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Abstract

A wide range of volatile organic compounds (V&€)eleasal from building materiad,

household products and human activitiehesehave the potential taeduceindoor air quality
(IAQ) poor IAQ remains a serious threat to human heaithilst the ability othe single plant
species to rmoveVOC fronthe air througha process called phytoremediation is widely
recognised, little evidence is availalibe the value of mixed plant spées(i.e. plant communities)
in this respectThe work reported herein explored the potential of plaammunitiesto remove
the three most dominant VOCbkenzene, toluene and ylene (BTX) from indoor aburing
phytoremediation, lacteria in the root ane (rhizosphere) of plants ao®nsidered the principal
site contribuingto the VOC reductionThis project explored BTX degraglipacteria irthe

rhizospherehrough culturedependent and independent approaches.

This research revealed thatixed plantculture could remoe low and high concentrations of BTX
from the air. Interestinglyl00 ppmBTXremoval rates by single plant speciasere higher than

the removal rate observed for mixed plant species in all caehie low concentration (10 ppm),
all gants showed higher removal ragef benzene and toluene tham-xylene.Some bacteria in
the rhizosphere utilised gaseous BTX as their sole caahdrenergysourceswere isolatedon
minimal salt agarThe majority of isolated bacterigere Grampositive and belonged to the
phylum ActinobacteriaMost ofthe identified bacteriabelonged tothe generaMicrobacterium,
Rhodococcu#rthrobacterand Pseudomonadn considering the impact &TXupon the
rhizosphere microbiome, it was shown thaterallthere were little compositionalandfunctional
changesfollowing exposure td0 ppmgaseous benzen&indings from thisvork enhancel our
understanding ofhe benefit of indoor plants in relation to \@emediation andhe consequent

improvement ofphytoremediation systemdor the protection of public health.
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Structure of thesis

Chapter 1presents an introduction to indoor air pollution, phytoremediation by plants,
approaches involved during bacterial identifications, techniques dseithg VOC monitoring
method involved in bacterial community profiliagd finally the aims and objectives of the

research

Chapter 2presents all optimisation and experimental methods used in the study to determine

specific objectives the research

Chapter 3presents the development aftest chamber system to monitor VOC removal efficiency
by plants.The st chambeswere constructed tomimicindoor air conditions. Analysis of VOC
level inside the test chambergere optimised using Aeroqual digiteflOC monitorgbenzene,
toluene and rhexane)and gas chromatographpenzene, toluene and mylene) Finally, VOC
removal by plantsvasanalysed usinthe gas chromatography method. Two VOC concentration

10 ppm and 100 ppm of each V@@stested with pants in each experiment.

Chapter 4presents identification odtmospheric VOC degrading bacteria in plant rhizosphere.
Thiswasconducted by isolating VOC degrading bacteria from rhizosphere soil extracted from VOC
exposedandnon-exposed plants. Identifation of bacteriavascarried out using classical culture

dependent and culturéndependent approacés.

Chapter 5presentsthe taxonomical and functional changes of the rhizosphere of three plant
species due to exposing to 10 ppm benzene. Whaisdetermined by comparing VOC exposed and
non-exposed plant rhizosphere bacterial compaositions. Community analgsiserformed

through microbial DNA sequencing coupled with bioinformatic approaches.

Chapter 6discusses the major findings of this work with previstiglies and finally highlights the

recommendations for further work.
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Chapter lintroduction and literature review



1.1.Introduction

Urban residentgenerally live aroun@0% of their livesnside buildingsuch as house
workplacesandschoolgYang and Liu, 20114 wide range ofolatile organic compoundsre

emitted from indoor building materialand householdproducts(Salthammekt al., 2010)
Additionally,outdoor derived petroleursbasedvolatile organic compound¥ Q@ diffuse indoos

and as a consequengihe average/Odevel is typically highéndoorsthan outdoors(Tarranet

al., 2007) Peoplewho liveindoors breathe this pollutedair in every second of their lives causing
them short-term (e.g. irritation of respiratory systenay longterm (e.g. cancerhealth impacts
(Brodyet al., 2007; Huangt al., 2013) Previous studies have demonstrated that exposiore

indoor VOQs associated wittésick buildingsyndromé& o6 { . { 0 2 NJ 0 dzslioRidgyad NI
least one or more of its symptoms: nausea, vomiting, headache, stress, allergies, asthma, short
term memory, eye, nose and throat irritation, skin rashes, tiredness and loss of concentration
(Jenkinset al, 1992; Molhaveet al,, 1997; Elket al, 1998; Orwelet al., 2004, 2006; Yargt al,,

2009; Yang and Liu, 2011; Russtdl, 2014; Javiet al., 2016; Kirret al, 2016; Liret al,, 2017)

As a result opoorindoor air quality(IAQ) average occpational productivitycan bedecreased
(Wijewickrameet al., 2016) A real world studghowedanincrease of sicknssabsence of a group

of office staff after they moved from a naturally ventilated office to an air conditioned office
(Gubéran, 1979)The cost for the loss of productivity due $83n a UK office with approximately
2500 occupants were estimated £400,000 per year #achoccupantis sick only one day per

year (Burge, 2004)Based orstudiesacross the globe position, the indoor air quality has been
becoming a global issu@.rumber of organisations and governments inchglthe United

Kingdom have issued regulatigmslicies andexpressed:oncerns to maintain and improve good
IAQ(DEFRA UK, 2008uch considerations are focused on notifying the toxicity of indoor VOCs to
people, so it raises the awareness of VOC in the indoor environment and also expects to maintain
indoor VCL levels less than short term and long term workplace exposure (iButset al., 2004;

IARC, 2006; 2007; WHO, 2008; UK/HSE, 2013)



Indoor plantsare knownasthe biofilters to clean the aiand ®veral studies reported the
cgpability of some plant speciesd plantassociated microorganisns remove VOC frorthe air
through the process callgghytoremediation(Daaneet al., 2001; Orwelkt al,, 2004; Woockt al.,,
2006; Liwet al, 2007; Kinet al,, 2008, 2014, 2016; Bisht al, 2010; Churt al,, 2010; Llewellyn
and Dixon, 2011; Irget al., 2013; Sriprapat and Thiravetyan, 2016;dtel., 2016;Linet al,,

2017) Another study demonstrated the capability of twengight indoor plant species to remove
10 ppm concaetration offive different VOCdenzene, toluene, octane, trichloroethylene (TCE),
and dpha-pinene fromthe air. Based on the VOC ramaal efficiency per leaf arethey
categorisedhose plants with superior VOC removal abilldgmigraphis alternataHederahelix,
Asparagus densiflogiTradescantia pallidandHoya carnosantermediate removal abilityFicus
benjaming Polyscias frutosa and another five specieppor removal abilityPeperomia

clusiifolig Chlorophytum comosun®pathiphyllum wallisénd another thirteen plant speciesed
in that study(Yanget al., 2009) In another studyQrwellet al., (2004)demonstrated that gaseous
phase benzen&5 ppm)removal efficiency by microorganisms in the potting and the
rhizosphere oSpathiphyllunfloribundum, DracaenaderemensisDracaenanarginataand
Epipremnum aureunChunet al., (2010)showed that the benzene, toluene and xylene removal
ability by total bacterial population cultured from the rhizosphereSofwvallisiiPachiraaquatica
Ficuselasticg Dieffenbachiasp., andChamaedore&legans Alsq they noticed that the increase
of benzane and toluenaemovalefficiencyby potting mixfollowing inoculation of theotal
rhizosphere bacterial culturdsom P. aquaticanto the potting mix In another studyC. comosum
reportedthe maximum benzene removal efficiency from air followedngmium podophyllum
andH. helix(Sriprapat and Thiravetyan, 201&) the same study, nesterilisedC. comosum
performed 1.6 times higher benzene removal edfiidy than the sterilize€. comosumyYooet al.,
(2006)reported that the highestemovalefficiencyof gaseousdenzeneby S. wallisifollowed by

H. helix Their observatios were based on the VOC removal per leaf area of the plants. When the
plants were exposed to a mixture 05 ppmbenzene and. 5 ppmtoluene,H. helixshowed the

higherremovalefficiency than other plantéYooet al., 2006) According tdSetsungnerret al,



(2017) during high concentration VOC remov@l,comosumhowed68.77% removal efficiency
for 500 ppmbenzene removaln the sane study, change® the light conditions in the day time
resultedin different benzene removal rates I6y. comosumThis literature providesa good

foundation for using indoor plants for the phytoremediation of VOC from air.

Most ofthe abovementionedstudiesinvolvedmeasuring thecapacityof plants to remove VOC
from the air andare based on test chamber experimertlethods employed orthe analysis of
VOC levdlin air samplesan bedetermined by commercially developed digital sensors or gas
chromatagraphy with a suitable detector such the flame ionisation detector (FIP)inkle and
Scheff, 2001; Garcitareset al.,, 2009; Yanegt al., 2009; Leet al., 2013; Probr et al.,, 2015;
Setsungnerret al,, 2017; Spinellet al., 2017a; Torpgt al., 2018) Duringphytoremediation

above ground part of the plant (leaves, stem and flowers) absorb VOC through the stomata and
cuticle followed by metabolism through plabiochemical processe@Veyenset al., 2015) During
the phytoremediation procesglant root associatedhizosphere microorganismsjainlybacteria
play a magr role to remove VO@om indoor air,a procesgermed rhizoremediation(Wolverton
and Wolverton, 1993; Llewellyn and Dixon, 20Therefore, identifying the bacterial composition
of the rhizosphere of plant species while ttare detoxifyingspecific VOC is useful tioe further
optimisation of plartVOC removal systenis terms of enhancing door air quality . Through
isolation ofgaseous/OC degrading bacteria and profiling the taxonomical and functional
diversitesof the rhizosphereof those plants it may be possible to gain amsightinto the ability

of plantrhizosphere bacterito remove VOC frorthe air. Suchdentificationscan becarried out
usingtraditional microbiological culturing methods and culttirelependert molecular

techniques(Orphanet al., 2000; Schornsteineat al., 2014)

Thisresearchwill focuson three monocydt volatile organic compounds: benzene, toluene and
m-xylene(i.e. BTX)and the capability of plant specieS: waliisiiC. comosumandH. helixto
phytoremediatethem fromthe indoor air. Two concentrationslOand 100 parts per million
(ppm; equal to milligrams per litre, mg/gf each VO®@iill betested with plants taobservethe

VOC removal rateduringthe VOC haHives. The untouched area, how the plaammunities a



mixture of different plant species growing togethéetoxifiesVOCfrom the air will be

determined.Plant monocultures (single plant species) andd¢bmmunitieswill be manipulated

and maintained in the plant propagating trays during the studyaddition,the present study will

focus on thechangeof rhizosphere beterial community in plant monocultures following

exposing to 10 ppm benzenkginally,gaseous/OCdegrading bacteriin plantrhizospherewill be

isolated and identified. Results from this studgy have applications toptimise the plant
phytoremediationsystemto enhance théndoor air quality focusintp improvethe2 O O dzLJ y i Q &

health, safety and welfare.

1.2. Air pollutionand aimpollutants

{SAYFTFSER YR tIyRAA 0O asgituntonin R&FsubstariRes that e3ultJ2 f £ d.
from anthropogenic atvities are present at concentrations sufficiently high above their normal
ambient levels to produce a measurable effect on humans, animals, vegetation or mateprials
Increasing pollutant levels beyond the acceptable standards due to natural or hunmatiesct
causes adverse or mild effects on humans, animals and plls&R<, 2015) his also convesto
changes of thelimate on the earth and natural cycles suchths rain cyclg(Yang and Liu, 2011)
A few examples of naturaicidents affectingir pollution are forest fires, pollen dispersal,
volcanic eruptions and dust stornf&uieysseet al., 2008) However, theenatural incidentgdo

not often happen. Human activitiege the main factor affectingir pollution such ageleasing
toxic air pollutants through fossil fuel burning, leakaffesn gasoline storage tanks, chemical
emissiors from industrial sites and manufacturing activities, emission of toxic pollutants from
waste managemenlyOC emission frommdoor building materials and household chemicals
(Hayeset al,, 2001, Leet al,, 2005; Brodt al,, 2007; Garcidareset al,, 2009; Xieet al,, 2011;
Torpyet al,, 2013; dishankaet al, 2014; Russedit al, 2014; Stefanét al, 2015; Liret al,, 2017)
Gaseous air pollutantsnethane(CH) and carbon dioxidéCQ) emitted during the fossil fuel
combustionmayremain in the tropospheréor a long period causing globahrmingwhich could
resultin the polar glacieramelting(McMichael, 2003; Barnett al., 2005; Schmidt al., 2009)

Carbon mooxide(CO) nitrogendioxide (NG) and sulphur dioxid¢SQ) released during the



burningof fuelcreate mrticulate matters(PM) in the atmosphere and acidic Risluses acid rains
(DEFRA UK, 200%) addition to the environmental changesir pollutants including volatile
hydrocarbons causacute and chronic diseases in hursg§wWolkoff, 2018) Sveral

epidemiologial studies revealed thaair pollution is one of the main factors causitgrminal
cancers andbreast cancedue tothe carcinogenic effeabdf those pollutantIARC, 2015Also

some studies suggested that exposure to benzene, formaldehyde adnliig@ienemay cause
more than 7075% cancer riskdabreche and Goldberg, 1997; B&tial., 1998; Hayekt al.,

2000; Changt al., 2003; Pavukt al.,, 2003; Rudett al., 2003, 2007; Guet al., 2004; Renniet

al., 2005; Brodt al., 2007) Suchstudies strongly suggesteuh association between childhood
leukaemiaandexposure to indoor anduwidoor volatiles(RaaschowNielsenet al,, 2001; Gueet

al., 2004; Knox, 2005; RaaschNielsen and Reynolds, 2006; Whisth et al., 2008; Tangt al.,
2009; Baileyt al., 2011, 2017; Sheridaat al., 2011; Badaloret al., 2013; Huangt al., 2013; Gao
et al,, 2014)

All the air pollutant substancezan bedivided into three classes based on their nature as criteria
pollutants, air toxisand biological pollutantDepartment of the Environment and Energy, 2018)
According to the National Ambient Air Quality Standards (NAS$d by EPA USiteria
pollutant group composesf six princi@l pollutants CQ lead(Pb) NG, 0zong(Qs), SQ andPM.
Criteria pollutants arenore dominant outdoorthan the indoor aitherefore, it is used ashe
indicator to set theoutdoor air quality standards'he second type of air pollamt, air toxig
consistf aliphatic hydrocarbondyenzene, toluene, xylene, formaldehyde and polyaromatic
hydrocarbongWHO, 2010)The third group of pollutantsontains biological pollutants such as
molds bacterig virus, animal saliva, animal dander grallen (Redlichet al., 1997) Air toxic and
biological pollutants aréhe dominantpollutant types in indoor airather than outdoors
(Lippmann, 1991, Carrington and Darrell, 1993; Wolverton and Wolverton, 1993; Easterly, 1994;
Tunnicliffeet al.,, 2001; Gueet al, 2009; Tangt al., 2009; Salthammer, Mentese and Marutzky,

2010; Huanget al.,, 2013; Bernet al., 2007).



1.3.Indoorair pollution

Indoor air pollution can be defined as thegradation of indoor air qualifyoy chemical, biological
and physical pollutantéKankariget al., 2014) Accordingo the EPAUSA2008,indoor air quality
refersto the air quality inside and surrounding the buildiagn 2016, 3.8 million deaths occurred
due to exposing tindoor air pollution and it wag.7% othe global mortalityin that year, thusit

islisted as one ofhe tengreatestthreats to human healtifWwHQ 2018).
As listed below, indoor pollutants can be derived from natural orimaage sources.

U Natural sources
1 Radon (resulted by radioactivity decaying of uranium or radium)
T Biological contaminant (moulds, veufungi and bacteria)

U Manmade sources
1 Combustion and tobacco smoki(@O, S& NO and PM)

1 Asbestos, VOC, formaldehyde and lead
(Liddell, Gilbert and Halliday, 2010; Hamil&tral., 2015; IARC, 2015)

From this pollutant list, VOC is identifitat its high abundance in the indoor agspecially in
newly constructed buildingéKimet al., 2008) Exosure to indoor VOC hé&®&cone one ofthe
main health and safety concerns around therld due to the seriousness of its adverse effects
on human healti{Finnegaret al. 1984;Stolwijk 1991Molhaveet al. 1997; Redliclkt al. 1997;

Wargockiet al. 1999;Burge 2004Chunet al. 2010;Mosaddeglet al. 2014; Belachewt al. 2018)

1.3.1. Volatile organic compoundis indoor air

Volatile organic compounds are a group of varied chemicals with different volatility, molecular
weight, polarity, solubility, vapour pressure and vapour den$tybchem, 2018VQOC can be
monocyclic or polycyclic aromatic compounds, aliphatic hydrocarbons, halogenated
hydrocarbons, terpenes, aldehydes, ketonesters,ethers and alcohol@JK/HSE, 2000)sually
VOC levalin indoorair can beeight toten timeshigher thanoutdoor leves andthey have been

identified as one of the main pollutants in indoor @itolhaveet al. 1997; Winkle & Scheff 2001,
7



Prabhat Kumaet al. 2011; Goodmaet al. 2018 WHO 2018 So far, @er 900 VOCareidentified

in the indoor air and oveB500f themwere classifieds thecausative agents SBSEPA USA,

1992; Gucet al., 2004; Shinoharat al., 2004; Burchetet al,, 2005; Woockt al., 2006; Orwellet

al., 2006; Bessonneaat al., 2013; Torpet al,, 2013; Langeet al, 2015; Weyenst al., 2015)

SBS represents a group of skin, mucosal and general symptoms temporally related to working in
office and residentialBurge, 2004; Belaew et al., 2018) Alsq exposure to VOC for a lopgriod

of time, even at low concentrationican leado acutehealth conditions likeomplications irthe

heart and kidnefEPA USA, 1992; Gebal., 2004; Shinoharat al., 2004; Bessonneagat al.,

2013) Indoor VOC cabe generated due teooking, smoking, dry cleaningsingair fresheners,

paint, laminated floorsprinting, varnishes used ifurniture, fabrig synthetic plasticgubber,
adhesives, cosmeticgjall papers andarpet, andalsothrough the diffusion obutdoor derived
petroleumbased VO@® indoor (Guoet al,, 2004; Burchetet al., 2005; Woocket al,, 2006; Orwell

et al, 2006; Tarramt al,, 2007; Liddekt al., 2008; Garcidareset al., 2009; Torpet al.,, 2013;
Soreantet al,, 2013; Mosaddeght al., 2014; Russedt al., 2014; Hazratet al., 2016; Wolkoff,

2018) Paints and varnishes used in furniture coatings release approximately 150 different VOCs
including aromatic and aligtiic hydrocarbons, ketones, esters and aldehydegieysset al.,

2008) Based on the volatilitygrganic pollutantsan be classified intoifferent classe¢Table 1.

1).

Table 1.1 WHO classification of organic pollutants in indoor air (ISO 1:608@07) Modified

after (SO, 2007)

Description Abbreviation | Boiling point range {Q | Saturation vapour
From To pressures (kPa)

Very volatile organic | VVOC <0 50t0 100 |>15

compounds

Volatile organic VOC 50 to 100 | 240 to 260 | > 107

compounds

Semivolatile organic | SVOC 240 to 380 to 400 | 10?to 108

compounds 260




Description Abbreviation | Boiling point range {Q | Saturation vapour

From To pressures (kPa)
Particulate organic POM > 380 - -
matter

(-) Data is not available.

Some of theamost abundant VOCs found in indoor air are toluene, formaldehyelezene,
xylene, tbutanol, 2butanone, nheptane, nhexane, etnydenzenen-decanef A Y2 y Sy S
pinene and trichlorofluoromethanérwellet al. 2006;Horiet al. 2009; Moet al. 2009;Langeret
al. 2019. Studies have shown that benzene, formaldehyde, toluene and vinyl chlexidéslin
indoor air are up to tetimeshigher than in the outdoor aiiLiddellet al., 2008) Also, rhexane
levekin primary schools and kindergart@®an be high due to day to day normal wet cleaning
procedure(Menteseet al., 2012) Also, formatiehyde, tolueneand benzene levels in newly
constructed buildings can deom five to athousandtimes higher than in older buildings due to
the highemission of those chemicai®om building materia{Weschler, 2000; Limt al., 2011;
Bessonneaet al.,, 2013; Gaet al., 2014; Weyenst al,, 2015) Based on the toxicity, thehsrt-
and longterm approvedworkplace exposure limits (WE&f) the mostabundant VO€were set in

the UKindoor air(Table 12).

