenasgC2,3D) fromBacillus stearothermophilubad a much
higher optimal temperature (approx. 20°C) than the free enzyme. In that study, C2,3D was
immobilized on highly activated glyoxylagarosédeads using multiple covalent links between

the enzyme and matrixt was suggested that covalent links stabilizedytieternary structuref

this enzyme and increased the rigidity of the subunit struci4?&$ However, to the best of our
knowledge]iterature showing the effect of immobilization on celctive C12D and XMO is not
available Mukhopadhyay et al., (2015) showed ttreg activity and stability of coldctive laccase

were enhancedfter beingentrapped in a singlealled nanotubeThey also reported that

immobilized coldactive laccaseexhibited therrostability as well as psychrostabilif@26].
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Similarly, our results showed immobilized ceddtive XMO and C2,3D had high stability at both
lower and higher temperature&s. major challenge with coldctive enzymes is their inherent
instability, as theyare more flexible and unstable near the active site than their mesophilic
counterpart§15], [369]. Therefore, immobilization of coldctive enzymes seems a promising
method forincreasing the structural rigidity of celtttive enzymes armatidressing tlsi challenge.

The significance of these results tlsat psychrophilic enzymes can be modified to tolerate

drastically high temperatures without changing their primary structure.
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