Table 1.2 Approved workplace exposure limits the most abundant indoor VOC

Substancename and the Workplace exposure limi{WEL)
chemical formula Longterm exposure limit (8 | Shortterm exposure limit
hr reference period) (15-minutes reference period
ppm mg.m-3 ppm mg.m-3
AcetaldehyddGH,O) 20 37 50 92
Acetone(GHsO) 500 1210 1500 3620
Acrolein(GHsO) 0.02 0.05 0.05 0.12
BenzendGHs) 1 3.25 - -
Butane(GHo) 600 1450 750 1810
Chloroform(CHG) 2 9.9 - -
Ethanol(GHsOH) 1000 1920 - -




Substancename and the Workplace exposure limi{WEL)
chemical formula Longterm exposure limit (8 | Shortterm exposure limit
hr reference period) (15-minutes reference period
ppm mg.m-3 ppm mg.m-3
EthylbenzendGHhio) 100 441 125 552
Methyl ethyl ketong(CHsO) - - 0.2 15
n-hexane(CGsHia) 20 72 - -
Nitrobenzeng(GHsNG,) 0.2 1 - -
TetrachloroethylendC2C)) 20 138 40 275
Toluene(GHs) 50 191 100 384
TrichloroethyleneGHCY) 100 550 150 820
TrimethylbenzendGH») 25 125 - -
(0,m,p) XylendéGsHho) 50 220 100 441
Formaldehyd€CHO) 2 2.5 2 2.5
EthylbenzendGHuo) 100 441 125 552

(-) Data is not availablé&dapted from HSEJK(http://www.hse.gov.uk/pubns/priced/eh40.pjif

1.3.1.1.Benzene, toluene and-ene (BTX)

Benzene toluene and mxylene are three monocyclic aromatic organic compounds wéiieh
consideredaspriority air pollutantsin indoor air, thus they arasedas markers for exposing VOC
and petroleum compoundir two reasong Schneideet al. 2001; Almeidat al. 2006;Fanet al.
2009) First, igh BTXconcentrations can balwaysobserved surrounding roads with heavy
traffic, petroleum refineries and coal processing plaf8shneideet al., 2001) Secondly,

exposure to BTXouldresultin similar respiratory problemsaused by most of othendoor
VOCgWareet al, 1993) In addition BTX are identified as three of the main causative agents of

SBSynptoms (Huanget al,, 2013)
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1.3.1.1.1Benzene

According tdPubchem, 2018 anBPA, 198&haracteristics of benzene are as follows. It
(molecular weight: 78.114 g/mpis anaromatic compound composed six ursaturated carbon
atoms organised into a ringt Aquid phase itslensityis 874 kg/nt at 25°C colourless highly
flammable, volatilcompoundwith petroleum odour.Boilingand melting points obenzeneare
80.08°Cand5.5 °C respectivelyits relativevapour densityis 2.7(air=1)andthe vapour pressure
at 25°Cis 12.7 KPaue to its high vapour pressure benzeragidly evaporates at room
temperature Benzene is used as a solvémtresins, wax, pais, rubber, inkand plastics
industries Alsqit is used irpharmaceutical products, detergents aada constituent in

petroleum(Pubchem, 2018EPA 1988)

Benzene was categorised as a known human carcinogen acctvdimggEPA USA in 1986PA
USA, 1988)ollowinginhalation benzene can babsorbed andransportedin the body and
metabolizel in the liver and bone marrowroducingbipolar metabolites which caudeNA
mutations(WHO, 201Q)Several pidemiologicaktudies revealed an association between
benzene exposure andifferent types of myeloid leukaemia in workeaspetroleum refinery
industries(Hamilton, 1922; Rinsky, 1989; Hagesal, 1997; Elket al, 1998; Hayes and Travis,
2001; Orwelkt al,, 2004; Yot al., 2006; Guieyseet al,, 2008; Kabir and Kim, 2012; Togial.,

2013; Mosaddegetal> wnamnT {1 dzf Ol 8Za1A FYyR DtoAO|IAZ H.

1.3.1.1.ZToluene

Toluene(molecular weight: 92.15 g/mpls an aromatic volatile compound.id a colourless,
pungent odour andlammable liquid at 25Cwith -94.9 °C melting point and 110°€boiling
point. At liquid fhase itsdensityis 8623 kg/m? at 20 °G relative vapour density (air=193.1 and
the vapour pressure i3.8 Kpaat 25°C Toluene isa constituent ofgasoline and sed in the
production of nylonpharmaceuticalsplastic, cosmetics, dye toluene caralso be used to
produce benzenéWHO2000; EPA USA 201RPubchem2018). Toluenecan enterthe human

body through inhalation, absorption through skin or ingestion. Studies showed that @ngios
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toluene causeomplications irthe central nervous systenimmune sygem, kidney and liver

(Phillips and Traxler, 1968/HO, 2008; EPA USA, 2012)

1.3.1.1.3m-xylene

m-xylene (nolecular weight 106.2 g/mol) is an aromatic volatile compound.dcisourless,
slightly water solublgaromatic odour andlammable liquid at 28Cwith -48 °Cmelting pointand
139.1°Cboiling point.In theliquid phase thalensityis 860 kg/n¥, 3.66relative vapour density
(air=1) and).8 Kpavapour pressure at 20C m-xyleneis a constituent of gasoline, and used in
coaltar production,leather, rubber, varishes, paints, cleaning products acehtng ingrediens
in the fabric industryjtQadlso use as a solvent for dye in printing amal produce plastics

(Engstromet al. 1977; Fishbein 198&PA USA 1992; ATSDR USA Ffthem, 2018

m-xylene carenter the humanbody through inhalation, skicontact andngestion Exposurgo
m-xylenecanleadto complications in the gastrointestinathct, kidney and livercentral nervous
system and respiratorgystem(Engstromet al. 1977 Fishbein, 1985PA USA, 199Zhou, Wu

and Lemmon, 203,2Pubchem, 2018

1.4. Biaemediation of VOC frothe environment

Bioremediation is defined athe use of livingorganisms such as plants, bacteria, fusgil algae
to detoxify, degrade, eliminate or reduce pollutants from the environm@ttCullougtet al.,
1999) Inthe presence of plants and soil, bioremediation takes place in different polluted
environments such as petroleum, metal or pesticmmtaminated soil ogroundwater and
polluted air in outdoor and indoor environmenficCulloughet al. 1999; Abhilaslet al. 2009;
Bellet al. 2011; Das & Chandran 2011; Peixet@l. 2011; Yergeaat al. 2012;Bellet al. 2014;
Truuet al. 2015;) Based orthe type ofliving organism (plants or microorganisms) and the
method used during remediadn, bioremediation can be divided into different processuch as
phytoremediation, bioaugmentation and biostimulatigingaet al., 2018) Fhytoremediationis
the processf detoxifying pollutants or converigthemto harmless levalusing plantsand plant

associated microorganisngg/olverton and Wolverton, 1993; Trai al., 2015) The aldition of
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indigenous or genetically modified microorganisms to enhance the biodegradation prscess
known as bioaugmentatio(irgaet al., 2018) Duringbiostimulation, nutrients, water or electron
donors/acceptorsare addednto the medium to enhance microbial degradation of pollutants
(Torpyet al., 2013) Bioaugmentation and biostimulation @extensively usedn petroleum
contaminated land to enhance the hydrocarbdegadationprocess by soihicroflora(Grosseret
al. 1991;McCulloughet al. 1999;Bellet al. 2011; Peixot@t al. 2011;Bishtet al. 2015; Dealtryet
al. 2018) Rhizoremediationife. rhizodegra@tion), phylloremediatiorand phytovolatlization are
sub-divisions of pytoremediation conducted by plasaind associated microorganisriswoko,
2010; Etim, 2012; Truet al, 2015) Duringrhizoremediation rhizosphere microflora in plant
roots detoxify pollutants into notoxic compoundgKuiperet al., 2004) Phylloremediation is the
uptake of pollutantsthrough plant leaf followed by metabolism of themside the plant celland
pollutant detoxification by laf associated phyllosphere midlara (Weiet al., 2017) In some
instances, plantstake upcontaminants (VOC and inorganic pollutants) in@oilaterthrough the
roots andconvert them intonon-toxic or less toxic gaseous fosifollowed byreleasnginto the

atmosphere through transpiration known as phytovolatilizat{btwoko, 2010)

1.4.1. Phytoremediatiorof VOy indoor plant species

TheVOC reducingapability of green plastthrough phytoremediation has®eenstudiedfor more
than 30 yeargWolverton and Wolverton, 1993; Nwoko, 2010; Douglass, 2011; DelatCaliz
2014) The pioneer investigator of platMOC experiments, Bill Wolverton, identified over 50
indoor plant species with different VOC detoxification effica¢i@®lvertonand Wolverton, 1993)
and most of them are used in many indoosg( 1.1 and Table 13). An officebased study
showed thattotal VOC compounds in the air ranged from3&D ppb without any plants, declined
by 75% after introduagD.deremensiandS. wallisi{Orwellet al., 2006; Woockt al., 2006)
Plant speciesS. wallisiiC. comosunH. helixH. alternata, D.deremensis, Crassula portulacea,
Hydrangea macrophyll&g podophyllum Fatsia japonicaDracaena fragransF. benjaming F.
elasti@, Kalanchoe blossfeldianBglargonium domesticumnd T. pallidaare a few common
indoor plantsidentified with detoxification ability ofommonVOCgWolverton and Wolverton,
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1993; Cornejet al,, 1999; Liet al,, 2007; Kinet al., 2008, 2014; Yargf al., 2009; Irgeet al.,
2013) Previous studie showed thecapabilityof plant speciesS podophyllum, Pdomesticum, F
elastica,C. comosunts. wallisiiH. helix P. aquaticaand K. blossfeldiando remove indoor
benzene from aibased on the test chamber experimeriGornejoet al., 1999; Orwelkt al.,
2004; Yocet al,, 2006; Song, Kim and Sohn, 2007; Irga, Torpy and Bur2b&8; Torpyet al.,

2013; Mosaddeget al., 2014)

During phytoremediation, volatiles may penetrate or absorb through plant surfaces (leaves, stem
or flowers) and adsorbed volatiles on the surfaces are taken up actively by stomata followed by
detoxification inside the plant cell@Jgrekhelidzest al., 1997) Following uptake, volatiles can be
detoxified, sequestrated, excreted or stored inside the plant ¢@llsyenset al,, 2015) Plant
associated phyllosphere and especially rhizosphere microbes, specially bacteria degrade these
volatiles into norharmful compounds through enzymatic detfication pathway¢Behrendtet

al., 2001; Gerhardet al,, 2009) During microbial detoxification, volatiles are metabolised into
non-volatile compounds. Also, leaf absorbed @4y translocate downward into the other parts

of the plants (roots) to be metabolisg¢Berg & Smalla 2008woko 2010; Weyenst al. 2015)

Asparagus densiflorus Crassula portulacea
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Spathiphyllum wallisii

Dracaendragrans
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Ficus benghalers{Plantnet, 2019) Nephrolepis exaltata
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Pelargonium domesticur(Plantnet, 2019) Schefflera actinophylléPlantnet, 2019)
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Fig. 11 VOC removing common indoor plant species

Table 1.3. Common indoor plant specieshich have VO@®hytoremediation ability

Botanical name

Common name

Asparagus densifloau Foxtail fern
Chamaedorea elegans Parlour Palm
Chlorophytum comosum Spider plant
Crassula portulacea Jade plant
Dieffenbachia seguine Dumb cane
Dieffenbachia maculate Dumb cane
Dracaena deremensis Janet Craig
Dracaena fragrans Corn plant

Dracaena marginata

Dragon tree

Epipremnum aureum

Devils ivy

Fatsia japonica

Japanese aralia

Ficus benghalensis

Banyan

Ficus benjamina

Weeping fig

Ficus elastica

Red rubber tree

Hemigraphis alternata

Purple widfle
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Botanical name Common name
Hordeum vulgare Barley

Hydrangea macrophylla Big Leaf Hydrangea
Kalanchoe blossfeldiana Flaming Katy
Nephrolepis exaltata Boston fern
Opuntia microdasy Bunny Ear Cactus
Pachira aquatica Malabar chestnut
Pelargonium domesticum Common geranium
Peperomia clusiifolia Baby rubbemlant
Polyscias fruticas Ming aralia
Schefflera actinophylla Dwarf umbrella tree
Spathiphyllum floribundu Peace lily
Spathiphyllum wallisRegal Peace lily
Syngonium podophyllum Arrowhead plant
Hedera helix Englsh ivy

Hoya carnosa Variegated wax plant
Tradescantia pallida Purple heart plant

(Yanget al., 2009; Plantnet, 2019)

1.4.1.1. S. wallisjiC. comosurmandH. helixasVOC removingdoor plant species

Three plant specieS. wallisiiC. comosunandH. helixmore commonlyknown aspeace lily,
English ivy andpider plantare common ndoorsplants(Kwanget al., 2010) H. helixis a woody
foliage plant whileS. wallisiand C. comosurnare herbaceous foliage planflletcalfe, 1958;
Kwanget al, 2010) H. helixis usually used as a green screen plant species in outdoor
environments(Weinmaster, 2009)All three species are eadp propagate and capablef
surviving at different climatic conditions such @slow and hightemperature regionsand under
drought conditiongdMetcalfe, 1958; Schreiber and Riederer, 1996; Lated, 2011; Egeat al.,,
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2014; Sandvatherazoet al., 2018) Furthermore, hesethree species arpopular members of
dgreen walli £ue ® their medium sizdow maintenancerequirementsand abilityto remove
different VOCs fronthe atmosphere(Weinmaster, 2009; Irget al., 2018; Torpy and Zavattaro,

2018)

Duringthe NASA clean air studly 1973 Wolvertonand colleagues evaluatetthe ability of twoof
theseplant speciesH. helixand S. wallisito remove benzene, formaldehyde and
trichloroethylene fromthe air within a test chamber setujWolvertonet al,, 1989) The ability of
thesetwo speciego removebenzene and toluen&rom test chambe airwhen the VOC was
presented as a single gas or mixture of twoagagas also subsequently evaluated in a separate
study(Yooet al,, 2006) In a further study, all three species were found to remove gaseous
formaldehyde which is considered as one of the dominant VOC in newly constructed building,
from indoor air(Schmitzt al., 2000) Bacterid members of the izosphere ofs. wallisigrown in

a hydroball cultivation systenvere found b metabolize the three most common indoor VOCs:
benzene, toluene and xyler{€hunet al, 2010) In addition these plants have shawpromising
increases in their pytoremediation rae following modification of their growth conditiongor
example S. wallisiiable to remediate more benzerfellowingthe addition of biostimulants (B

cellobiose, Elactose and {asparagine) to the plant gratv medium(Torpyet al., 2013)

A comprehensive studyy Yang and colleagues evaluathd ability of these three planspecies
to remove a range of different volatile organic compoumisuding;aromatic hydrocarbons
(benzene and tolues), aliphatic hydrocarbons (octane), terpene (akghaene) and halogenated
hydrocarbons (trichloroethylenejvhen placed inside an aight glass jar systenburing their
analysis, based on the VOC removal rate per leaf &tebelixwascategorisedasa superior
removmng plant whikt the other two species were classified la@vingpoor removal efficiency

(Yanget al., 2009)

C. comosumwhich known as one of thmost efficientbenzene removing indoor plants removes
high concentrations of benzene (500 ppm) from the air efficiently under different light conditions

(Sriprapat and Thiravetyan, 2016; Setsungredral.,, 2017) Also,it has beerdemonstraed that
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VOG such agormaldehydeare taken upy the C. comosuneavesandtranslocated into the
rhizosphere othe plant by transporting VOC molecules through the phloem tissue and in the
rhizosphere through oxygenase enzyme reactions VOC are metab@imsget al., 1994; Su and

Liang, 2015)

By looking at thditerature, it is identified almost athe studies based on the phytoremediation of
VOC by plants are based on the single plant spgc@sn in the potsHowever there isno
evidenceon how mixed plant species (plant communitgrown in big pots/ propagatingdys
perform phytoremediationof VOCfrom air. A study showedhat remediation ofMEK (methyl

ethyl ketone)contaminated aiby sending througla verticalgreen wallcomposed with mixed
plant speciegTorpyet al, 201§. This suggestd, plantcommunitiesgrown in big pots maglso

enhancethe VOC phytoremediation from indoor air.

Therefore, selection dahe plant speciesS. wallisiiC. comosumandH. helixwhichhad shown
high phytoremediation efficienesin previous studiesvould make a good combination during

plant community manipulation.

1.4.1.2. Mechanism involveduring phytoremediatiorof VOGn plant leaves

Plant leaves absorb VQ1ia stomata orpenetrate from cticle to epidermisof the leaf. This
happens in both abaxial and adaxial sides ofl¢ta(Ugrekhelidzest al. 1997; De Nicolat al.
2008;Kvesitadzest al. 2009) DuringaromaticVOCdetoxification by leaveghroughoxidative
metabolismthe aromatic ring is cleaveitto nonvolatile compounds such asganicacids
simple sugarsCQ or HO (Gieseet al., 1994; Wekt al., 2017) For example, dring benzene
degradation, benzenis converted into intermediate formhenolfollowed by
pyrocatechalcatechol(o-diphenols)(Weiet al., 2017) Through a dijpenolaseenzymereaction,
pyrocatechols converted into equinones(Fig. 12). Thesereactions are cataked by copper
containing enzyme grougalled moneoxygenase and dioxygenase e tplantleaf (Kvesitadzet
al., 2009) Production of these catabolic eyrnesisregulated by the group of genes called

cytochrome P450 in plant cells the next step, equinonesis hydroxylatel resultingin simple

21



organicacids: muconic acid followed by fumaaicid(Fig. 12) ichentersinto the Krebscycle
(tricarboxylic acid cyclgndfinally releases asenergy,CQ and HO (Kvesitadzet al., 2009) The
above process is mainly conducted in the chloroplast andsoyin the leaf (Ugrekhelidzest al.
1997; Dietz & Schnoor 2001; Kvesitadtzal. 2001;Chrikishvilet al. 2006;Kimet al. 2008;

Abhilashet al. 2009; Mukherjeeet al. 2013; Setsungneret al. 2017.

OH OH 0
OH 0
O-0O—U™r-

Benzene Phenal Catechol o-Quinone
q:b;oH o 20
= ~OH . .
Co Tricarboxylic
R —_—

— | ) oH I(c{,r.:r Acid Cycle
~OH
Cis-cis-muconic Fumaric

acid acid

Fig. 1.2 Oxidative degradation of benzene in plant ceflslaptedfrom (Kvesitadzet al., 2009)

The intermediate form@roduced during the degradatigorocesscan be slightly different from
one VOC to anothgHamzaret al., 2011) For exampleduring toluene detoxificationthe methyl
groupcan beconvetedinto carboxylgroup and then thearomaticring cleavage occurred similar
to the benzeneoxidationand hydroxylation explained above or toluene can be hydroxgilate
without oxidation ofthe methyl group by producinglphacarboxymuconi@acid andalpha
methylmuconic acidThesantermediates enter intdricarboxylic acid cycl®llowed byreleasing
CQand HO based on the energy requirementtbe plant (Ugrekhelidzeet al., 1997; Kvesitadze
et al,, 2009) CQ can also enter into the Gah cycle tasynthesiseamino acids, hormones ather
cellular componentg Ugrekhelidzeet al. 1997;Schmitzet al. 2000; Kimet al. 2008;0ikawa &
Lerdau 2013; Dela Crerzal 2014; Weyenst al. 2015 Irgaet al. 2018. However,VOC

penetrationthroughthe cuticle and stomatal absorptidiollowed by degradation in the plant
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leaves is known as th@imary pathway of VOphytoremediation(Schmitzet al. 2000; De

Kempeneeet al. 2004;Yooet al. 2006; Kinmet al. 2008; Llewellyn & Dixon 2011)

1.4.1.3.Rhizoremediatioand mechanism involdeduring rhizoremediation

VOC degradation Hyacteriain the plant rhizospheres considereds the majopathwayin the
VOQohytoremediation(Wolverton and Wolverton, 1993; Kuipet al, 2004; Orwelkt al., 2006;
Woodet al, 2006; Kiret al,, 2008; Abhilaslet al., 2009; Churet al., 2010; Llewellyn and Dixon,
2011; Soreanet al,, 2013) As an example, a test chrdber-based studyas shown that a higher
detoxification level of formaldehyde hifie rhizosphere of-. japonicaandF. benjamindhan
other parts of those twlants speciesKimet al. 2008;Chunet al. 2010). Rhizosphere bacteria
can degrade, detoxify arequestrate VOC into energy, £Ddorganicacids or enhance the plant
growth by converting VOCs into plant growth hormones (Gopinath and Dhanasekay RAGE2|l
et al. 2014;Weyenset al. 2015. In additionto bacteria, mycorrhizal fungi in the plaritizosphere
candegrade hydrocarbon containing waste in the polluted @ddrmset al., 2011) However,
bacteria are the most abundant groups in the rhizosphatsg they are identified ahe main
agentduring degradation of hydrocarbdiDas and Chandran, 2011; Mwajgal., 2013; Yuniati,

2018)

At the initial stage of thehizoremediation VOQreaches to the rhizospheraf plant roots by
penetration throughthe plant growing medium ois absorbedthrough the leaves and
trandocated through the phloentissue(De Nicolat al., 2008; Su and Liang, 2015hese
procesgsare regulated by plastsynthesizing root exudates amgicrobialquorum sensing
chemicalgHirschet al. 2003;Baiset al. 2006;Faureet al. 2009; Berendseret al. 2012;Gohet al.
2013; Mende=t al. 2013) Root exudategproduced by plant rootsomposeof enzymes, amino
acids, water, simple sugars, antimicrobials, proteind minerals. Root exudataroveinto the
rhizosphereandregulate positive or negativénteractions between the plant roots and
rhizospheremicroorganismg Schnootet al. 1995; Smallat al. 2001;Baiset al. 2006; Berg &
Smalla 2009; Mendet al. 2013;Gohet al. 2013; Knief 2014; Besy al. 2014;Bishtet al. 2015;

Venturi & Keel 2016}For examplethe root exudate regulatepositive interactionsgymbiotic
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relationship between root andhitrogenixing bacteriavhile regulating negative interactien
(antagonistic relationshif)etween pathogenic microbes (bacteridrusor fungi)and insects
(Baiset al, 2006) R? 2 (i S EfldeBrioidsdn Meedicago sativaoots attractsnitrogen fixing
rhizobia bacteria in the rhizosphere, thus as a result it enhatieeplant growth throughigh
nitrogen fixation in the plantéSzoboszlagt al., 2016; Massalhat al., 2017) Root exudatesvith
antimicrobialand insecticidapropertiesinvolve maintaiing negative relationshipbetween
plants and pathogenic microbed-or example, iatifungalphenolic compoundproducel by the
Hordeum vulgareoots systenperform negative interactiofiollowing infectionof Fusarium
graminum(Berendseret al., 2012) Production ofexudates in plantsepends on several factors
such as plant specigghotosynthdic procesgs composition of root microflorahealthand ageof
plant and the availability of nutrients in s@liethling et al. 2000; Baigt al. 2006;Nuruzzamaret
al. 2006 Asensit al. 2007;Beveret al. 2013;Yergeatet al. 2014 Bishtet al. 2015;SchulzBohm

et al. 2015 Donnet al. 2015 Ite et al. 2016;Massalheet al., 2017)

In addition to theroot exudates microorganisms in the root zone regulaesignal systerknown
asquorum sensor system which involweegulaing microbe-microbeinteractions(Lamberst al.
2009; Milleret al. 2009; Fauret al. 2009;Badriet al. 2009;Yergeatet al. 2014) Gramnegative
bacteria in plants produce-Bcythomoserinelactones (AHLs) while many Gramsitive bacteria
synthesisggammanbutyrolactoneswhich areused as thejuorumsensing chemicalsetween
microbes.They arediffusible compoundand the production ofhe quorum chemica depends
on the cell density of different bacterithe surrounding environmenandthe presence oplant
factors such as root exudaté&ertardt et al., 2009) Quorum signalscontrol gene expression in
the microorganisms in a community, thitsallowsthem to work as a cooperated group.
Therefore, microorganisma a community(e.g. rhizospherepossesenzymes focusingnthe
requiredfunctions pre-determined by their quorum systeifHirschet al. 2003;Baiset al. 2006;
Badriet al. 2009; Berg & Smalla 2009; Faateal. 2009; Miilleret al. 2009 Bakke et al. 2013;
Kanchiswamy 2035Thus, throughroot exudaion and quorum systemmperformingchemical

selective strategydifferent compositions of bacterigend to arrange around roots tperform

24



important functions such as degradation of different ptdiuts (Faure, Vereecke and Leveau,

2009 Faureet al.,, 2009 Berg & Smalla, 2008everet al., 2013)

The pimary step duing the hydrocarbon degradation procdassntracellular uptakeof those
foreign moleculegvVOC)nto microbial cell§Gerhardtet al, 2009) Attachment of hydrocarbon
onto the cell wall of microbeis regulatedby the group otompoundscalledbiosurfactants
(Kuiperet al., 2004) Biosurfactantare lowmolecular weight glycgids (hamnolipid and
fructosemycolate) or peptidolipid (surfactin and viscosin) and their productigpedds on the
type of microbe (Neu, 1996)Biosurfactantdelp to solubilize hydrocarboand uptake into the
cells.Asan examplePseudomonas aeruginogassessg rhamnolipicemulsifiesthe petroleum
oil into small size micelleduring the intracellular uptakat the initial stage of degradatioffrig. 1.

3) (Whyteet al. 2002 Das & Chandran 201Mareciket al. 2015)

i
HO O O—CH—CH;—C —0—CH—CH,—COOH
X | |
CH; CH, CH,
(_::“_1 'LI.'II;= Emulsification .
3 ) |
OH - OH CH, CHa o
f.lit 1 'ILI,'I i, (-
(IZH: L'IZH;. o ©
CH, CH, o
| |
CH; CH; Formation
REhamnaolipid of micelles

¥

Biosurfactant
production Uptake

Cell membrane
Bacterial cell

\iiell wall

Fig. 1.3 Intracellular uptake of hydrocarbon by bacterfdapted fromFritsche & Hofrichter

2000
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Inthe aerobicconditions,bacteriapossessing oxygenagmonoxygenase and dioxygenase)
enzymes catalyse initial oxidation reactidnshe hydrocarbondegradation Synthesis of
oxygenase is regulated by the cytochrome P450 genes in the bacteria. During the inititiestep,
number of oxygenmolecules attached to hydrocarbons deperuh the lengthof the carbon
chainand number of aromatic rings in the hydesbon.Each aromatic ring would be cleaved
after the addition of one or two oxygestoms When degrading mixture of hydrocarbonsuch

as complex petroleum compounds in saibroad range of enzymes is required for the complete
degradationInthe preserce ofmixed microbial communitie such instance, a higtegradation
processcan be observed due tiie presence of a range of metabolic enzynfiskrty et al. 1998;
Kvesitadzeet al. 2001; Kvesitadzet al. 2009; Nwoko 201@as & Chandran 2011; Van Bogastrt
al. 2011 Peixotoet al. 2011;Setsumgnernet al. 2017. Benzene degrading bacterial species
possessing moraxygenase and dioxygenase enzyrnwesonvertbenzene intdntermediate

forms: phenol or trangcis-dihydro-benzenediofollowed byformation of the catecholThese are
intermediates ofbenzeneoxides and during oxidation reactionomooxygenase catalyse
attaching one oxygen atom fromp@oleculeto the hydrocarbon (substrate)lhe remaining
oxygen atomjoinswith two hydrogen H) atoms released from the substrate by producingoH
(Fig. 14). Following further oxidationsf phenol the intermediate form trans-dihydrodiol (trans
dihydro-benzenediol)is produced and it isonverted into catechalMasaiet al., 1995; Fritsche
and Hofrichter, 2000; Diat al., 2001; Lawrence, 2006; Das and Chandran, 2011; Mukhetrjee

al., 2013).
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Monooxygenase reactions
0, HO
CHy(CH,)-CH, CH,~(CH,),-CH,0H
n-Alkane Primary alcohol
Rubredoxin  Rubredoxin
Fe' Fe"
NADH NAD'
0, H0 H,0
H 2 H OH
7 F
e O (0
““* ' A ~"oH
NADH NAD H H NAD* NADH
Benzene Arene oxide trans-Dihydrodiol Catechol

Fig. 1.4 Monooxygenase reaction involvelliringrhizodegradatiorof benzeneand alkanes

through theoxidative metabolism imicrobes Adaptedfrom Fritsche & Hofrichter 2000

The doxygenase reaction is slightly different from the monooxygenBseing the initial
intermediate formation catalysed by dioxygendséacterig both oxygen atoms the O,
molecule attacho the substrate by producinthe intermediate formcis-dihydro-diol (cis
dihydro-benzenediolland through further oxidation reactioni is converted intacatechol(Fig. 1.

5) (Fritsche and Hofrichter, 2000)
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Dioxygenase reaction

0, OH
\ .
~ TT’C[DH

NADH NAD' NADH

Benzene cis-Dihydrodiol Catechol

Fig. 15 The Doxygenase reaction involved in rhizodegradation of benzene by oxidative

metabolism in microbesAdaptedfrom Fritsche & Hofrichter 2000

Through further oxidation reactions, catechol is converted into cimcienate, (+)
muconolactone, 3xoadipateenokactone, 3oxoadipate, 2oxoadipytCoA and succiryloA

respectively. Finally, succir@bA will join vth citrate cycle (Krebs cycl@ogtet al. 2011).

When the aromatic hydrocarbons contain a substituentugrdaliphatic side chains: alkanes) the
degradation reaction slightly differs than the ring cleavage reaction explained ahlzee there

can be different pathways for the degradation of aromatic compounds which has aliphatic side
chains(Hamzalet al., 2011) During intracellular degdation, aliphatic methyl and ethyl groups
are oxidised into alcohols, aldehyde or carboxylic grqjas 14). For examplePseudomonas
species possess the enzymes required to degrade methyl groups in arondibcdmpons, so

they areidentified as one of the toluene and xylene degrading bacteria in polluted soil
environmens (Suyamaet al. 1996; Panket al. 1998; Fritsche & Hofliter 2000) A group of
toluene dioxygenase enzymes involve catalysing toluene degradation in badtdnizsoret al.,

2006)

During toluene degradation . putida the toluene dioxygenase enzyme converts tolueéa@n
intermediateform cistoluene dihydrodiol followed by-&nethylcatechol fop reaction inFig. 16).

Through further oxidation3-methylcatechol converts to-Blydroxy6-oxohepta2,4-dienoate.
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Throughthe hydroxylation reactionthe methyl group converts to acetic acid@the aromatic

ring sectioris cleaved to zhydroxypenta2,4-dienoate (middle reaction ifig. 16).

CHs CHa» CHs
Oz

< ;\@5 —

NADH + Ht NaD? NAD* NADH+H?t
CH:COOH
CH3 H20 H20
>0 E CH:2 COOH E: CHz COOH
| COOH u\w’,Lﬁ |
£~ 0H Z~0H Ol O

‘Tuvate
PO PJ CoASH
CH3-CHO CH3»COSCoA

NAD* NADH + HY

Fig. 1.6 Tolueneand aliphatic hydrocarbodegradation process by. pdida. Adapted from

(Suyamaet al.,, 1996)

Through further reactions,-Bydroxy-penta2,4-dienoateconverts to acetaldehydand pyruvate
followed by entering into TA cycléo produce acetyl coenzyme (Aottom reaction inFig. 1.6)
(Suyameet al,, 1996; Panket al., 1998; Paralest al,, 2000; Johnsoat al., 2006; Hamzakht al.,

2011)

Therefore,as a summary, ondbe hydrocarbos enter into the bacterial cellshrough different
enzymatic reactionghey are degraded int€€Q,H,O or participate tesynthesig cell biomass

(Fig. 1.7) (Fritsche and Hofrichter, 2000; Digtzal., 2001; Lawrence, 2006)

29



Hydrocarbon

—

[nitial attack by oxygenases |

!

Degradation by peripheral

pathways

C. . ")

o " Intermediates Cs
NHy of
TCA cycle

)

PO} ~

50,° () - E“‘“‘“:-'i(:(].:

Fel H\“\ Respiration i
Rs Biosynthesis HAO

Cell biomass

NG /

Growth

Fig. 1.7 Schematic diagranotshow aerobic degradation of hydrocarbonstdagcteria Adapted

from (Fritsche and Hofrichter, 2000)

1.5. Culturedependent approaatsto analysebacterialcommunitydiversity

Culturedependent classical microbiology methggere dominantduring identification of
unknown bacteridn the research prior tohe advent of PCR and sequencing meth@gphanet
al., 2000) Thisapproachinvolvesdirect cultivationof unknown microorganisms (g bacteria)

from environmental samples arttie classifcationof them throughbiochemical and physiological
characteristicsAlsq individual bacterial isolation througtulture-based approacbsis an
advantagewhen the DNA extractionf individual bacteria is require@Nielsenet al., 2007;

Carraroet al, 2011; VaMoreiraet al., 2011; Stefaret al., 2015)

HoweverthecultureRS LISY RSy (i Y S (i K 2&onipreie@siyeuiiderstin@ing dfa S
microbial community compared to the lture-independent methodsThis isbecausemost of the

bacteria are not culturable ithe laboratory andonly a smalfraction of (between 0.11%) total
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environmental nicroorganisms can be cultureBlfam & Kim 2012Viendeset al. 2013; Suret al
.2014). Someof the possible reasons for umiturability is under the laboratory conditions
incapability of environmental bacteria to survive because the medium might contain growth
inhibitors or toxiccompoundspr they do not grow under high oxygen or nutrient level in the
medium (Cho & GiovannoD04; Vartoukiaret al. 2010).Thus, the medium does not supply
metabolic and physiological requirements for bactega theycan beuncuturable. Therefore
culture identifications can be biasedsearch However, by using combinations of traditional
culture-approach and lowesolutionculture-independent approachess@nger sequencingjould

guide for an accurat&entificationof unknown bacterigNielsenet al., 2007)

1.6. Cultureindependent approacto analyse bacterial community diversity

In early studies characteristion of environmental microbiomerelied on the culturedependent
method. It facilitatesthe identification ofmicrobial taxonomies based on different culture tests,
however, the results can be biased and limit the diversity identificati®snivasa et al,, 2015;
Waldoret al, 2015; Ameet al., 2017) Use of cultureindependent approacss such as
metagenomic analysis and small subunit (SSU) ribosomal RNA sciesréhgen increasing for
last few decades since it has many advantatie® efficient, identification of both culturable and
unculturable microorganismsyer the traditional culture methodLebeis, 2014; Schornsteinetr

al., 2014)

Cultureindependent, wholéacterialcommunitysequencinggrofiling of the community)

method is playing an important rola the environmental microbiome analysis, because using a
small portion of sample such as soil or watee researche can @t aimost all information about
the microbialdiversity(Orphanet al. 2000; Nielsemet al. 2007;Carraroet al. 2011;VazMoreira et
al. 2011; Stefaniet al. 2015) Approximately one gram of bulk soil contains 1 %décterial cells
(Amannet al., 1995; Roescht al., 2007; Raynaud and Nunan, 2014; Waggl., 2014)

Therefore, for a comprehensive analysa$ soil microbiome diversitya cultureindependent

approach is a better selection cgared to the culturedependentapproach.
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1.6.1. Molecular techniques involved in comanity analysis

A ommunity profiling approachconsistsof afew main stepsDNA extraction from samples, PCR
amplicon generation, sequencing library preparation, sequencing and bioinformatic ari8lysis
et al, 2014) Novel DNA extraain kits facilitate whole community DNA extraction from
environmental samples directhynkwn as metagenomic DNA extractiokisallows isolating DNA
from both culturable and unculturable microbes (Schloss & Handelsman BoR8lich & Mills
2013;Tanaseet al. 2015;Learet al. 2018) QIAanp DNA stool mini kit anBowerSoi®DNA
isolation kitare commonDNA isolation kitsised in all types of saélxperimens (Whitehouse and
Hottel, 2007; Santoset al., 2012) One of the main advantag®f these kits arethey eliminate
PCR inhibitors such asmic acidrom the medium thus, it allows successful PCR anakitss
containing buffes dissolve and wash out humic addring DNA extractiofSantoszt al., 2012;
Learet al,, 2018) Also, the kitgperform purification oDNA from norFDNA contaminantgroteins

and lipids duringhe membrane filtration stegDineenet al., 2010; Vishnivetskayet al., 2014)

For the separation of bacterial DNA from the total community DNA, polymerase chain reaction
can beperformedusinggenespecific primer®n the universal genes of bacteriehe wiquitous
gene of bacted, the 16S rRNA geris increasingly being usédl studiesdue to many reasons.
Thel6S rRNA gensrelatively small with approximately 1,500 bipis one of thehighly

conserved gerein the bacterial domair(Fig. 18).

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 bp
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Fig. 1.8 Schematic diagram dlie bacterial 16S rRNA genilodified after(Chiericoet al.,, 2015)

It consists of nine hypervariable regions {¥4) and those variable regions are flanked by
conserved regions. Bacterial universahpers are designed to bind on these highly conserved
regions, thus DNA from a broad range of bacteria in a community is amplified during the PCR

reaction. Highly variable regions in the 16S rRNA gene provide information to identify different
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genera and spaes in the bacterial domaiéhet al. 1993;Heritageet al. 1999; Pham & Kim
2012; Gueet al. 2013;Coxet al. 2013; Konget al. 2014; Tanaset al. 2015; Yanegt al. 2016; Lear

et al. 2018)

1.6.2. High throughput sequencing of community DNA

High throughput sequencing known ake next-generation sequencing (NG&jproach is widely
used in studies since it enabléee researchof a comprehensive microbial community analysis.
lllumina Miseq and lon Torresequencingpproaches enablthe sequencingf one a more
hypervariable regions of 16S rRNA gene in total bacterial DNA in a com@afiyovide
information for thebacterialtaxonomical and functionallassificatios and community diversity
analysigJanda and Abbott, 2007; Milagi al., 2013) lllumina Misecpffers pairedend reads for
each DNA amplicqrhence, the nucleotide sequence of one DNA fragmemetorded twice
providing highquality sequence readings tife bacterial genetic materigV/asileiadi®t al. 2012;
Fadroshet al. 2014; Zhanegt al. 2014. lon Torrent sequencing provides continuous semging of
f2y3ISNI YL A02Yy NBUppoitd paied-andsgniadding Tiem&sn&say, Q (
2002; Lahenst al., 2017)Also studies show higher error rate in théon torrent platformthan
llNlumina MiSeq during sequencirie 16S rRNA gene in bactdr@@mmunity DNASalipanteet

al., 2014) Based on the literaturehe lllumina MiSeq sequencing approach prowesre suitable

in the sequencingf bacterial community DNA in soil samples.

1.6.3. Brief overview of the method involved in lllumina MiSeq sequencing
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1.6.4. Bioinformatic data argsis

The bst stepin the cultureindependentmolecularapproach is analysing sequencing data using a
suitable software which allowthe researcher tanterpret the insight of the unknown

microbiome. Duringpioinformaticanalysis, based on the informatiamthe DNA/RNA sequeing
pool, the members in the community can be classified taxonomically and functionalblsond

their phylogenetic relationships can be revealed.

Selection of the bioinformatic softwa@an bebased orfew factors:quality and thetype of

sequencinglata, compatibility of thesoftware withreference databasesequired by researcher
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quality of interpretng data(e.g. graphs)software installation, memory usage and running time.
Quantitative Insights into microbiakelogy (QIIME)ione of the popular sequence analysis
workflows which allowshe user to preprocess the data and perform community diversity
analysiCaporascet al., 2010) QIIME is compatible with many reference taxonomical databases.
Therefore, aixonomical profiling of sequencing reads can be carried out based oeféremnce
taxonomy database such as Sll(PAlesseet al., 2007)and GreengenefDeSanti®t al., 2006)

Using taxonomical classification data, PICRUST (phylogenetic investigation of communities by
reconstructionof unobserved states) softwargangilleet al., 2013)predicts tinctional profiling

of the microbiomedased orKEGEKyoto Encyclopedia of Gesand Genome£)rthology
databaséMinoru et al., 2004) Therefore the combination oimicrobialDNA extraction, DNA
amplification, NGS and data analysis througiiriomatics allows the observation of previously

unknown diversity in complex baciat communities.

1.7.Methods emplogdin monitoring VOC concentrati®in air samples

A aiitable analytical approach must be selected to monitor VOC concentration in aitesamp

Digital monitors are time efficientautomatedand easy to handle/hile gas chromatography
basedanalysis is knowto be accurate and give unigue responses to each VOC, thougmdtrées

time and labour consuming than the digital method. Two methadgleyed to monitor VOC

level inside test chambers: Aerogaul digital VOC monitors and automated thermal desorption/gas

chromatography with the flame ionisation detector are detailed below.

1.7.1. Background oferoquaVOC monitoring method

Aeroqual 500 series M@monitors are used for monitoring VOC concentrations in both indoor and
outdoor environmentgMartuzeviciuset al., 2014; Berret al,, 2017; Spinellet al., 2017b; Masiol

et al., 2018) The monitor base comprisegechargeabldithium battery and a display screen.

Whenthe battery is fully charged, the unit can be used up to a maximum of 8 hours. This is an
advantage when measuring VOC level in outdoor environments such as urban area, roadsides and

industrial zonesAnother main advantage of this monit@ver other analyticainethods is
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measuring reatime VOC level in the environment. The clock on the monitor can be set to the
reaktime, therefore each data point is recorded with its sampling time. The data logging
frequency can be sdtom 1 minute toafew hours intervals and up to 8188 data points can be
saved in the monitor. When the monitor memory is full, the logging data can be downloaded to
the computerthrough Aeroqual PC softwaf@eroqual, 2013 The Aerogual VOC sensor is
capableof detectingaround 120 different VOCs in air samples and it can be used under a range of
humidity level from 10 to 95%. Once the air monitoring is completed, the sensor can be cleaned
by warming up to remove any trapd contaminants. After downloading data from the monitor

and cleaning the sensor, they are ready for the next anafp&ieoqual, 2014)These features in

series 500 monitor facilitate monitoring VOC level in the air continuouslyfaw days if it is

connected to the main power supp{feroqual, 2016)As showing ifrig. 112, the Aeroqual

handheld monitorconnectsto a VOC sensor held on an adapter.

Charger

CATS5 cable

Monitor

VOC sensor

Sensor
adapter

Fig. 1.12 Aeroqual digital VOC monitgystem
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1.7.1.1.PID technology in the sensor

Aeroqual VOC sensors detectfelient VOCs ithe air usingphotoionization detectio (PID)
technology(Aeroqual, 2016)PI1D senorincludes dJV lampwhich photoionizes the VOC
molecules but not nofVOC molecule@=ig. 1.13). Once a VOC moleculeachesnto the UV
lamp, itionizesinto negatively and positively charged ions followed bgvwing iongowards the
anode and the cathode resptively (Aeroqual, 2014)Moving ions generate aglectric field
whichis measured by an electrometer and the resulting electric current is proportional to the

VOC concentratiofAeroqual, 2016)

Electrometer

©
o — O > @
@

Outlet Gas Flow

ID Sensor Base

O voc Molecules
@ Alr Molecules

Fig. 1.13 Schematic diagram of PID sensechnology

PID sensors are nonselective mewthey measure a wide range of VO@#h varying degresof
sensitivity to their concentrations. The Aeroqual PID sensor is capatiétectingVOC
concentratiors between 02000ppmrangeswith £0.2ppm accuracy and providagninimum
detection limitof 0.1ppm. Also, it provides a linear sensitivity to the VOC concentrations within

this range(Aeroqual, 2016)
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The PID sensor is calibratadainst isobutylene which is ndlammable and noftoxic compound

within the concentrations used in calibratio(&eroqual, 2016)The ionization potential of

isobutylene is close to the average ionization potential of most (@&wequal, 2016)Therefore,

it can be used as a representative for most of VOCs. To get the actual concentration of target
VOC, sensor detecting VOC level must be multiplied by the response factor (RF) which have been
calailated comparatively to the isobutylene concentrati@irable 14). For example, if the sensor
detects the units of isobutylene is 10 ppm during benzene detection, the actual benzene
concentration can be calculates 10 ppm %.53. Here, 0.53 is the RF factor for benzene.
Isobutylene conversion factor from ppm to mgfis 1 ppm = 2.29 mg/f Compounds which

have smaller RF factor of isobutylene are more senditivRID sensoréAeroqual, 2016)

Table 14 Aeroqual PID sensor RF value for a few of most abundant VOCs (Adapted from:
Aeroqual, 2016).

Compound RF values
1-butanol 3.4
Benzene 0.53
Bhylbenzene 0.51
m- xylene 0.53
methyl tert-butyl ether 0.86
Naphthalene 0.37
n-hexane 45
h-pinene 0.4
Tetrachloroethylene 0.50
Toluene 0.53
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1.7.2. Analysis of VOC in air usgag chromatography/flame ionisation detection

Determination of VOC from air samples usingomated thermal desorption (AT)as
chromatography(GCalong withflame pnisationdetector (FID)is known as precise and

accurate approach in thguantitative examination ooutdoor and indoor aianalysis

(Woolfenden, 1997; Cornejet al., 1999; Dojahn and Wentworth, 2001; Aénal.,, 2011,
Pefiuelagt al, 2014; SchulBohmet al., 2015) GC/FID method has a higher sensitivity to all
organic compounds (except formaldehyde) than swwganic compounds. Therefore, for the most
of VOC analysis, GC/FID is suit@blscioneet al., 2011) It has a linear response to a larger range

of analyte concentrationfRESTEK, 2003)

The main stepsnvolvedduring the GC/FID analysis a@rbent material selection, sampling air
samples into sorbent material through active or passampling, desorption of VOCs into the GC,

separation of analytem the GC and detecting the analytes in the samples respectively

(Schieweclet al., 2018) Fig. 114 shows an image of ATD/GC/FID system.

Fig. 1.14 PerkinrElmer Turbo Matrix ATD 650 (PeH&imer, UK) desorption unit and Clarus 500

Gas Chromatograph fitted with FID installed in the analytical labora

The active sampling of air involvdrawing the aithrough a sorbent material at a constant and
low flow rate using a mechanical force such as vacuum pumping. The VOC is trapped and pre

concentrated inside the sorbent material and then desorbed thesnGC column through thermal
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desorption. Once theanpling iscompleted the VOC sampleontaining sorbent tube caneb
capped to avoid contaminatiofBarroet al. 2009; Bessonneaat al. 2013;HSE 2016;)n passive
sampling, without mechanical air drawn, the sorbent material is exposed to the air for hours or
days( Srivastava & Majumdar 1998lolhawe et al. 1997; Demeesteret al. 2007Herbarth &

Matysik 2013)

1.7.2.1. Choiceof Tenax TA as a sorbent material for VOC analysis

There are different sorbents; Tenax TA {@ighenyl p-phenylene oxide), PDMS (pely
dimethylsiloxane), charcoal sorbent and siligd sorbent(Floreset al. 2007;EFNaggar 2013HSE

2016;Marcilloet al. 2017)whichcan beused to trap analytes for the GC analysis

Tenax® TA is popular as a sorbent material in automated thermal desorption tubes for sampling a
wide range oWolatile hydrocarbons due to its high thermal stability and 1sotubility in polar

solvents and fast VOC desorption abi{Barroet al., 2009) Tenax TAs extensively used as a
sorbentmaterial for VOC analydisindoor air(Garcialareset al., 2009). It is aporousand highly
hydrophobicorganic polymefWoolfenden, 1997)Due b the hydrophobic property of Tena4

g GSNJ Y2t SOdzf Sa R2y Qi NIalledosf al,2918) &t ¢S absof &nd 3 2 ND
provide a good thermal stability for the nepolar hydrocarbons containing less than five carbons
and VOCs containing €26 carbon§Woolfenden, 1997)However, it is not suitable to use with

highly volatileand polar compoundsuch as acetonésopropanoln-hexaneand 1,2ethanediol
(Marcilloet al. 2017; Schieweaht al. 2018) Tenax TA produsdow artefactduring thevVOC

analysis, thus a loimterference to the analysisan beobserved(Marcilloet al.,, 2017) Thermally

stable property of Teax TAprovides the analysis ofompoundswith boiling point rangingrom

60 °Cto 300°C(Marcilloet al, 2017) Based on these propertiegenax TA can be usefficiently

for the analysis of indoor VOCs such as BTX.
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1.7.2.2.Thermal desorption

Thermal desorption techniqu@ D is used to desorb VOC samples from the sorbent material to
GC columrifDemeestereet al., 2007) TDis commonly used wheanalysingrace leves of VOC in

the air such aplantand microbiaWOGCemissiors (Insam and Seewald, 2010; Katral.,, 2014;
Wanget al., 2016) During TDthe sample is trapped and concentrated followed by desorbing into
the GC column through inert gas flg&chulzZBohmet al., 2015) The pe-concentration process

of the analytesallows accurate quantitative analysiad providesnarrow GC peakis the
chromatogram(Pefiuela%t al., 2014) During pre concentrating proces$o external chemicals

or solventsare used, thus it minimissinterference or artefact in the analygié/oolfenden, 1997)
During desorption, the samplcontaining material is heatdd a preprogrammed temperature,
then all the analyte from sorbent material will be released into the capillary gas column

(Woolfenden, 2001Floreset al., 2007; Barreet al., 2009)

ManyTDunits come withan autosamplerdevicewhich allowspladng over 50sample tubesand
the systemautomaticallyinserttubesinto the desorption pati{PerkinElmer, 2015At the initial
step of ATDthe leak test igperformedfor each srbent tube (or trapped sample) followed by
elimination of water and oxygen from the sample tubeoughdry purgingusing helium(Jia and
Fu, 2017)This is useful when the sample contains more mois{Weolfenden, 1997)Following
dry purgingall the analytes in the tubes ateansferred into acold concentratotrap. Once the
pre-concentrating is completed, the cold trap is heated rapidlg ttigh temperaturef400°Q
inject dl the analytescontents irto the GGcolumn Once the desorption of one sample is
completed, ATD cosHown quickly and retureithe sample tube to the autosampler and takes

next sample tube for the leak tegduilletet al,, 2005 Gallegoet al., 201Q Marotta, 2015.

Once theanalytesenterinto the GC column, gepaatesall the different analytes in the sample.
The GC column conssgif the mobile phaeand the stationary phse(Srivastava and Majumdar,
2011) Injected samplstravel through the mobile phase (carrier gagrogen) are separated
based on their degree of interactions withe stationaryphaseand degree of volatility

(Demeestereet al., 2007) Different VOCare separatedat different times called their retention
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times (Harborne, 1998)Retention time is the time between sample injection and the analyte
entering into the detector which creates a peak area, and aéokhas a unigue value. FID
produces a very low noise, therefore based on the retention time, analytes can be easily detecte
(EPA USA, 199%nce the analytes separate, carrier gas transptrem into the FID to detect

the concentrationgMolhaveet al. 1997;EPA USA 1999)nce the analytes enter into the FID, it
ionizes theanalytesinto chargel particles(electrons)and theymoveto the electrodesproducing

an electric current(Fig. 115). FID repeat detecting eactanalytecontinuouslyand providesthe
electric currentproportiond to the quantity of analyte (concentratiog@kihiroet al,, 2001) Thus,

the greater thenumberof ions,a greater current is produced. Thigiantitative estimatioris
representedby thepeak area in thehromatogramgSrivastava and Majumdar, 199dplhaveet

al., 1997;Akihiro, Shozo and Mika, 2001; Marotta, 2015)

sorbent tube carrier gas moves through GC

=
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Fig. 1.15 Schematic diagram of tr&TD/GCGFIDanalysis workflowModified after (Akihiroet al.,

2001)
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1.8. Aims of the project

Theaimsof this project aravhether the three plants speciesd plantcommunitiesare able to
remediate high and low concentration of BTX from air in a chamber setup, understand which
plant species perform best and whether plant communities are able to enhance the
phytoremediation processherefore, itishypothesigd that there is no significant difference
between the phytoremediation rates of BTX by single plant species and plant commuirities.

work towardstheseaims,the following objectives werset,

1 Sngle plant speciesS. wallisiiC. comosunandH. helixare studied for their benzene,
toluene and mxylene removal rate

I PRantcommunities(mix culture) composed witthe abovethree plant specieare studied
for the removal othe aboveVOC separately

9 This study comparg how the plant potting medium: compost removBsXfrom indoor
air

1 Compare taxonomical and functional composition in the bacterial population in the
rhizosphere of single plant species exposed andexposed tdenzene

T Identify BTXdegrading bacteria in rhizosphere of single plant spesig®sed and on-

exposed taBTX

The knowledge from this study will be useful to enhance the efficiency of phytoremediation

system to remove volatile organic compounds frtra indoor air.
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Chapter 2. Materials and method
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2.1. Media and reagents

The composition of the standard buffers and reagents used in the forthcoming research are

detailed inTable 21. All the growth media and buffers, with the exception of the TAE, were

sterilised at 12FCfor 15 minutes under 15 Ibs pressure prior to use.

Table 2.1 Growth media and buffers used in the study

Growth media or buffer

Constituents

Nutrient agar

One litre agar contains: LgbS Y O2 Q L2 6 RS
extract 2.0g, peptone 5d) NaCl 5.0g, agar 15.0g,
distilled water 1 litre, pH 7.4 £ 0.2 at 26

Nutrient broth

One litre broth contains: Lap SY 02 Q LJ2 6 R §
extract 2.0g, peptone 5.0g, NaCl 5.0g, distilled water
litre, pH 7.4 £ 0.2 at 25C

Definedminimal source

medium(Shenret al.,, 1998)

NaNQ 4g, KHPQ 1.5g, NaHPQ 0.5g, FeS©O7HO
0.0011g, MgS£rHO 0.2g, Cag.01g, bacteriological
agar number 01 15g, distilled water 1 litre, pH022

LB agar

One litre agar contains: Pancreatic digest of casein
g, NaCl 10.0g, yeast extract 5.0g, bacteriological agg
number A 15¢, distilled water 1 litre

Bacterial motility agar

Brain heart infusion powder 10g, Tryptose 10g, Gela
309, NaCl 5g,,HPQ2g, KN®@2g, bacteriological agar

number 01 1g, distilled water 1 litre

HughLeifson glucose broth
(HLGBJHugh and Leifson,
1953)

Bromocresol purple 0.0015g, peptone 0.2g, yeast
extract 0.5g, NaCl 0.5¢, glucose 1.0g, bactgiohl
agar number 01 0.3g, distilled water 100 ml

Glucose acid test broth

Proteose peptone 10g, NaCl 59, beef extract 1g, phe
red 0.018g, glucose 10g, distilled water 1 litre

Phosphate buffer saline (PBS)

0.01 M phosphate buffer: 0.0027 M KCI, 0.14N&ICI,

pH7.4, distilled water 200 ml

50 x Tris Acetate EDTA buffer
(TAE)

Tris base 242g, Glacial acetic acid 57.1 ml, 0.5M ED
(pH 8.0) 100ml, distilled water 1 litre
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2.2. Plant species selection

Though there were several studies based on single planiep®OC removal efficacy, there was
a lack of knowledge about how naitplant species (plardcommunitieg perform during indoor
VOC removal. To study this, it was important to manipulate a plant community using different
plant species. Three plant speci&s:wallisiiC. comosumandH. helixwere chosen to fornthe

plant community since they showed good VOC removal capacityding BTX removal

previous literaturg(Yooet al,, 2006; Yanegt al., 2009; Churet al, 2010; Dela Cruzt al.,, 2014;

Sriprapat and Thiravgan, 2016; Irgat al., 2018)

Tenrmonth oldC. comosurH. helixand S. wallisimaintainedunder greenhouse conditions

which averaged 2¢46 °Cwere used in all experiment€. comosumandS. wallisivere

approximately 2@ 30cm in height at the time afse whilstH. helixhad spread as a vine. At the

end of theseventh monthof age 3-4 plants fromthe same species were transferred into 0.8 litre
clay pots, in a standard potting mixture and acclimated for another three months in the
greenhouse. Standangbtting mixture (9gallon bag): John Innes number 02 compost (Westland
Horticulture, UK) was composed of John Innes soil mix (7:3:2 of medium sterilized loam: peat
substitute: coarse sand), 56g of John Innes Base (2:2:1 of hoof and horn meal: superfgospha
sulphate of potash) and 10g of ground chalk. At the end of the tenth month, two replicates (two
potted plants) per each VOC treatment were used for the batch experifoetdiled ind S OU A 2 v

2.3).

Duringthe monitoringof VOC removal by plan(detailed ina S O 2.42p plants with the same
conditions as explained above were used. At the seventh mohége plant monocultures

(single species) composed-13 C. canosum 7-9 H. helixand 810 S. wallisiin plastic trays

OLI Fyid Q& LINERLI A GAy F) arddkg peast comdumity (mixediultorepu n E 1
composed approximately-8 C. comosunB-5 H. helixand 46 S. wallisiin single tray Fig. 21)

with standard potting mixture were preparefqualvolumes of potting mixturesd Flitres) were

used for the monoculturesommunitiesand thecompost tray(tray containing onlynused
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potting mixturé. Plant monoculturescommunitiesand compost traysvere maintained under

greenhouse conditiomfor another three months.

Fig. 2.1 PottedS. wallisi(A), H. helix(B),C. comosun(C) and plant community (D) in plastic plant

propagating trays

After each VOC monitoring experimsr(detailed irda S O 2.42p gharateristics ofthe plant-
propagating tray units (Appendix 1 for plgmtopagating tray characteristics) were recorded.

Total leaf area per propagating tray was measured using ImageJ 1.52a sdf\weamoffet al.,
2004) Dry weight of the plantray unit was measured following the drying of shoot, roots and the

potting mixture in an oven at 78Cfor 24 hours.

2.3. Exposure of plants to VOC to investigate posshaages to the rhizosphere
community

Through exposing plants ¥OCsit was expected to observe taxonomical and functional changes
in the bacterial community in the rhizosphere of plarisiring batch experiments, plant
monocultures were exposed to VOGsfallows.C. comosuiH. helixand S. wallisiin clay pots
(n=2)(detailed ind S O 2.2) ®efe placed inside the glass test chambers (76.2 cm x 45.7 cm X
30.5cm) (Fig. 22). Chambers comprised of upturned aquarium tanks, positioned such that the
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open portion faced downwards and rested on a wooden surface, this allowed for the taking of
plants out during watering. Initially benzene was used as the test VOC. Thdaszifye of 10

ppm benzene was added into a watch glass placed inside the chamber using an automated

pipette for four weeks. Every Monday and Thursday before adding benzene, pots were taken out

and watered to saturation, drained for 1 hour and placed badkénchamber. Another two
potted plants were maintained in a separate test chamber under the same conditions without
benzene administration as experimental controls. The same procedure was followed when

exposing plants to 100 ppm benzene, toluene andyliene.

Glass chamber

Potted plantdn
clay pots

Watch glass

Fig. 2.2 Plant test chamber

2.4. Rhizosphere soil sample collection

Collection of rhizosphere soil samples was required to extract total community AiiAe end of
the four weeks, plants were removed from the testaliber and uprooted from the pots. Plant

roots were shaken vigorously to remove the soil not tightly adhering to the roots. The soil firmly

adhered to the roots (Rhizosphere) was extracted by placing roots inside a 15 ml tube containing

10 ml of sterilisegphosphate buffer saline (PBS) followed by vortexing for 10 minatiest.
vortexing the soiPBS suspension weentrifuged (Sigma Laboratories, Germany) at 5000 rpm for
10 minutes at 4G the supernatant wadiscardedand particulate pellet was collecte@he pellet

was stored at £Cfor maximum 24 hours until DNA extraction had taken place.

50



2.5. TotalDNA extraction from rhizosphere

Two commercially available kits: QiAmp Fast DNA stool mini Kit (Qiagen, UK) and the MO BIO
PowerSoil® DNA isolation kit (MoR&boratories, Inc) were first evaluated for selecting a suitable
method for total DNA extraction from rhizosphere soil. Both kits have been used in numerous
other studiegWhitehouse and Hottel, 2007; Madhaiyanhal.,, 2010; Kostkat al,, 2011; Donret

al., 2015; Probeet al,, 2015) In addition to the DNA extraction, both kits haa®NA purification
step by sendinghe sample through a spin column membrane followed by mesnlerwashing

steps to yield a high purity DNA. During the evaluation study, total community DNA samples
extracted fromthe rhizosphere of VOC untreateédl wallisiusing both kits were quantified e

fluorometric method(detailed ind S O 2.5.3. Yhe commercial kit which on average, yielded the

highest concentration of DNA was used throughout the study.

2.5.1. QlAamp fast DNA stool mini kit

QIAamp fast DNA stool mini kit is designed to extract DNA from humansstogles However,

the modified protocol which involved incubating the samples in InhibitEx buffer 2€&lowed

efficient cell lysis of bacteria and other microbial cells from-stwol samplegQlAamp, 204). All
YIydzZFlI OGdzZNENRa 3JdzZA RSt AySad 6SNBE F2ftft26SR (KNP

abovementioned modification.

This commercial kit enables the extraction of total DNA from-0.22 g soilBenzene untreated

S. wallisirhizospherg(0.20 g)was added to the 2 ml microcentrifuge tube with InhibitEx bufgr
ml). The soil sample was vortexed thoroughly for 1 minute and thersuspension was heated
for 5 minutes at 70°C. Followiagothervortexing for 15 seconds, the sample was cengéfd at
20,000 x g for 1 minute until the pellet separated from the supernat@hé supernatantZ00 p)
was transferred into a new 1.5 microcentrifuge tube containing proteina@&il) Buffer AL
(200 ul) was added and vortexed for 15 seconds. Fallpwicubation at 70Cfor 10 minutes, of
100% ethano{200 ul)was added and vortexed. Approximately 600 ul of lysate was loaded into

the QlAamp spin column and centrifuged at 20,000 x g for 1 minute. The spin column was placed
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in a new collection tube ahbuffer AW1(500 pl)was added into it. Following centrifugation at

20,000 x g for 1 minute, the spin column was placed again in a new collection tubeféerd

AW2(500 plwas added. Following centrifugation at 20,000 x g for 3 minutes, the spin column

was placed in a new collection tube and centrifuged for 3 minutes at 20,000 x g. The spin column
was placed in a 1.5 ml microcentrifuge tube dutfer ATH200 ul)was added to the column
membrane. Following incubation for 1 minute at room temperatuhe tube was centrifuged at

20,000 x g for 1 minute. Eluted DNA was quantified usnglzo A G 1 Tt d2 NRYSGSNJ 6

and stored at20°C

2.5.2. MO BIO PowerSoil® DNA isolation kit

MO BIO PowerSoil® DNA isolation kit enables the extraction of total DiNAlfraut 0.25 g soil.

¢KS 1AG 61F& dzaASR | OO2NRAY 3 (2 VdnfeatédSywidlsli O (i dzN
rhizosphere soil samples (0.25 g) were added to the power bead tube and gently vortexed.

Solution C1(60 pl)was added and the tub@asd SOdzNBR K2 NAT 2y il tte& 2y |
Mixer (UK) using tape. Following vortexing at maximum speed for 10 minutes, the tubes were
centrifuged at 10,000 x g for 30 s. Then the supernatant was transferred to a sterile 2 ml

collection tube Solution C2(250 ul)was added and vortexed for 5 seconds. The tube was then
incubated at #C for 5 minutes. Following centrifugation at 10,000 x g for 1 minute,

approximately 600 pl of the supernatant was transferred to a collection tube. Then solution C3
(200ul) was added and vortexed. Following incubation 4Cfor 5 minutes, tubes were

centrifuged at 10,000 x g for 1 minut&pproximately 750 pl of supernatant was added iato
collectiontube containing 1.2 ml of solution CBhesupernatantC4 solution(675 pl)was

transferred intothe provided spin filter and centrifuged at 10,000 x g for 1 minute. This step was
repeated until the entire sample had been passed through the column. Then soluti@OCRI)

was added into the spin column and centrifuged0Dm x g for 30 seconds. After discarding flow
through, the tube was centrifuged again at 10,000 x g for 1 minute. The spin filter was placed in a

collection tube and solution GQ&00 pl)was transferred into the centre of the column. Following
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centrifugaton at 10,000 x g for 30 s the spin filter was discarded, DNA was quantified using

vdzoAlGu FTEd2NRYSGESNY ! f-pOo°Cutilused.l YLX S& 6SNB aid2

2.5.3. Determination of DNA concentration

Analysis of soil DNA concentrationasrequiredfor selection of asuitable DNA extraction
methodfor the study Soil DNA quantification in this study was carried out using a Qubit
fluorometer and the dS DNA BR (broad range) assay kit (Invitrogen, Life Technologies). Prior to
starting, DNA samples and fluorometer stardawere thawed at room temperature. The
Qubit™working solution was prepared by diluting Qubiteagent 1:200 in Qubi¥buffer. The
working solution was used as the master mix for the DNA extracts and the DNA standards.

I O02NRAY 3 (2 (gedelinas)DNAZampled, daiEhhlddlation and the standards
were mixed in clear 0.5 ml PCR tubes and incubated at room temperature for 2 minutes. Tubes

were inserted into the fluorometer to obtain the DNA concentration.

2.6. Amplification of 16S rRNA gene frdmizosphere community

Total community DNA extracted from rhizospheré/@QuntreatedS. wallisiusing MO BIO
PowerSoil® DNA isolation kit was amplified using different primer thaitannealed to different
hypervariable regions of 16S rRNA gene.muprimer selection, primer pairs that successfully
annealed and amplified V3/V4 regiand the V1V9 region of 16S rRNA gene were chosen to
quality check the DNA samples prior to lllumina MiSeq and amplify DNA samples for Sanger

sequencing respectivelygthiled ina S O (1294 3n@2.11.2.1 respectively).

In addition to the amplification of bacterial 16S rRNA gene, (M&irnal transcribed spaceand
ITS2 regins of fungi were amplified to observe the presence of fungi DNA in the metagenomic
DNA pool extracted from soil samples. This verified the efficiency of total community DNA

extractioncarried out byMO BIO PowerSoil® DNA isolation kit.

PCR amplificationsere carried out in a MyCyclétthermal cycler (BidRad Laboratories, UK) as
follows. Each of PCR mixtub pl) consisted of X GoTaq® G2 Hot Start Master §i.5pl)

(Promega, UK), 6M primer pair mix(1.0ul), PCR watef9.5ul) and 10 ng.pl™* concentration of
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rhizosphere soil DN&.0pl). The thermal cycler conditions were as followsth specific primer
annealing temperatures mentioned in tfi@ble 2.2)95°Cfor 2 minutes followed by 30 cycles of
denaturing at 95Cfor 15 seconds, primeannealing for 1 minute, DNA extension at°tZor 1

minute and the final extension at 7Zfor 5 minutes.

Table 2.2 Details of primersised in the study

Primer | Sequence Ta | Expected| Target region | reference
pair amplicon
size (bp)
Probio | 5-CCT ACG GGR SGC AGC| 57 | 194 V3 region of 16s | Milani et
uni 3 rRNA gene al., 2013
Probio | 5-ATT ACC GCG GCT @GCT
R
1492R | 5-GGT TAC CTT GTT ACG 4 54 | 1485 Entire gene Tam and
T-3 Diep, 2015
27F 5-AGA GTT TGA TCC TGG
AG3
EUB 5-ATT ACC GCG GCT GGT { 54 | 200 V3V4 region 16s| Bellet al.,
518 3 rRNA gene 2011
EUB338 5-ACT CCT ACG GGA GGC
AG-3
ITSIF | 5-TCC GTA GGT GAA CCT ( 55 | 200-400 ITS1 region of Rujita et al.,
G-3 fungi 2001
ITS2R | 5-GCT GCG TTC TTC ATC (
GG3
ITS3F | 5-GCA TCG AGT AAG AAG | 55 | 250-420 ITS2 region of Fujitaet al.,
GCA GG fungi 2001
ITS4R | 5-TCC TCC GCT TAT TGA T
GG3

Ta-primer annealing temperature (°C), RisAorGand SisGorC

2.7. Agarose gel electrophoresis

PCR products were analysed by agarose gel electrophoresis and UV spectroscopy. The gel
comprised of agarose powder (Bioline, UK}, TAE (Tris Acetate EDTA) and étinidbromide
(0.5ug mt). An aliquot (4.Qul) of each PCR product was loaded on the gel with 100bp DNA
ladder (6ul) (New England BioLabs®, UK) as the molecular size marker and 1 x TAE buffer
containing0.5ug miethidium bromidewas used as the runnirauffer. Agarose gels with 1.5
2.0% and 0.8..2% density were used to separdke expected amplicon size of 19®00 bp and
>1000 bp respectively. Each gel was run at 90 voltsRBdPowerPac Basic, UK) in an

electrophoresis gel tank (BRRad Laboratoes, UK) until the amplicons were separated (35 to 60
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minutes). Once the dye front had travelled % of the distance, the gels were examined using UVP
GelDoeL iv ¢{ LYF3IAYy3I aeaidsSy o'+t /FYONARRIST ! Y
and 27F/149R primer sets were chosen to amplify V3/V4 region from rhizosphere bacterial

community andhe entire 16S rRNA gene from bacterial genomic DNA respectively.

2.8. Purification of PCR products

DNA(PCRamplicons were purified prior toloninginto the pPGEM ®T Easy vector and sequenced
throughthe Sanger sequencing approagtetailed ind S O 2.412)yPCR purification was
conductedto remove primer dimers and any unincorporated primérkis was donesing

QAqQUD] t/w LIZNAFAOIFGAZ2Y (1AdG oOovAlF3aSys Yo | 002
PCR20 pl) product was mixed with buffer PBROOuL) The mixture was applied to the QIAquick
spin column in a 2 ml collection tube. Following centrifugation a®QJ x g for 1 minute, flow
through was discarded and the spin column was placed in a new collectiorBufter. PE750

ul) was added to the spin column and centrifuged at 17,900 x g for 1 minute. After discarding the
flow through, the spin column wasguled in the same collection tube and centrifuged at 17,900 x
g for 1 minute. The spin column was placed in a new 1.5 ml microcentrifugewubleufferEB

(50ul) was added to the centre of the column. Tubes were centrifuged at 17,900 x g for 1 minute

to collect DNA and all purified DNA amplicons were store@@fC

2.9. Rhizosphere bacterial community profiling usihgnina MiSeq Sequence

platform

Total community DNA from plant rhizosphere was extracted using MO BIO PowerSoil® DNA
isolation kit (refer Appndix 4 for the concentration of DNAJumina sequencing platform was
used to characteristhe bacterial community in the rhizosphere of 10 ppm benzene treated and
untreatedS, wallisiiC. comosumandH. helixandbenzene untreated&ompost. This invohee
sequencing 16S rRNA amplicons, preparation of sequencing reads for the analysis and

taxonomical and functional profiling of the rhizosphere and compost communities.
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2.9.1. lllumina MiSeq Sequencing

The V3/V4 region amplicons of 16S rRNA gene were barcodwegiMextera DNA library kit and
multiplexed sequencing performed using the lllumina MiSeq sequencing platform (Eurofins
Genomics, Germanylpe-multiplexing (fastq_splitter) was used to split the entire population of
sequencing reads into individual samplesing the unique barcode added as part of the library
preparation procedureDemultiplexed pairegbnd FASTQ reads were received as raw sequencing
data. Both forward and reverse reads were quality checked using FastQC software

(http://www.bioinformatics.babraham.ac.uk/projects/fastqrand all the reads had the expected

z A

fragment length distributionf{ A y OS { K +okxzn NBIA2Yy NBIFRa 02Y
non o6LI FAR ONERSH RSRGEYOS YFEGINRE RAINAY3I 6A2AYT
NBRdzOS (G(KS O2YLJMzilF A2yt RFOGF LINROSaaaAy3a GAY
f SFGAyYy3 2dzad GKS +n NBAARNMNI NS X ¢/ DH Gy@air A RS LIA S 1P 6.

5STAND/ DBDREY 'tok+n TF2NBI NR NS¢ JRD/R +a 8 dzS W

&
(0p])

gSNBE Of ALIISR 2 dzidOdzi AER KA | BENBIE ILIBREE2 A BIE Ra&
RA&AGE YOS YI ( 8XvEry larde SideSdata sedzll FASZQ files werandomly
subsampledo the smallest sample size @306reads in compost sampleyt off levelusing

SEQTK coding softwaf€ i G LJ& Y k k I A i K jAhas@lawr-samed\w el Ipaiaets

GSNE dzaSR T2N) GKS O0A2AYTF2NNIGAO Fyltegarao

2.9.2. Taxonomical classification of dmkterial community

vdzq f AGe OKSO1SR I RE il WK BRIBBRAFNGC vdzATSARE SFa2 NJ (1 K ¢
CI2B/ 2 YAOLE Ofl AaaATAOLIGAZ2Y 2F NKAT28LIKSNB 0O2YY
LyaArdkKida Ayidz20maARO0OREE:HF 0 MBAYTF2RNY0 6AO ashedd sl NF

Of 2odeRA SR 2 LISy 22 dzNDS YA GNROGIMRYS |yl faaia LI

KElLBYKKYSLKSDS GMNRANVREOIKEOIYBK 8 aAa> NBINE &)
f2y3aSNI GKIY ¢ 6L YR I YoATd2dza ol 88a 6SNB NB

,,,,,

yOSE 6S5NBE O UBEBHBRY R § 6@ HBRRBIYI O NE RSN

(p)

581 dz
Of dZAGSNAYI FEI2NAGKY FYR GKS GFE2y2veRIgh 1Ko It &
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http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/lh3/seqtk
https://nephele.niaid.nih.gov/

0KS dd: &Sl dz8 NS A RS imAiiite 2 G KSNJ LI N} YSHSNAE & ¢
2 NR SIND [Gy2R IKER VA& 6B NJ 2 F & SRAzZBH S &R 1I8 SINGI A& & JF ISy |+
samples were rarefied randomly &20,000reads sampling depth.

I f LIKI RAGSNBAGE YSUNAROA AyOf dzRA YA K2@ZS NP R 0a
{(KFIYYRPEXKI YY2YVFRMPKF D2 ISy Sd G104 REGIB SBdH gl & OdlA 5 (i
SFAK YL S® . Sl RAGSNRERAGE wellitedMidFaac distaNBs Sa G A Y
(Lozupone and Knight, 200&)d visualised in principal coordinaealysis (PcoA) ploto

observe differentially abundant bacterial grougdylum, class and genbstween different

samples, group comparison was performed for theanpercentage relative abundance of each

taxonomy usinglescriptive statistic§SPSS, veion 20.0)

2.9.3. Functional classification of sbdcterial community

For the functional classification, dovaampled FASTQ files use®if.1lwerereanalysed as

follows. Taxonomical classification of 16S rRNAseeas reconducted in the QIIME software
implemented NEPHELE open source platform based on the GreenGene 99 reference database
(DeSantit al., 2006) Taxonomies were assigned basedpenreference O Upicking strategy

for the sequencing reads ys8 G AANPRNIBIF SNBEY OS2 (i dza LR E AY Vv LLas
taxonomical classifications, PICR&Fsion 1.1.3) predicted the functions into microbiome data
dZaAy3 vLLa9 O2YYFIYyR GLINBRAOGYWYSGFaASy2YSadLR:é
taxonomy.Then these functional predictions were assembled into the KEGG Ortlddtmlyase
daAAy3a GKS a0 S 3ImiNdrdealy p0BAYAudeiosl pkedighintd hWiraiassigned

to three KEGG levels. Based on the abundance of functiong, pi& was created and statistical
analysis and graphs were produced for the KEGG modules using the STAMP (Statistical Analysis c
Metagenomic Profiles), v2.1.3 softwaffearks and Beiko, 201@roup comparison for the

percentage relative abundance of different functiomere compared based on descriptive

statistics (mean with SEM).
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2.10. Isolating VOC degrading bacteria from rhizosphere soil

Bacteria were isolated from thdnizosphere ofC. comosunH. helixandS. wallisipf both the

unexposed (control) and exposed ¥ C(100ppm of benzene, toluene and-xylene) in batch
experiments(detailed ind S O 2.8).2nyaddition to the rhizosphere soW,OCdegrading bacteria

were isolated from th&/OQunexposed compost samplds.LILINR E A Y I G S teeLitnldmip 3
NKAT 23 LIKSNB I ANEOAYISIPRE®ANY2 4SR o0& O2NISEAYyIoD
OSy (i NR ¥ dza SR clFlR NG rvwmn YR yHaIRSEf nilal NBAYR(ZSa +yR &S
AdzLISNY F GFyd O2y ({R2AY A ¥ AzLaSiNdrd 18 NN K Y 2 O VEAGDRE 231
I IrtaNJo®d{ KSiyB I Mthgp RO G KS LI GSa gSNB LI omdmR Ay |
O2y il AYyAYy 3 | YHFORREDAY & NA B EIZ/NINBSE §0 Iy 20 K SNI &

a{! LXFGSa ¢SNB AyOdzotiSR Ay (KS aSlItSR 2 N&

VOC containing tube

Soil bacteria (bacterial cell containing
supernatant) inoculated MSA plates

Fig. 2.3 Jar containing MSA plates and VOC

¢KS aSlItSR 2F N&c &$& Nb reN&fdD deb2 {1t S2Rg A ylia HipKS A y O dzo |
GSNBE LIAOTSR dzaiAy3d hyaO&NRGSRIZ2FI&K{LIM OY S RY &Y 05
2FNJ Ff2y3a gAGK +£h/ YR AyOdzmliSR dzy RSNJ 6 KS &

A s oA

AyOdzol G A2 yNRWSIOFA R dANBzy 3 2F o OGSNRAIf a0GN)IAya

2F LJzZNB Odzf GdzNBad ¢KAa ¢l a cRIEFY S RRINR@NVAI iKS
Ay20dzt F (SR 2y ydziNASyd F3IFN atrkyd F2N £2y3 0
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2.11. Characterisatioand identification of bacterial isolates

LRSYUGATAOI 8 hRFGIANFRAF AT NKSR22aLIKSNBE ol OGSNAI ¢
GNF RAGAZ2YIE YAONRBOAZ2f 23A0If ®OdANBENKE &Y di AIRIANE
Odzt G dzZNB Ay yaMIBEE B 6 y GLEPIAKND 6dINBS dza SR Ay | f f
0A20KSYAOLt G(Sadta FyR 5b! SEGNY OlAzyod

2.11.1. Classical approach to identify bacteria

CNBaK oF OGSNRFT OdzZ (i danB & K3 NBIE S INBBySHp ! K- NBRIZTOK 2 ¢

Of F aaAOKM 2VRPY DNF AYOR G+ Ay Ay IR (2AE MIi-adzQe SBRIX0 GA R

ax

Yy SNROAO INBGGK 0O/ 26 yo %mmEKYt BSSHIRingaBAE0S | OA
2EARFGAZ2Y T INMEKG [ iyAR2 Vo ENGBAROR Y RMzpiiSR G2 ARSYy
oF OGSNABINISINMREYREE nH FT2N) GKS YSim2REt 1za SR A
Y2NLKZt ABBYAY SR dz#MySNI f ARKIK YAONR&O2LIS oObAj2
YFEIAYATFTAOLIGAZ2Y & 10K ANIRO BYNNIKBA @z (adtNBGI SNRA I 6 SN

dZAAYNESE Q4 YIydd t 27F RSaiiBoNBargeyetal B 6 O SN 2

2.11.2. Molecular approach to identify bacteria

Molecular approaches were used to identify isola¥@Cdegrading rhizosphere bacteria up to

the genus orspecies leveMolecular methods such as extracting genomic DNA from fresh

bacterial cultureE | YLIX AFAOIGA2Y 2F SYyGANB wmc{ Nwb! 3§
LINAYSNIJ 4SS0 LINARFROASHR &y OXYyBYWKNDazFE {Fy3aASN
O2 Y RRIZONBBA LISOG A @St & a aSH OK do f QHENIO2fy IANERNI Ay S

aSt SOGSR tAald 27F LIzNR FA SR ett/ v IAYeLIAASARiy2aNEs SFINH
O2yRAZOGAYI{ BRUBYOAYBWHBI Ra 6SNB ODYISNBR /(2 0
2.11.2.1. Genomic DNA extraction and amplification of entire 16S rRNA gene

In order to identify bacteria abr above the genus levéirough Sanger sequencindsy 2 YA O 5 b
SEGNI OGA2Y FNBY ol OGSNALE AaztldSaiAelys |Qziy R

YO T2t 26A@ET AYWHAMEERIARRESD I NE 616 MadlT @ §f YHIOF ¢ G O
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HEBLE& RRSR Ayd2 | H Y YAONROSY(GNRTFTdzAS (idzo ¢
YAYydziS&s GKS & dzLIS[NM W& iy Il JRR B OR NRBR2 (1 KS
YR @2NIGSESR T2NJ un aSOe FREDo 6 2KR § 878 @Fiap&fR0O dzo
odzF F NN HBNB | RRSR (12 GKS (dzoSe® ¢KS (Gdzo&& 6SN
F 2 NJ yodzi OSSR : SdiKh p2®f & RRSR (2 GKS (dzooSd C2f
I LIWNBEAYF GSté& cnnxt 2F &a2tdziazy FNRY (GKS (dzm
O2f dzvYy 6+ & OSYUNRTdAIGSR G mMnZaannlEyYy36F aNIYE
O2ftt SOG A adyT FISIMI S 2l RO | RRSR® C2ff26Ay 3 OSYOINRT
YAYydziSs GKS aLAy O2ftdzry 6l a LXI OSRpm@klEaoy Sé
I RRSR® ¢KSy G(KS (dzSa ¢ SN AGYIBENIOT dzKSR ALk yH i
QNI YAFSNNBR Ayid2 | wdgzy T SOMAMGIBKEED S yRIRNSARFddZa ST (GSdka)
NE2Y GSYLISNIGdzZNBE F2NIm YAydaiSebhikKEiGlidnsSnanakE

YAy dzi So

t NAYSNI LI ANJJZSBKk Mm2p WLERFE SYyGANSE MR$INWDSR 3

ASOGMRBYt /w FYLEAFTAOLGAZY F2NJ RS G R yErSGainsedy

YR ti/K8 LINE RdzO( & 6@ AyBick PERNabrificatiBrikiteti diirysactior?. 8).

2.11.2.2. 16S rRNA gene transformation into competent cells and colony PCR

Purified PCR ampliconstbk entire 16S rRNA gene were cloned using pGEMEast vector
systeml cloning kit ((Promega, UK) according to the manufacturer guidelimasidition to the
standard ligation reaction which carried 16S rRNA gene amplicons, the positive control and the
backgroundcontrol reactions were set up as quality controlling of the gene transformation

experiments Table 23).
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Table 2.3 Composition of ligation mixture

Reagents Standard Pasitive control | Background
reaction (ul) (u) control (ul)
2 x Rapid ligation buffer 5 5 5
pGEM @®T Easy vector | 1 1 1
Test DNA 3 - -
Control insert DNA - 2 -
T4 DNA ligase 1 1 1
Deionized water - 1 3

Following incubation of the ligation mixture at room tempernador 1 hour, the mixture was
centrifuged briefly and ligation reactid2 pl)was added into 1.5ml microentrifuge tube placed
on ice.A tube containing=scherichia coliM109 higkefficiency competent cells (Promega, UK)
was placed in an ice bath untilawed. Following mixing the cells by flicking gently, competent
cells(50 ul)were transferred into each tube containing ligation react{@nl). The tubes were
incubated on ice for 20 minutes and then the cells were heat shocked 4Zf¢2 50 seconds.
Then these ligatiotransformation reaction tubes were transferrexhto ice for 2 minutes
incubation. LB mediur(®5Qul) was added into the tube and incubated at 3Zfor 1.5 hours in a
shaker at 150pm. The ransformation culturg100ul) was plated on B agar plates containing
ampicillin, XGal (5bromo-4-chloro-3-indolyt b-D-galactopyranoside) and IPTG (isoprelpyd-
thiogalactopyranoside). Following incubation at°&for overnight, successful transformations

were selected as white colonies on thai.

To perform colony PCR, single white colonies were picked and added into individual PCR tubes
containing PCR water. PCR reaction was set up using 27F/1492R primer pair targeting entire
16SrRNA genaccording to the method detailed in secti@rb. Following PCR amplification, PCR
product was visualisediaagarose gel electrophoregidetailedin section2.7). Gene

transformation and colony PCR were performed tsune the successful amplification of 16S

rRNA gene durinthe initial PCR reaction performed for the genomic DNA extracted from isolated
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bacterial coloniegquality checking)Then the forward strand of PCR amplicons was sequenced

via Sanger sequencing uagj 27F primer (Eurofins genomics, UK).

2.11.2.3. Species level identification of unknown bacteria

Taxonomic classification was performed by comparing the quality clipped Sanger sequences

(query sequence) to the Gene bank databasthénational Centre for Biotechotogy Information

(https://blast.ncbi.nlm.nih.gov/Blast.cpusing blastn algorithm against 16S ribosomal RNA

0. OGSNRIF YR ! NOKFSFO RFEGFOF&aS® 5dz2NAy3 GKS
tt EARYTTHSONBE SEDGEZRSR 68 | RRAY3I 9b¢w9 HBKSBLI A 2
YIFEAYdzY ARSyGAGE 20601 AYSR TNRB TP &BISORBHR S Fo fi
j dzZSNE aS1ljdzSyOSe® C2NJ I |jdzSNBI &S BREYyOEE 1 AKEF K
IKSAYKABKBAGD LIENASY Gk ARSYGALIXORBB OO KRB S dzK A i &
ydzOf S20ARS &aSljdzSy0S 2F GKS wmc{ Nwb! 3ISyS Ay

LIKe&f23SySiA0 (NESaehtergx sawai{(0082Rersiaa)A v 3

2.12. Monitoring VOC removal by plant monoculea@&dcommunities

Similar size glass test chambérat wereused inbatch experiments (detailed wection2.3) were
used to monitor \DC detoxification by plants under the indoor conditions. Plants were kept in the
laboratory for one and half months to habituate to indoor conditions. The room temperature was
at 23 °Cand the light/dark period was 12/12 during the experiments. VOC roani

experiments involvedhjectingVVOCs into the test chamber containitig plant monocultures
communitiesand composin plastic propagating tray@etailed ind S O .2) &ngthen

monitoring the reductiorof test chamber VOC concentration resulting from phytoremediation.
Every Monday, plantand composivere watered to saturation, drained for 1 hour and placed in
the sealed chamber. Aeroqual digital VOC monitor (Aeroqual(fok)enzene, toluene and-n
hexane)and GC/FIfor benzene, toluene and #ylene)methods were studied during method
2LIGAYA&ALGA2Y® SATTFSNBY U OKFYOSNI aStftAayde YIFGS

VOdeakagewas monitoredirom the empty tank during sealing materialsction.
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2.12.1. Optimisation of VOC monitoring method with Agral digital monitors

Aeroqual series 500 VOC monitors are designed to monitor a wide range of VOCs in a
concentration range of-2000 ppm(Aeroqual, 2014)The monitor was used follong the

manufacturer guidelines. Aeroqual photoionization detector head (sensor) was inserted into the
sensor head adapter which connected to the monitor through a CAT5 cable. The monitor was
coupled with the charger which connected to the main power suppihe new sensors and

sensors unused for a long time were warmed up for 24 hours to burn off potential contaminants.
After the sensor was connected to the monitor, the VOC monitoring frequency was set to an
interval of 10 minutesDuring VOC monitoring, ¢hsensor was warmed up for three minutes or

dzy G At GKS GaSyazNl ¢l N¥Thehdhe sehdér staitbdit@idetacSreRel a | LIL.

VOC level in the air and all the data was stored in the mo(#eroqual, 2014)

Aeroqual sensors are lfarated against isobutylene as the reference VOC, therefore default
sensor concentration i the units of parts per million (ppm) of isobutyleif@eroqual, 2016)To
get the actual concentration of another VOC, this default concentration should be multiplied by

the response factor (RF) provided by Aerodiiable 24).

Table 24 Response factor of Aeroqual sensadapted from(Aeroqual, 2016)

VOC RF value
Benzene 0.53
Toluene 0.53
n-hexane 4.5

2.12.1.1. Sealing chamber using wooden board

The Aeroqual sensor connected to the sensor adapter was placed inside the tank. The sensor
adapter was connected to the monitor through the talnd switched on for sensor warming up
process. Then a pine wood board (Homebase, UK) of 76.2 length x 30.5 widtlagmsed to

cover the upturned tan® open sid€Fig. 24). The thickness of wooden board wasproximately

1.5 cm.
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Wooden Board
Rubber Air Sealed Strip

Y

Monitor —{ MainPlug

i

VOC Sensor

Fig. 2.4 Schematic diagram of test chamber sealed with wooden board

After the wooden board was placed on the tank, there were no visible gaps between the tank wall
and the board. Tankvooden board edgewere sealed using rubber asealed strips. After the

tank was sealed halfway, 100 ppm benzene (3 liuid volume) was injected into the empty
chamber and the tank was sealed immediatdliien the sensor was started to monitor rdihe

VOC concentr&n and the data was logged every 10 minutBlse woodenboard method was

optimised only for benzene.

2.12.1.2. Sealing chamber using thin lalensity polythene (LDREing films)

The Aeroqual sensor was pladedide the test chambesind connected to thenonitor (detailed

in section2.12.1.). Then the open side of the tank was sealed using 3 layers aldogity

L2 f @G KSY S 6 {(HighapaAftezid tenk &dges Weiemost covered and sealed with

thin polythene, VOC was added into the chamber and the rest of the tank edge was sealed
immediately. After the experiment, logged data for the VOC concentration was obtained from the
Aeroqual monitor. Sealing material tegginvas carried out for 100 ppm benzene (3{ly toluene

(43.0 pl) and rhexane (53.9 pl) respectively.
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Low Denisity Polythene

Fig. 25 Schematic diagram of test chamber sealed with low density polythene

2.12.1.3. Sealing chamber open surface with polyurethéoam sheet (rigid foam)

The test chamber was in upsid@wn position by facing its open side int@alyurethane foam

sheet (rigid foam) (Easy foam, UK) placed on a laboratory bench. The Aeroqual sensor was placed
inside the tank and the cables were takeut betweenthe tankand polyurethane shee(Fig. 2.

6). The cable was secured by the tank weight since the foam sheet reduces the pressure coming
from the tank to cable. Changes of VOC concentration was meafar@@0 ppm benzene,

toluene and rhexane separately using Aeroqual sengdetailed ind S O 2.4220)y

T voc | ! Sansor | 7 Polyurethane Foam Sheet
/ ___  Monitor ~—. Main Plug

Fig. 2.6 Schematic diagram of test chamber sealed with polyurethane fdaesats
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2.12.1.4. Sealing chamber open surface with adhesive covering film

The Aeroqual sensor was placed inside the upturned (datailed ina S O 2.4221y). The open

side of the chamber was sealed using adhesive cogdiim (WH Smith, UK). The whole open side
was covered using adhesive film and then VOC was injected into the chamber through a tiny hole
made on the sheet (VOC inl€Big. 2.7). Immediately after injecting VO@to the chamber, the

hole was sealed using a section of adhesive polythene andineaVOC concentration was

measuredusing the Aeroqual sensor

Adhesive Covering Film

[O]« Sealed VOC Inlet Using Covering Film

____________

Fig. 2.7 Schematic diagram of test chamber sealed witthesive covering film

VOC loss rates inside the chambers based on the sealing materialavedysedising non

parametric oneway ANOVAKruskalwallis test)(SPSS, version 2B@SS)

2.12.1.5. Design and optimisation ofidltest chamber system

Due to some problematic errors of theedqual sensors duringnonitoringVVOC level inside the
single chamber containing plants, it was decided to design a dual chamber sy$temgh this
design, it was expected to improve the air circulation and reduce humidity level inside the
chamber, thughe design reduced sensor contacting with moisture which might be the issue in

previous chamber systemA.dual chamber set up was designed to place plants in one chamber
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and the sensor in one chambeX.set of new Aeroqual sensors was used in the anatgsiged

out in the dual chamber systeriiwo chambers were connecteth a rubber tube(Fig. 238). In

addition to the sensor, a linear air pump (Charles Austen Ltd, UK) was placed inside the same
chamber (chambea) to circulate air between two chambers. Cables were taken out through a
sealed silicon rubber septum. Plant chamber (chamber B) was sealed using adhesive covering film
and Perspex while the chamber containing the sensor and the air pump was sealednigiag

Perspex sheet. All the edges were sealed with silicon sealant.

Sealed Cable Outlet

Rubber Tube

Perspex Sheet Adhesive Covering Film
| I/ Perspex Sheet
A = A

| AirPump] [sensor} | Per= | [Voc]

Fig. 2.8 schematic diagram of two chambers connected with a tube

After injecting VOC into the empty chamber B throughdlkdéesivecovering film, VOC injeatj

hole was sealed immediate$fickinga piece ofadhesive covering film. Then the air was circulated
for 10 minutesat 100 I/min flow rateto get an equilibrium between two chambers. Data was
collected from the Aeroqual digital monit¢detailedin & S ®y2.42.7) until thechamber air

became VOC halife.

2.12.1.6. Modification ofdualchamber system

Since the Aeroqual sensor still reported problematic errors during VOC monitoring, the dual
chamber system wae-modified. An extra tube was fixed between the two chambers to
maximise the air circulation after VOC injection and during VOC monitdtigqng?2(9 and Fig. 2.

10). Air was noticculated continuously throughout the experiment to avoid the heating effect of
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the pump. Therefore, following initial 10 minute§air circulation, the linear air pump was
operatedfor 2 minutes in every two hours to ensure an equilibrium between plaantber(B)
andsensor containinghamber(A). VOC monitoring was carried out using the Aeroqual digital

monitors as explained in previous sections.

Sealed Cable Outlet
Tube Connected To Air Pump
Perspex Sheet Adhesive Covering Film
| = Perspex Sheet |
= =
! <9[L4_J &1 —— Sealed VOC
= Inlet
/ \ I
ChirPame ] ] CPens | (Voo ]
A Tube Connected To Air Pump B

Fig. 2.9 Schematic diagram of modified dual chamber set up with extra tube

Tube connected _
Extra tube to air pump Air pump

-

< ,

4

=

5 }‘g

Plant propagatingray Aeroqual monitors VOC sensor

Fig. 2.10 Modified dual chamber set up with extra tube
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2.12.1.7. Comparison of new and used Aeroqual sensors

Due to issues in monitoring VOC level inside the plant test chambers using the Aeroqual digital
monitors, it was dcided to evaluate the accuracy of Aeroqual sen8arew and a used sensor

were placed inside a single test chamber sealed using adhesive covering film. 100 ppm benzene
was injected into the chamber and retihe VOC concentration was measured using both

sensors. Different readings obtained from two sensors were evaluated to move for selection of

another VOC monitoring method.

2.12.2. Optimisation of GC/FID method to monitor VOC detoxification by plants

Since the Aeroqual sensors were reported a fsssitivityfor the test VOCduringmonitoring
VOQemoval by plants experiments newanalytical method was required to continue the study.
This method involved analysis of VOCs in test chamber air using automated thermal desorption
(ATD) and gas chromatography (@&lhg Flame lonisation Detector (FID). The instruments used
for the analysis are Perkialmer Turbo Matrix ATD 650 (Peddlmer, UK) desorption unit, Clarus
500 Gas Chromatograph fitted with FID. Prior to starting the ATD, the mass gas flow controllers

were checked and adjusted to provide correct flow rates for the system.

During air sample analysigst chamber aif50 ml)was drawn into Tenax® TA tube (Pet&imer,

UK) using a 100 ml of plastic syringe through vacuum pungpigg2.11). A needle connected to

the Tenax® tube was sent through the chamber sealing material and air was withdrawn.
Immediately after the air was withdrawn, the sampling hole waseaaled using the same sealing
material. After samptig, the needle and the syringe were removed and the Tenax® TA tubes were

recapped using plastic caps.
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Needle Plastic syringe

Tenax tube

Fig. 211 Tenax® TA tube connected to the needle and plastic syringe

Using TurboMatrix software program, theqgeence of tube runsvere programmed in the ATD. In
addition to the analysing VOC in each tube, another sequence row was edited for each tube for
checking contaminants. Tenax® TA tubes were loaded into the ATD carousel according to the
sequence. The samelpalzSy OS FAE S 41 & dzLJ 2+ RSR AydG2 (GKS I
Once the ATD showed ready forrtined wdzy & S1jdzSy 0S¢ odzidz2y o+ a LI
Following the desorption of VOC containing Tenax TA tubes, samples were separated in the GC
column and the results were obtained as hard and soft copies. All ATD, GC and FID conditions

were set to achieve the maximum detection limit for the tested VQ@ble 25).

Table 2.5 Conditions used during ATD, GC and FID analysis

Thermal desorption conditions

Tube desorb temperature 250°C

Tube desorption time 5.0 minutes
Tube desorb flow 30 ml/minute
Trap low -30°C

Trap high 250°C
Concentrator trap hold 2.0 minute
Purge emperature 50°C
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Purge time 1.0 minute

Dry purge flow 50 ml/minute

Column flow 2.0 ml/minute
Inlet split 35 ml/minute
Outlet split 25 ml/minute

Column flow during trap desorb 1.0 ml/minute

Run time 36 minutes

GC /FID conditions

Column
Inlet

Purge flow to split vent 1 ml minute

30.0 m DB 20 um
20:1 split ratio
999.00 minutes

Flow rate at 8 PSIG

Initial oven temperature 40°C

Initial hold 4.0 minutes

Ramp 1 10.0 °@minute to 235°C
Final hold 4.0 minutes

Maximum temperature 320°C

Carrer gas He

FID temperature 300°C

Run time 27.5 minutes

Samples which were not analysed in the same day following sampling were placed inside sealed

Nylon bags and stored in°€for maximum of 24 hours until analysis was undertaken.

2.12.2.1. Tube conditioningrocedure

All the Tenax® tubes used during VOC monitoring were supplied by-Bérién There were 10

newly packed tubes and two used tubes. All newly packed tubes and the used tubes which had
not been used for a long time were conditioned before usirgmhDuring tube conditioning,

tubes were cleaned to remove any volatile organic contaminants resulting from storage, transport
or manufacturing. New tube conditioning was performed by sending the carrier gas flow through
the tube sorbent material at 10.0 Ifminute flow rate at 250°Cfor 35 minutes. During

conditioning of the used tubes, the carrier gas flow was sent for 10 minutes at same rate and
temperature used for new tube conditioning. In addition to the new and the old tube
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conditioning, all the tubs were conditioned after each subsequent analysis. This was done to
remove any residual contaminants trapped inside the TeRaxr.conditioning the tube following
thermal desorption of analyte (sample), carrier gas flow was sent through the tube for Sesinu

at 250°Cat 10.0 ml/minute flow rate. After tube conditioning, capped cleaned tubes were placed

inside the sealed nylon bags and placed in a desiccator at room temperature until next usage.

2.12.2.2. Retention time analysis antamber sealing material selegctio

Although rhexane was used as a one of the testing VOCs during Aeroqual methexane
analysis was excluded from using GC/FID methgalto its high volatility ands use as a solvent
for different VOCs in GC analyd®meestereet al., 2007; Salimoet al,, 2014) Therefore,

another indoor dominant VOC:-tylene was chosen to study with the plar®sior to start
analysis, th&Cretention time of each compound (VOC) shouldmeestigated. Thereforegure
compound £15uL) ofthree testing VOCs (benzene, toluene andytene)were injected into the
sealed(sealed using adhesive polythersambersseparately and 50 ml of air sample containing
each VOC was analysed (detailed i O 2.422)yising ATD/GC/FIRetention time for each

VOC was identified based on the chromatogram peak separation time.

Since the data produced using Aeroqual sensor was not reliable, it was essential to study sealing
material efficiency based dhe ATDGGFID method. Therefordollowing the retention time
analysisselection of test chamber sealing material was conducted as follows. Four different
sealing materials; nylon, PE¥ofyethyleneterephthalate) sheet, adhesive covering film and
adhesve covering film with its paperback were used during the selection. Following sealing the
test chambers using four different materials, 100 ppm of VOC was injected into each chamber.
VOC inlet was sealed again using same sealing material and after 3@srbOntl air samples

were withdrawnthrough Tenax® TA tubes and analysed using@&GBID(detailed ina S OG A 2 v
2.12.2. Sealed chambers containing VOC were maintained at room temperature for 48 hours.
Fourreplicates of each sealing material experiments were conducted by gettirsgiaiples

throughout thetest periodto observe which chambeavould maintain the maximum average VOC
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concentration.VOC loss rates inside the chambers based on the sealing materialanwatysed

using nonparametric oneway ANOVA (Kruskalallis test)(SPSS, version 2BPSS).

2.12.2.3. GC calibration for different VOC and Shewhart test

External calibration of GC was carried out by running s@agnt calibration standards for

benzene, toluene ahm-xylene ranging from 2.5 to 125 ppm. Calibration standards were

prepared using neat chemicals. The required volume from each neat VOC to get the standard
concentration was calculated and injected into the test chamber sealed with adhesive covering
film along with the paper back. VOC inlet was sealed immediately and allowed to equilibrate VOC
inside the chamber for 30 minutes at room temperature. 50ml of chamber air was passed through
the Tenax® TA tube and analysed using-@TBID(detailed ind S O 2.422)yThe FID response:

the peak area of analyte was plotted against the concentration of VOC used to prthéuce
calibration curveThe correlation coefficient @Rwas calculated for each standard curve how

the linearity of the method for the concentration range used.

During the plardVOC detoxification analysis, epeint calibration: Shewhart tegShewhart,
1939)was carried out for 25 ppm of each VOC forrgwexperiment. This was done by injecting
the required neat VOC volume to get 25 ppm in the test chanfbowing sampling chambeair
through the Tenax® TA tutsamples wereanalysedn GC/FID (detailed & S O 2.222)yThis

was done to show the accuracy of the GC method.

2.12.2.4. Analysing VOC concentration in the test chamber containing plants

After sealing material selection and calibrations were completed, VOC monitoring in the test
chambers containing plantsid compost was carried oulll the experiments were conducted at

room temperature 2@3 °Cand the light/dark period was 12/12 hours. The test chamber was

sealed using adhesive covering film along with the paper left on the inside covering the area
which was exposed to the inside of the tank. Following injecting 10 ppm or 100 ppm of each VOCs
into the chamber at 0 hours, the VOC inlet was sealed using a section of adhesive covering film.

VOC reduction by plants and compost were analysed usingGXamD mehod. During the
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analysis, air samplé50 ml)were taken using Tenax® TA tube connected to a needle and syringe.
After sampling, the tubes were recapped to seal them and placed in the ATD carousel for sample
analysigdetailed ind S O 2.4229ySamples were taken from the test chamber once in every 24
hours until the chamber VOC concentration reduction was less than 2.5ppm. Actual concentration
inside the chamber air was calculated according to the calibratiove. In addition to the VOC
analysis in plant and composthambers leak tests were carried out in the chambers without

plants. Finallythe VOC removal rate per plant monocultsreommunity and composh plant
propagating traygi.e. per chambenyere calculated Different VOC removal ragachievedy

plants during the VOC hdife was analysed using ngurarametric oneway ANOVA (Kruskal

Wallis test)by setting the statistical significance X#p.05(SPSS, version 2G@SS).
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Chapter 3. Investigation of VOC removal efficiency by plant
monoculture, communiiesand compost
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3.1.Method development and investigation of VOC removal by plants using Aeroqual

digital VOC moniter

The aim of this section is to present the development of the single and dual test chamber
systens, test chamber sealing material selection and optimisation of VOC monitoring method
using Aeroqual digital monitors. Thaectionwill also discuss thsuitability of the Aeroqual VOC

monitoring methodfor the plant test chambeexperiments.

3.1.1. Introduction

Plant research can be done using environmental test chambers which are available from the
commercial suppliers, but they are expensive, large in scale,asillygortable and use high
electrical power. The literature contains several examples of plant experiments being carried out
in simple benchiop test chamber systems made from glass, stainless steel or PeiEpeanet

al., 2007; Kirret al., 2008) Since this workimsto carry out pant-VOC exposure experimerits
comparison teexperimental controlsvith replicates several experimental chambers were

required. Therefore, at the beginning of the project, there was a requirement to design-a cost
effective and easily maintainable testamber setup for carrying out the experiments. To

address this, we based our initial designs on glass fish {@rks¥) which had an optimal volume

for housing our selected plant species, were cost effective. Our original design is detailed in

section 23.

In order to monitor the concentration of VOC within our experimental chambers, we purchased a
set of Aeroqual series 500 VOC monitors which measured the range of VOCs wished to study,
were portable, and enabled continuous data logging. Given theitl siaa, they could be easily

used in any environment. In addition, it was a uerndly, time efficient, durable and reusable
method which could be used in research studies. The sensor and the monitor could be
programmed as required, thus VOC samplind monitoring process could be operated
automatically. This means the sampling frequency could be programmed as required by the user

to getsamplesangingfrom every one minute to a few times a day. Therefore, this continuous
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monitoring facility of Aerogal VOC monitor provided more accurate graphs than the point
sampling GC approach which alloavsalysis obnly a limited number of samples. In addition,
Aeroqual performed the redime andin situair sample detection, thus there was no

requirement to drav out samples from the test chambers. Also, they were compatible to use with
selected fish tank model test chambers. Based on the above features of the Aeroqual VOC
monitors, the monitor along with the PID sensor was used to develop a method to investigate

VOC removal efficacy of plant monocultsssd communitesin glass test chambers.

3.1.2. Test chamber sealing material selection

The main aim of carrying out the test chamber optimisation was selecting the most effective
sealing method to reduce VOC lokattcan happen as a result of leakage and adsorption onto the
chamber walls and chamber sealing matefTdde bllowing sections will explain VOC loss rates
inside the test chambers sealed using different sealing matepads:wood board, thin low

density polyethylene (LDPE), polyurethane foam sheet and adhesive coverirfdditmiledfrom

2.12.1.1 to0 2.12.1.4 respectivgly

During the chamber optimisation carried out using pine wooden bggid, 31), it took 12

minutes to reach the maximum concentration of benzene which was 84.25 ppm (theoretical
maximum 100ppm). The difference between the injected concentrgtl@@ppm) and the sensor
recorded concentratiori84.25 ppmmight becauseddue to a few factorsigch as sensitivity of

the Aeroqual sensor to detect benzene, benzene may not have uniformly distributed within the

tank or therecould have beem VOC loss during injecting procedures.
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Fig. 3.1 Benzene loss in the single chamiealed using wooden board. Decline of initial benzene
concentration (100 ppm) injected at 0 hour, expressed as the actual benzene concentration
monitored. The halfife of benzene was 1.38.15hours and the average rate of benzene loss is

24.95 £ 3.95 pm/hours. Data is presented as the mean £ SEM (n=3).

However, immediately after reaching the maximum concentration, the VOC loss through the
chamber had been started and within 1.38 hours it declined to 50% concentration. These
observations concluded thalhe pine wooden board did not afford the level of sealing required to
conduct the experiments over the required timeframe, heitogas not optimised with the other

two testing VOCs: toluene andmexane.

Therefore, the chamber optimisation experiment wasried out for another sealing material:
low-density polyethylene film (LDRiting film)(detailed in section 2.12.1)2The maximum

benzene, toluene and-hexane concentrations inside the chambers were 87.25, 92.18 and 96.10
ppm (theoretical maximum 10Ppm) reached within 20 minutes of initial injecti@fig. 32). The
average benzene loss rate: 18#4.189 ppm/hours was less than the loss rate observed in the
previous chamber system sealed using pine woodaardh. The average toluene andhexane

loss rates were 12.99+ 0.450 and 13.19 + 0.263 ppm/holing. halflives werel.66, 2.61 and

2.81hoursfor benzene, toluene and-hexane respectively
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Fig. 3.2 BenzengA), toluene(B)and nhexane(C)losssin the single chamber sealed using thin
low-density polyethylene film (LDPEhe halflivesof three VOCs wer#.66+0.170, 2.610.280
and 2.810.150hoursandthe average rateof VOOoseswere 18.81 + 2.18912.99+ 0.450 and

13.19 £ 0.26pm/hours. Data is presented as the mean = SEM (n=3).
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Althougha higher initial concentration for toluene andhrexane (nearly 100 ppmyas achieved

in the chamberat the beginningdue to the observation dfigh VOC loss rates and shortfha

lives for all three VOC tested, LDPE was not an efficient method to seal the test chambers in the
proposed plartvOC removal monitoring experiments. Therefore, the optimisation experiment
was carried out to test the sealing efficiency of the polyurethémam shee{detailed in section

2.12.1.3.

The maximum VOC concentraticaishieved during polyurethane foam sheet method were 87.90
93.10 and 82.36 pprfor benzene, toluene and-hexane respectivelfFig. 3.3). The longest half

life, 7.9 hours was observed for toluene which was a good indication for the sealing efficiency of
polyurethane foam sheet. The VOC Halés for benzene and-hexane were observed at fairly

similar rates (4.2 and 4.5 respectively).
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Fig. 3.3 BenzendA), toluene(B)and nhexane(C)lossedn the single chamber sealed using
polyurethane foam sheefThe halflivesof VOCs werd.2+0.231, 7.9+0.402 and 4.50.311hours
and the average logates were8.56 +0.345 4.42 +0.253 and 5.94+ 0.3ppm/hours

respectively Data is presented as the mean = SEM (n=3).
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VOC loss rates in the chamber sealed using polyurethane foam sheet (rigid foam) were less than
the previous method by maintaining 8.56:845 4.426).253and 5.94+0.38 ppm/hours for

benzene, toluene and-hexane respectively, however, for the proposed study, it was essential to
further reduce VOC los$herefore, the sealing efficiency of the adhesive covering film was tested

using the same VO@detailedin section 2.12.14

Following sealing the chambers using adhesive covering fiemmaximunbenzene, toluene and
n-hexaneconcentrations achieved inside the chambers were 87.5, 83.4 and 91.3gym@ctively
(Fig.3. 4) while theVVOC loss rates accounted for 3.60.442 2.47+0.867and 3.59 + 0.315 ppm

per hour forthe three VOCgespectively. The halfvesof VOGvere 10.0, 11.9 and 11.5 for
benzene, toluene and-hexane indicated more than 50%edch VO@emained in the chamber
during this time Therefore, this sealing method reduced VOC loss rate better than all previous
methods tested. Thugompared to all other sealing methods used previously, adhesive covering

film showed the best achievable efficierfoy sealing the test chamber.
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Fig. 34 BenzendA), toluene(B)and nhexane(C)lossedn the single chamber sealed using

adhesive covering filnThe haveslife of VOCs werd0.0+1.401, 12.Gt2.430 and 11.%0.112

hours and the averagess rates wer&.60 +0.442 2.47+0.867 and 3.59 + 0.3ppm/hour. Data

is presented as the mean + SEM (n=3).
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Mean VOC loss rates were compared for the sealing methods usinganametric oneway

ANOVA excluding wvealen board method, since it was tested only with benzene. According to the
nonparametric onevay ANOVA (kruskal wallis test), there were statistically significant differences
(p=0.027) between the mean VOC loss rate of adhesive covering film and theot BIPEhifee

VOC tested. No statistically significant difference between adhesive covering film and
polyurethane foam sheet was observ€ihble 31). However, based on the minimum loss rate

and the longest VOC hdife, adhesie covering film demonstrated that the rate of VOC decline

inside the chamber was manageable compared to the other two sealing materials.

Table 32 Summary of halfives and VOC loss rates in the sealed single chambers

Chamber VOC loss rate Half-life of VOC
sealing (ppm/hour) (hours)
method (n=3)
Benzene Toluene n-hexane | Benzene | Toluene | n-hexane
Wooden 24.95 + 3.95| N/A N/A 1.38 N/A N/A
board* 0.15
LDPE 18.81 + 12.99+ 13.19+ 1.66t 2.61+ 2.81+
2.189 0.450 0.263 0.170 0.280 0.150
Polyurethane | 8.56 + 442 + 5.94+ 4.2+ 7.9 4.5+
foam sheet 0.345 0.253 0.353 0.231 0.402 0.311
Adhesive 3.60 + 247+ 3.59 + 10+ 12+ 11.5
covering film | 0.442 0.867 0.315 1.401 2.430 0.112
p value 0.027 0.027 0.027 N/A N/A N/A

*Excluded from stastical analysis

3.1.3. Conclusion

According to the results obtained after sealing the chamber using three different materials,
adhesive covering film showed the minimum loss rate and maintained the longedifdalf
benzene, toluene and-hexane Table 32). This indicated that adhesive covering film supplied an
adequate sealing to create a gight condition inside the chamber, thus this was selected as the
sealing material of plant test chamber.
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3.1.4. Deternination of VOC removal by plants uskegoqual digital VOC monitors

Considering the workplace exposure limit of VOCs in the indoor air, the exposure limit
concentrationrangesbetween 1 and 100 ppm for most common VOGCab{e 12). For example,

the short term and long term exposure limit of toluene is 50 ppm and 100 ppm respectively
(UK/HSE, 2013Phytoremediation of some VOCs at the low concentrations suckH Agppm is

quite well studied, but very little is known about the potential of plants tmeeliate higher
concentration of VOC, such as 100 ppm level from the indoor air. Therefore, the initial 200 ppm
VOC level was selected as the testing concentration in these experimAdtaisselecting the best
chamber sealing material, the first set of exjents to monitor VOC removal by plants were
conducted using 100 ppm benze(detailed in section 2. 2 and 2.12.).4n the first experiments
S+ NI e S Eheiensdr veoytiédimaximum benzene concentrati®n8(5 ppm) for the

initial 100 ppm benzee injected declined in the last experimentsi(p®p LILIY O af | G SNJ

(Fig. 35).
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Fig. 35 Sample graph of eargnd later experiments to show theehzene removal capacitf
potted C. comosurmeasured using Aeroqual VOC sensors. Decline of initial benzene
concentration (100 ppm) injected at 0 hour, expressed as the actual benzene concentration
monitored. The maximum concentratiaaref 78.5and¥29.5 ppmin earlyand laterexperiments

respectively
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In earlier experiments, the initial benzene level inside the chamber rea€f@8b ppm, however,
this is a lower concentration thamasobtained during the sealing material selectior? Bppm) (
Fig. 34). The reason for the reduction of achieving maximum benzene concentration in the
presence of plants was thougtt be thatthe plants mighbe causing disturbanceo createa
benzene equilibrium inside the chamber. However, initiabyained maximum benzene
concentration which wag78.5 ppm was reduced further in later experiments withcomosumit
was suspected that theensors might be affected by conditions such as humidity level changes or
poor air circulation inside the chamber due to the presence of plants, so their effycan
working reduced with time. According to the manual, the Aeroqual sensor is certified for
conditions up to 95% humidity. There was no visible water condensation inside the chamber.
Sincethe cause of this issu@as not clear, it was decided to modifye chamber system by

doubling the chamber volume by using a dual tank system.

3.1.5. Design and optimisation ofidl test chamber system

Throughthe development of the dual chamber system (detailed in section 2.12i1\8as

expected to improve air circulain from the plant chamber to the sensor through air pumpiBg
expanding the total volume of the chamber than the previous single chamber system, it reduced
sensor exposure to possible water vapourgen the time required tonake a benzene

equilibrium baween thedualchambersvas analysedHig. 36). By achieving the maximum
stationary phase concentration within 6 minutes of induction, this system showed its capability to
reduce the time required for making begrze equilibrium inside the plant chamber which was
essential in the experimenHowever, according to the same figure, the maximum benzene
O2yOSYGNI GA2Y | OKASOSR gFa F pp LI AYRAOFGS
receiing the100 ppm concentted air from the plant chamber. This happened probably because
there was only one tube connected between the two chamlfdetailed in 2.12.1.5 thus both

inlet and outlet air flow from plant chamber to sensor containing chambenéeelversaad to

move through it.
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Fig. 3.6 Time required to establish benzene equilibrium between aueimber systemDecline
of initial benzene concentration (100 ppm) injected at 0 hour, expressed as the actual benzene
concentration monitore. After 5 minutes, the system achieved and maintained the maximum

concentration. Data is presented as the mean = SEM (n=3).

Therefore, to improve the air circulation, this chamber system was modified by including an
additional tube(detailed insection 212.1.6. Followinghis modification, sensor achieved

maximum benzene concentratidh90 ppm within 5 minutes air circulatidirig. 3.7).
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Fig. 3.7 Time required to establish benzene equilibrium in modified dual chamber system.

Decline of initial benzene concentrati¢h00 ppm) injected at 0 hour, expressed as the actual
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benzene concentration monitored. After 5 minutes of air circulation, the system achieved and

maintained the maximum concentration. Data is presented as the mean £ SEM (n=3).

Prior to starting the expément with plants, this chamber system was tested again by keeping a
VOC sensor in each chamber and monitoring the benzene concentration separately. This was
done to estimate the benzene losses during plant experiments due to leakage or adsorption to

the chamber surface or possible chemical reactions.

The maximum benzene concentratié®0 ppm was observed in the sensmntaining chamber

(A) and the plant chamber (B) and both chambers maintafiyé@dppm for 10 hourgFig. 38).

The benzene loss rates were 2.84 and 2.13 ppm/hour in chamber A and B respectively. Thus, this
optimisation results indicated this modified system supplied adequatdighscondition inside

the test chambers to conduct testing plant V@@ oval experiments.
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Fig. 3.8 Benzene loss in sensor chamber (A) and plant chamber (B) in dual chamber system.
Decline of initial benzene concentration (100 ppm) injected at O hour, expressed as the actual
benzene concentréddn monitored.Data is presented as the mean £ SEM (n=2). The average rate

of benzene loss rate was 2.84d 2.13ppm/hour in chamber A and B respectively
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3.1.6. Determination of VOC removal by plamtdual chamber system

Monitoring VOC removal by plants wased out in the dual chamber system using Aeroqual
sensors (detailed in section 2.12.1.8kcording to thesample graphs from the first experiments
GSIEFNI&é¢ yR flaid SELSNAYSyGa af | (& bdnosbin LIS NA Y
plant propajating tray (po} (Fig. 39), it was observed that the sensor achieved the maximum
concentration of benzene in early experiments but gradually declined when the number of
experiments increased. This suggested tihatre must be an unexpected factor that was affecting

sensor efficiency on monitoring VOC level inside the modifieddiaamber system.
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Fig. 3.9 Benzene removal capacity of pottétl comosurmeasured in modified dual charab
systemusing Aeroqual digital sensoiBecline of initial benzene concentration (100 ppm) injected
at 0 hour, expressed as the actual benzene concentration monit&edden drop of benzene
concentration in every two hours occurred after circulatingb&tween two chambers. Maximum
concentrationF77.9 ppm measured in early experiment but had dropped to 34.8 ppm in the later

experiment.

It was evident that over time, the sensitivity of the VOC sensor was declining, therefore the

analysis data produced for the VOC removal by plants using Aroquaevi®@s was less
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reliable. Thus, it was essential to analyse the accuracy of sensors used in the experiment.

Therefore, a sensor accuracy test was done with a new sensor (unused) and an old sensor.

3.1.7. Comparing sensitivity and accuracy of new and used Aaregnsors

The method to investigat@eroqualsensor sensitivity is detailed in section 2.12. T new

sensor (A) showed the maximum 94.70 ppm while the sensor (B) used in plant experiment (old
sensor) achieved only 30.74 ppm concentrat{big. 3.10). This showed the new sensor had a

higher sensitivity than the old sensor to detect 100 ppm benzene injected into the chambers, thus
the new sensor measured the benzene level inside the chamber very close toova kritial

value. Therefore, data from this experiment clearly showed that the used Aeroqual sensor had
declined in its efficiency to measure the benzene level inside the chamber accurately over a

period of time.
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Fig. 3.10 Sample graph to show maximum concentration of benzene detected by new and used
sensorsDecline of initial benzene concentration (100 ppm) injected at O hour, expressed as the
actual benzene concentration monitorelitial benzene concentration (100 ppinjected at O

hours, maximum concentration 99ahd 30.7ppm measured by the neand old sensors

respectively.
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3.1.8. Conclusion

Aeroqual VOC monitors were used to optimise a method to analyse plant VOC removal efficacy in
the sealed test chambers. Though inligathe sensor had shown a high sensitivitf/AOCduring

the optimisation experiments performed in the empty chambers, according to the results

obtained after inserting potted plants into the chambers, the sensitivity of the sensor had

declined. This edience clearly showed the unsuitability of the Aeroqual digital sensor in plant
experiments. Therefore, it was decided to terminate using Aeroqual VOC monitors for VOC
monitoring and no experiments were carried out for analysing the removal efficiencyueh

and rthexane by plants. To fulfil the requirement of VOC monitoring in the study, a new VOC

monitoring method was optimised using AQGFID techniquegetailed in sections 2.12)2

3.2. Method development and investigation of VOC removal by plantsASBGG

FID method

Dueto experiencing issues during VOC monitoring using Aeroqual digital monitors, a new
analytical method was optimisddetailed in sectior2.12.2. This section will present
development of test chamber, ojphisation of VOC monitoring method usiagas
chromatographyflame ionisation detector. Also, the later section will discuss the benzene,

toluene and mxylene removal efficiency by plant monocultsreommunitesand compost.

3.2.1. Introduction

In the previoussection, three VOCs includinghexane was analysed using Aeroqual sensors to
optimise a VOC monitoring method. The selection-bErane was based on because it is one of
the common VOCs found in the indoor &iowever, using the GC methodhexane gies a

higher sensitivityiathe solvent extraction method than thermal desorption and alge itsed as

a solvent during other polyaromatic hydrocarbon analysis. Therefore, to follow the same testing
protocol to all VOC being tested, instead diexane aother common indoor VOCs:-rylene

was chosen to work in the plant experiments and analysed using G@#tHarmal desorption

method.
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Analyte can be identified in the chromatogram based on their retention time. Therefore, once the
GC column separates @ VVOC based on their polarity and size, they enter into the FID at
different times through the ionisation process. Therefore, when studying different volatiles using

GC/FID method, their retention times must be analysed as the first step.

3.2.2. Retention timeanalysis

FID is a noiselective detector which means it will detect all organic compounds in a sample. If the
sample contains a mixture of unknown compounds, the chromatogram will show a peak for every
single compound. Chromatographic retention time is #ey to identify these compounds

separately in the sampl&@herefore, it was essential to inject and detect pure compounds
(analytes) separately to get the correct retention timdstailed in sectior2.12.2.3 for benzene,

toluene and mxylene Fig. 311).
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Fig. 3.11 Retention times of benzene, toluene and ylene. Standard chromatogram produced
by FID detector for pure compound$ benzene, toluene and ylene respectively. From these
chromatograms, GC peak at the retention time of 3.2, 5.1 and 7.5 minutes for benzene, toluene

and mxylene were determined respectively.
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After GC separation and FID detection of pure samples ofdmenzoluene and rxylene their
retention time, whichoccurred at 3.2, 5.1 and 7.5 minutes respectiyalgs recordedEach VOC
has a unique retention time during GC separatibnerefore, during sample analysis, these
retention time peaks were used toedtify each volatile compound. The peak area in the

chromatogram is proportional to the concentration of VOC in the sample.

3.2.3. Chamber sealing material selection

Although experiments were conducted for thelection of chamber sealing materials using
Aeroqud VOC sensors previously (detailed in sections 2.12.Bdng, due to less reliability and
low validity of the sensor that selection was not trustworthy to use in the plant VOC removal
experiment. Thereforaghe test chamber sealing material selection wasomducted using
GC/FID method to choose the material with minimum VOC loss during VOC mor(idetizited

in section 2.12.2.2VOC loss can happen as results of leakage or chemical reaction inside the
chamber. The best sealing material should maintain the maximum benzene concentration inside
the chamber for a maximum period of time. All the glass chambers were the same size and
purchased from the same supplier and there were no any visible gaps betwegteits walls.
Therefore, here we made an assumption that there is no VOC loss iogmtirer than VOC loss
might be happemgthrough the sealing materiahverage GC peak area obtained for the 100
ppm benzene injected to the test chambers sealed usiog different sealing materialwere

compared Fig. 312).
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Fig. 3.12 AverageGCpeak areabtained for the 100 ppm of benzene after the chambers
sealed using four different seatjrmaterialsadhesive covering film, adhesive covering film with
its back paper, PET and NYLON sheets respecBahples were analysed in each chamber

separately for 48 hours. Vertical bars denote means + 1SEM), ((p=0.05).

The maximum average peakea was obtained for the samples taken from the chamber sealed
using adhesive covering film along with the paper left (baaer) on the inside covering the area
which was exposed to the inside of the taitkg. 3.12). Though there was no significant
difference (p>0.05) observed between four materials, based on the average peak area the
minimum VOC loss had happened in the adhesive covering film with itphpek methodwhen
compared tathe other three methodsThus, this sealing methahowed a promising efficiency
by reducing VOC loss than other methods, therefore, it was sel¢atese for sealing all the

chambersn the proposedlant-VOC detoxification experiments.
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3.2.4. Determination of standardalibrationplots for benzene, tolueneand m-

Xylene

Calibrationof each analytés essential during the GC analydimearityof the calibration curve
indicates the sensitivity of the system for the analytes within the low and high concentration
range usedFig. 313). Following the retention time analysis and sealing material selection, the
GC /FID system was calibrated for benzene, toluene amglleme concentration ranging between
2.5 ppm and 125 ppr(detailed insection2.12.2.3. Concentration range was selected to cover
the range corresponding to the concentrations to be established inside the test chambers.
According to thecalibrations Fig. 313), the linear relationship between the concentrations vs
peak area for benzene, toluene andxylene were observed afR.9968, 0.9959 and 0.9981

respectively.
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Fig. 3.13 Calibration curveof benzengA), toluene (B)and mxylene(Q). Sevenrpoint calibration
curves of each VOCanging from 2.5 ppm to 125 ppm. Data is presented as the mean + SEM

(n=3). Dotted line shows theoretical coefficiaftdetermination (R=1).
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The high correlation coefficient {R1) of benzene, toluene and mylene calibration curves
demonstrated, there is a linear relationship between the VOC concentration (wih#tbHpm
concertation range) and GC peak area. Therefore, the GC/FID method was suitable for analysing

air samples inte test chambers.

3.2.5. Quality control of the GC method

A Shewhart control cha(Fig. 314) was produced to determine the accuracy of the GC
calibration of benzene, toluene and-rylene throughout the experimental periqdetailed in
section 2.12.2.8 Standad deviations obtained for the 25 ppm standard in the calibration curves
were used in the Shewhart chart to set the upper control limit (UCL) and the lower control limit
(LCL). UCL and LCL were three standard deviations above and below respectivelg fraarth

concentration which is 25 ppm.
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According to the Shewhart charts, observed concentrations for the pure benzene, toluene-and m
xylene liquid volumes which used to make 25 ppm concentration during calibration, did not
exceed the UCL or LCL. rdfere, throughout the experimental period, GC calibration was

accurate for all three VOCs under the used experimental conditions.

3.2.6. Possible VOC emission from the chamber materials and VOC production by

plants and compost

The test chamber was made of glassicone sealant and adhesive covering film along with the
paper left on the inside covering the area which was exposed to the inside of the tank. Except
glass, the other two synthetic plastic materials were regarded as possible sources for different
volatile emission which can cause interference with the monitoring VOC removal efficiency by
plants in the chamber. Therefore, air samples from sealed empty chambers were analysed using

ATD/GC/FID to observe possible VOC emis¢i0s3.15).
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Fig. 3.15Gas chromatogram to show possible VOC emission by chamber materials.

According to thechromatogram [Eig. 3.15), there was no deteeble peak aga for benzene,

toluene, mxylene or any unknown volatiles observed in the air samples taken from sealed empty
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test chambers. Therefore, there was no measurable interference caused to VOC analysis due to

chamber materials VOC emission.

Some plants and danaterial (compost) produce VOCs which is known as biogenic VOC
production. Therefore, plants and soil used in this study were investigated for their biogenic

benzene, toluene and mylene productior(detailed in section 2. 12.2)4vithout VOC injection.

According to theehromatogramsKig. 316), there were peaks responsible for benzene, toluene
and mxylene emitted from plant monoculture with retention time 3.2, 5.1 and 7.5 minutes
respectivelyHowever, at thevery low response level, the peak area which is the one proportional
to the concentration of VOCs, were also very low and according to the calibration curve
conducted previously for each VOCs, those peak areas represented less than 0.10 ppm
concentrations Therefore, the possible effect coming from plant biogenic benzene, toluene and

m-xylene emission on the analysis of VOC removal by plants was considered as negligible.
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Fig. 3.16 GC chromatographs to show possible VOC eamsgromS. wallisiiC. comosunandH.

helix 1) benzene, 2) toluene and 3)xylene, peaks are marked at 3.2, 5.1 and 7.5 minutes

respectively.
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Air samples taken frornthe plant community and compost chambers also showed a veryldoel

emission of benage, toluene and rxylene(Fig. 317).
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Fig. 3.17 GC chromatograph to show possible VOC emissions from plant community and

compost; benzene, 2) toluene and 3)xylene, peaks are mked at 3.2, 5.1 and 7.5 minutes

respectively.

103



3.2.7. Analysis of benzene removal by plant monocuuzemmunitesand compost

During studyind.0 and 100 ppnvOQemoval patterns, removal ratendtime taken to the
complete removal by plants and compost pladedhe sealed test chamberglants and jant
growing medium in the propagating tray wesnsidered as one unifhereforethe observations
are based on per plant unit (i.e. per chamb@&ring the experiments, ggroximately the same
size healthy plante/ere used aneach plant and compost trays consisted equal volume of
potting mixture. Ater the test period no visible foliar damage was observed at each of two

concentrations used.

During 10 ppm benzene study, all the plants and compost removed befizendhe test

chamber airA quite similaipatterns of benzene removakas observedby plant monocultures
(single species), communitmixed species dd. wallisiiC. comosumandH. heliy and compost
(Fig. 318). In addition to the VOC removal by plants and complosts of benzene occued due

to leakage, adsorption or the possible chemical reactions inside the chambesimanalysed in
thea SY LJG & J¢ohtryl (Fi§.BES). The amount of benzene loss in the control experiment
(empty chamberjvas deducted when calculating the rate of benzene removal by each plant
system separatel¢Table 33). The comparison of benzene rewal rate was made based on the
half-life time of VOC which is the time required to reduce 50% of the initial VOC concentration
injected into the chamber aitn addition,the time taken to the complete removal of VOC from
the test chamber aiwas comparedTable 3.8)Considering the benzene removal rate, no
significant effect (p=0.143) was observed by the plant monocultures, community or compost

(Table 33).
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Fig. 3.18 Benzene (10 pp) removal bys. wallisilSW',H. heliXxHH',C. comosunCC', plant
community 'PC' and compost in plant propagating trays (pots), relative to a plant free control

‘empty chamber'. Data is presented as the mean + SEM (n=2).

Table 3.3 Average rate for 50% of initial 10 ppm benzene removal from test chamber air by

potted plants and compost.

Plant type (n=2) Rate for 50% benzene removal (ppm paday?)
S. wallisii 8.01+0.40
H. helix 8.34+0.05
C. comosum 6.87+0.04
Plant commuity 7.250.34
Compost 6.88t0.40

All data were corrected for test chamber leaka@€&uskal Walligest, p=0.143)

The chamber containingl. helixand S. wallisireached onehalf (Tsoy) Of the initial benzene
concentration (10 ppm) within 11.05 and 18.Bours respectively and both species were able to
remove benzene from the test chamber air completely after 24.0 and 24.5 hours respe(figely
3.18). Taking into account the benzene removal radehelix(8.34 ppm day pot™) andS. wallisii

(8.01 ppm day pot?) showed the higher rates than other potted plants and compoable 33)
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at the time at which 50% of benzene had been removed from the test chanettsd C.
comosum plant community and compost removed chalf of the initial benzene concentration
within 12 hours and the complete removal was performed after 30 hours from initial injection
(Table 3.8)The plant community had removed benzene at the rdtg.a5 ppm day pot™ until

the chamber air became one half of the initial benzene concentra@omomosunand compost
showed the lowest and similar rates for 50% benzene removal as 6.87 and 6.88 respectively.
Therefore based on the removal rate andrie taken to the complete removeh. wallisiandH.

helixwere more efficient than other potted plants in the phytoremediation of benzene at 10 ppm.

During 100 ppm benzene experiments, all the plants and compost removed benzene from the test
chamber airDifferent removal ptterns were observed in the chambefEd. 319), however no
significant difference§p=0.078)were observed in the 100 ppm benzene removal rates by plant

monocultures, community or compostdfle 3.3).
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Fig. 3.19Benzene (100 ppm) removal capacitydhywallisiSW',H. heliXHH',C. comosunCC',
plant community 'PC' and compost in plant propagating trays (pots), relative to a plant free

control 'empty chamber'Data is presented as the mean + SEM (n=2).
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Table 34 Average rate for 50% of initial 100 ppm benzene removal from test chamber air by

potted plants and compost.

Potted plant type (n=2) Rate for 50% benzene remov@lpm/pot* day?)
S. wallisii 26.98:0.05

H. helix 41.7:0.41

C. comosum 64.31+18

Plant community 25.12+0.01

Compost 31.18:0.21

All data were corrected for test chamber leakafieruskal Wallis tesp=0.078)

The highest removal rate was 64.31 ppmdapt? by C. comosuniTable 3.3from the test
chamber air during the halife of benzeneBenzene concentration in the chamber air containing
C. comosumeached its hakife within 15 hourqFig. 319) and complete renoval occurred after
51 hours(Table 3.8)The plant community an8l. wallisiremoved initial 100 ppm benzene into its
half-life at the fairly similar rates which were 25.12 and 26.98 ppmt¢@y respectivelyand it
took 33 and 28.5 hours respectivatly the reach halflife of benzene. After reaching the hdifie,

S. wallisiremoved the benzene from the chamber completely within 52 hoursthagblant
community took 74 hours for complete removalable 3.8)H. helixshowed comparatively a
higher rae of removal at the beginning which was 41.7 ppmdagt’ rate and took only 22
hours to reach the hafife of benzene. However, the reduction rate declined at the later stage

and it took 72 hours to remove the benzene from the chambers completely.

The haltlife of 100 ppm benzene was 26 hours in the chamber containing compost and the
benzene removal rate was 31.18 ppm dgpt? during that time. It was taken 62.5 hours for the
complete removal of benzene from the test chamber air by compkistiefore, based on the
removal rate and théime taken for the complete removal of 100 ppm benzene from the
chamber airC. comosumandS. wallisishowed a higher phytoremediation efficiency thidn

helix, plant community and compost.
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The rate of benzene moval observed by each plant monoculture, community and the compost
during halflife of 100 ppm benzene studyere higher thanthe rates observed for 10 ppm
benzene removalThoughin the 10 ppmexperiment, compost had ielativelyslower

performance to renove benzene from the chamber &iran other potted plants use(exceptC.
comosun), in the 100 ppm experimemompost showed a relatively a higher removal rate during
half-life of benzeneThis indicated VOC remoalpacityby the potting mixure can bedifferent
based on the concentration of VOC in the environm&itce the plant trays contained equal
volume of potting mixtureas well agthe compost tray, tleseresults suggestethe majority of
benzene were removed by the plant growing medium (pottirigtare) during high oncentration

of benzene removal.

Considering the complete removal of benzene from chambeGaiwallisiivas able to remove 10
and 100 ppm benzene from chamber air completely within 24.5 and 52 hours respectively.
Therefore, comparetb the time duration taken for the complete removal by other potted plants
and compostS. wallisishowed a highephytoremediation efficiencyor high and low levels of

benzee.

3.2.8. Analysis of toluene removal by plandnocultures, communities and compos

All the plants and compost reported the toluene removal from the test chamber air during 10
ppm toluene study(Fig. 320). The halflife times of toluene removed bg. wallisii plant
community andH. helixwere 10.7, 11.25 and 12.4 hours respectively. During thisltialfemoval
stage, 10.6, 10.27 and 9.25 ppm dapt™ toluene removal rates were observed by each
chamberrespectively(Table 35). H. helixdeclined is toluene removal efficiency after reaching
less than 1 ppm concentration in the chamber(&ig. 320) and required anotheb0 hours for
complete remova(Table 38). S. wallisiandthe plant community achiexd the complete removal
after 23.0and 23.5 hours respectively which were earlier than other potted pladwgrall this
indicated that S. wallisiand the plant community were more efficient than other potted plants
and compost in the phytoremediation tdluene.C. comosurnshowed a lower rate (5.16 ppm

pot? day?') during one half of toluene removal which performed at 21 hours. Within 48 hours,
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chamber air containin@. comosurnbecame less than 1.5 ppm toluene level. Similar to the
toluene removal byH. helixat the later stagedfter reaching haffife of toluene as explained
above,C. comosumnshowed a very slow removal rate of toluene for anothé0 hours until
removed completely. This showed, at lower concentrations of tolueneomosumandH. helix

reduced their phytoremediation efficiency.
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Fig. 320 Toluene (10 ppm) removal 8. wallisilSW',H. heliXxHH',C. omosum'CC', plant
community 'PC' and compost in plant propagating trays (pots), relative to a plant free control

'Empty chamber'. Data is presented as the mean + SEM (n=2).
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Table 3.5 Average rate for 50% of initial pm toluene removal from test chamber air by potted

plants and compost

Potted plant type (n=2) Rate for 50% toluene removal (ppm pbtay?)
S. wallisii 10.6G:0.06

H. helix 9.25:0.25

C. comosum 5.16+0.37

Plant community 10.2A#0.12

Compost 1.740.21

All data were corrected for test chamber leakafi€uskal Wallis tesp=0.068)

The potting mix; compost maintained the slowest rate which was 1.77 pprhdagt' during one

half of toluene (10 ppm) removaBy performing a few times higher toluene rewab rates by all

plants than compost during hdlife of toluene indicated that the presence of plants inside the
chambers maximised the rate of removal. Thus, this observation clearly evidenced that the plants
contributed to accelerating the rate of tolne phytoremediation. Compost removed the toluene
level by 50% after 34 hours and the complete removal after 54 hours. (Ta®)l€€8mpared to 10

ppm benzene removal by compost from the test chamber air, 10 ppm toluene removal rate by
compost was lower thaonethird of benzene removal ratélso, similar to 10 ppm benzene
removal, no significant differences (p=0.068) was observed between 10 ppm toluene removal

rates performed by plant monocultures, community or comp@sible 35).

During 100 ppm toluene study, all the plants and compost removed toluene from the test
chamber aii(Fig. 321) andshowed a higher removal rate during ki€ time of initial 200 ppm
toluene (Table 36). No significant differences (p=0.254) were observed in the toluene removal
ratesperformedby plant monoculture, community or compofemoval rates declined from
higher to lower agollows78. 01 §. vallisii), 76.05 C. comosumn 70.91 (compost), 70.1H(

heliX) and 55.67(plant community) ppm pot day*respectivelyThis indicates the majority of

toluene was declined by the plant growing mediuburing onehalf toluene removalS. wallisii
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C. comeum H. helixand compost performedt in less than 15 hours and only the plant

community took 18.5 houtghusthe plant community performed at the slowestmovalrate.
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Fig. 321 Toluene (100 ppm) removal I8 wallisiiSW, H. helixHH',C. comosunCC', plant
community 'PC' and compost in plant propagating trays (pots), relative to a plant free control

'Empty chamber'. Data is presented as the mean + SEM (n=2).

Table 3.6 Average rate for 50%f dnitial 100 ppm toluene removal from test chamber air by

potted plants and compost

Potted plant type (n=2) Rate for 50% toluene removal (ppm/pdtday?)
S. wallisii 78.0111.05

H. helix 70.11£3.53

C. comosum 76.0%2.20

Plant community 55.645.02

Campost 70.91+4.83

All data were corrected for test chamber leakafiuskal Wallis tesp=0.254)

Comparatively to the phytoremediation of 100 ppm benzene from the chamber air, albjgladt

compost showed a higher removal rate and complete removabloEne occurred around 49
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hours by all pots (Table 8). These results indicated the phytoremediation efficiency of VOC by

plants may depend on the type of VOC.

During 10ppmtoluene study, compost conducteti¢ slowest removal rate thouglhpmpost
performed relativelya higher removal rate in the 100 ppm toluene study. Similar observations
were found during benzene removal by compost as well. Therefore, this observation subgests
capability of potting mix to remove VOC from the air is increased wheimitial concentration of

VOC increased.

3.2.9. Analysis of Rxylene removal by plamonocultures, communities and

compost

All the plants and compost removed-xylene from the test chamber air as explained below.
According to the 10 ppm mylene removal expé@nent (Fig. 322), all plant chambers and the
compost chambers removed 50% ofxylene within 1314 hours. Similar rates were observed for
m-xylene removal by all plants and compost fluctuating around 3 ppm gay* (Table 3. 7and

no significant difference (p=0.953)asobserved between nxylene removal ratesn-xylene level

in all chambers reached less than 1 ppm after 27 hours of initial injection, however, after that,
there was a very slow removal rate of Rylene in all chambers. The slow removal rate at the
lower level(later stagewas also observed for phytoremediation of toluene and benzene. Decline
of the removal rate at the lower concentrations of VOC indicated the progressive reduction of
VOC concenation inside the chamber air tbe removel by plants and composRelativelyH.
helixshowed the slightly higlreemoval rate, 3.47 ppm pdtday? than other plantsduringhalf-

life of m-xylene removain 10 ppm studyBased on the complete removéthe chamber
containingS. wallisiremoved mxylene completely after 68 hours which indicated slightly higher
phytoremediation efficiency than all other potted plants and compost which required
approximately 92 hourto remove 10 ppm rxylene(Table 38). However, all plants conducted

relativelylower removal rates during 10 ppm-xylene removathan the removal rates observed
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for benzene and tolueneTherefore, heseresults suggest the selected plants may not be better

selection for phytoremediation of lowoncentration of mxylene from air.

During 10 ppm benzene and toluene studies, removal rates by compost were less than or similar
to the removal rate observed by plants. However, observations from tixglene study indicated
removal rate performed by eopost were slightly higher than all plar(exceptH. heli}. This

suggested exposing to-#tylene may cause declining of remediation efficiency in plants.
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Fig. 322m-xylene (10 ppm) removal . wallisiiSW',H. heliXxHH',C. comosunCC', plant
community 'PC' and compost in plant propagating trays (pots), relative to a plant free control

'Empty chamber'. Data is presented as the mean + SEM (n=2).
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Table 3.7 Average rate for 50% of initial pm mxylene removal from test chamber air by

potted plants and compost

Potted plant type (n=2) Rate for 50% nxylene removal (ppm/pott
day”)

S. wallisii 3.33t0.41

H. helix 3.47+0.22

C. comosum 3.13+1.03

Plant community 3.09+0.38

Compost 3.40t0.34

All data were corrected for test chamber leakafi&uskal Wallis tesp=0.953)

Pant moroculture and community showed almosimilar removal rate for the initial 20 ppm-m
xylene injection(Table 3. 7)According to phytoremediation of 100 ppmxylene(Fig. 323), all
plants and control chambers removedxylenefrom the chamber air. Slightsimilarremoval
pattern and thevery close removal rates observed durfng 50% of naxylene removalTable 3.
8). Likewise, 100 ppm benzene removal,comosunshowed the highest removal rate (76.25
ppm pot! day?) of mxylene. The lowest rate observed during Hié of m-xylene was byhe
plant community which was 63.2 ppm paday?®. However, no significant differences (p=0.238)
were observed among the removal rates performed by different cham@eisle 38). A very
close haHlife of mxylene was observed in the chambers contairptants and compost varying
between 14 16 hours. Similar to the results obtained for 10 pprxytene removal, removal rate
was declined at the lower concentration (later stage) and the pmik nearly 100 hours to

remove mxylene completely from the chaper air(Table 38).
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Fig. 3.23m-xylene (100 ppm) removal by plagt wallisiiSW',H. helixHH',C. comosunCC',
plant community 'PC' and compost in plant propagating trays (pots), relative to a plant free

control 'Empty bamber'. Data is presented as the mean + SEM (n=2).

Table 3.8 Average rate for 50% of initial 100 ppmxylene removal from test chamber air by

potted plants and compost

Potted plant type (n=2) Rate for 50% nxylene removal (ppnpot X day?)
S. wallisii 65.45+1.02
H. helix 67.52:1.04
C. comosum 76.253.74
Plant community 63.20t2.83
Compost 69.65+4.05

All data were corrected for test chamber leakai@uskal Wallis tesp=0.238)

As a comparison of 10 ppm and 100 pprxykene removal rate, plant community showed the
lowest rates in both experiments as 3.09 and 63.2 ppm' platy* respectively. It was noticed that
at the lower concentration of axylene (later stage), the removal rate declined in all chambers.

This was alsobserved during benzene and toluene removdlis is probablpecauseat the
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beginning, all plant and control chambers achieved a higher removal rate by stimulating the
system due to initial exposure to VOC. However, at the lower concentration in thestatgr

level, plant and soil may decline the rate of removal because there was no additional amount of
VOC to stimulate the system. In addition, any adsot@dby soil (compost) at the initial stage
maybe desorbed into the chamber air in the later staghichmay cause low removal rates by

plants.

The removal rate of Atylene by compost during the hdife was slightly higher than the plants in
100 ppm (excep€. comosumexperiment. This probably happened due to exposure to a higher
concentration of mxylene, that may cause high abiotic stress to plants and thus the initial
removal rate (phytoremediation efficiency) would be slower in the plant containing chamnihers.
addition, these results demonstratete capability ofpotting mixtureto remove high

concentration of mxylene from the chamber air. Similar observations were also found during 100

ppm benzene and toluene studies.

3.2.10. Comparison of resulend Conclusian

At the low (10 ppmand high (100ppm) concentratio$ benzene, toluene and fylene
experiments, all plant monocultures, community and compost removed gaseous benzene,
toluene and mxylene from the test chamber aiHowever, no significantly different removal rates
were observed during BTX removal experimeB&sed on the removal rates atite time taken

for the complete removal of VOC from the test chamber air, study showed some plants
performed better removal efficiencies while somkamts showed a relatively lower removal
performance for the three VOCs testdd.addition, study showedtt plants performed VOC

removal efficiency differentially for the low and high concentrationthefsame VOC.

At 10 ppm benzenstudy, S. wallisiandH. helixperformedhigherremovalrateswhile S. wallisii
followed bythe plant communityachieved thebest removal ratefor 10 ppm toluene removal.
Therefore, those plants are moseiitablefor removing lower concentration${0 ppm) of

benzeneandtoluene from indoor airln 10 ppm benzene removal, all plants exc€ptomosum
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conducted higher removal rates than the compddte rate observed for the removal of toluene
by C. comosunwas equal to the rate conducted by compoatso, all plants performed better
than compost during 10 ppm toluene studyherefore, this study showed that plants enhanced

the phytoremediation ofow-levelbenzene and toluene (excefit comosumfrom air.

Interestingly, in 10 ppm mtylene experimentcompost performed aonsiderabhjhigher

removing rateghan plants performedexceptH. heliy. Alsoplants removed rxylene from the
chamber air at a lower rate than the rate they performed during 10 ppm benzene and toluene
phytoremediation. Thereforehe selected plant specie§, wallisiiH. helixand C. comosurmay

not be a good selection fafficientremoval oflower concentrations ofn-xylene from the air.

The best removal rate of 100 ppm benzene andyitene from chamber air was observed®y
comosunmwhile the best removal rate of 100 ppm toluene was performed@bwallisifollowed

by C. comosuminterestingly, &the higher concentration (100 ppm) of benzene, toluene and m
xylene, plant communityeportedthe lowestremoval rates than thelpnt monocultures.

Probably this may happen due to a few reasons. Exposure to a high concentration of VOC, plants
get a high abiotic stress which reduce the plant and roots grqg®#rhardtet al., 2009) In the
mixed culture system, plants acquired different abiotic stress levels based oretfiespkecies
which may probably higher than the plant stress in a monoculture. Also, in a plant community,
mixed plant species conducting interspecies competition for the nutrisitigher than the
intraspecific competition in the monoculturéblortd et al., 2017) In addition, the combination of
selected three plant species may not be the best selection for removing high concentration of
tested VOCs. Thudue to single oa combination of these factors, the overall VOC removal rate

by the plant canmunity was reduced compared to the monocultures.

The time taken to reach the halives and the complete removal of VOC from chambewarne
compared Table 39). At the 10 ppm VOCs concentration all the prtmoved the 50% of VOCs
within 107 to 13.7 hours except 10 ppm toluene removal 8y comosurand compost which
took 21 and 34 hours respectivelyable 39). In the same experiment, the maximum time taken

to reach less than 1 ppm concentration inside the chamber was 46 hours observed for the toluene
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removal by compost. In all other 10 ppm experiments, plants and compost removed VOC
concentration completely or into less than 1 ppm concentration within less tiéamodirs.
Comparatively, it was observed that a long time was required for the complete removal of 10 ppm
m-xylene by plants and compost than the time taken for the complete removal of 10 ppm

benzene and toluene.
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Table 3.9 Hdf-life of VOC and the time required for the complete removal from the test chamber

VOC type| VOC dose
(ppm) Type of potted plants system
PP S. wallisii C. comosum H. helix Plant community Compost
Half-life Complete | Halflife | Comgete | Half-life Complete | Half-life Complete | Halflife | Complete
removal | (hours) removal | (hours) removal | (hours) removal (hours) removal
(hours) (hours) (hours) (hours) (hours)
Benzene | 10 11.280.1 24515 |12.0:0.5 30+2.9 11.050.2  24+1 12.0+0.10  34+1.5 12.0:40.0 31.5+1.1
100 28.5t0.4 52+0.5 15+2.1 51+1.8 22+0.3 72+1.1 33t2.1 74+3.3 26+1.1 62.5t2.2
Toluene | 10 10.740.3 23t1.5 21+2.2 96+3.5 12.40.5 65+2.0 11.25:0.25 23.5t1.0 34+1.5 5443.13
100 13.50.4 48+0.8 14.1+0.6 51+1.1 14.8:0.1.5 50+0.8 18.5+2.1 48+0.9 14.30.8 49+0.1
m-xylene | 10 13.4+0.9 68+1.2* 13.40.5 92+0.1* 13.1+0.8 91+0.8* 13.6+0.8 92+0.4* 13.310.2 92+0.4*
100 1640.6 F100 1441.1 £100 15+0.8 £100 16.8t1.5 £100 14+1.5 £100

! Toluene level declined less than 1 ppm after 26 hours of initial indudtmmever it took 65 hours for the complete removal

2Toluene level declined less than 1 ppm after 45 hours of initial induction, however it took 96 hours for the complete removal

3Toluene level declined less than 1 ppm after 46 hours of initial indudtmmever it took 54 hours for the complete removal

“m-xylene level declined less than 1 ppm after38hours of initial induction, however it tod#2 hours for the complete removal (except wallis
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According to the complete removal of 100 ppm VOC from the test chambers, all the plants and
compost took a minimum of 48 hours or more than 48 hodtshe 100 ppm VOC studg,
comosuncommonly perbrmed a better haHife removal rate for all three VOCs by removing 50%
of all single VOC within 146 hours(Table 3.8)Therefore,C. comosungrown in thepotting

mixtures is suitable choice for remediate higincentrationsof VOC from air.

Similar tothe observations in complete removal of 10 ppraxgiene, omplete removal of 100
ppm mxylene by plants and compost tooddativelymore time than the time required for the
removal of 100 ppm benzene and tolue(except 100 ppm toluene removal B comaosun).
Therefore, based on the time taken for the complete removal of 10 ppm and 100npprieng
this study showed that the selected three plant species and plant mixed culture (comnmaneity)

not a better option to remove nxylene from indoor air.

As menioned previously, the plant community showed a lower phytoremediation efficiency at
100 ppm VOC concentrations, by maintaining longerlhadt than plant monocultures.
Therefore, the findings suggested plant monocultures are better option to remedigke hi

concentrations of VOCs than communities.

Results from this study showed that higher removal rates performance by most of plant chambers
than compost chamber during 10 ppm benzene and toluene removal experiments. Probably this
occurred because at thewer concentrations, plant faced a lower stress, therefore a higher
plant-soil microorganism interaction conducted. Thus, the presence of plants accelerates
phytoremediation of lower concentration of benzene and toluene from the chamber air. Opposite
to this observation, at the higher concentration of VOC, compost also showed high removal rates.
Each plant and compost trays contained a similar volume of potting mixture. Therefore, at 100
ppm concentration, potting medium (compost) performed as the main coutor to remove

VOC at the higher concentration.

Compost/ soil has the ability to adsorb the high concentrations of VOC from the air and act as a

VOC sinkRamirezt al.,, 2010) But due to exposing to a higher concentration of VOC, plants may
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reduce their tolerance againstéhVOC stress, therefore phytoremediation efficiency by plants
can bereduced. Therefore, the findingaiggesthat the phytoremediation efficiency depended
on several factors such as the type of VOC, the concentration of VOC, type of plant species used

andthe plant growing medium.

As a summary, inachexperiment, the highest remediation rateasperformed bya plant
monoculture S. wallisiiH. helixor C. comosumin overall, all plant monocultures conducted

higher removal rates of benzene, toluene anekylene than the plant community, except 10 ppm
toluene and benzene removal. Therefore, these findings indicated that the plant monocultures
have higher efficiency to remediate VOC from the air than the plant commuxigtg,our findings
showed that plats are the main contributor of VOC removal at the lower concentration, however

at the higher concentration of VOC, potting mix was the main contributor of VOC removal.
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Chapter 4. Isolation and Identification MOQlegrading bacteria
from rhizospherand compost
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4 1. Introduction

Bacterial identificatioabased on the traditional culture methods still play an important role in
research because cultuifgased identification reflects the composition of unknown microbiomes

to some extent. In addition, it fédates the direct isolation of bacteria from the samplésthis

study, inknown bacteria were isolated from the rhizospherev@Cexposed and nomxposed
(freshcontrol plantg S. wallisiiC. comosunandH. helixand fresh composfvOC unexposed)

Exposing plants to VOC, rhizosphere soil extraction and isolating VOC degrading bacteria from soil
samples are detailed in sections 2.3, 2.4 and 2.11 respectheliglentify themat the genus level,
morphological, biochemical and physiological tests wergdcicted on each bacteriurfuetailed

in section 2.13.1 and Appendix 0Based on the culture characteristics of each bacterium, their
GFrE2y2Yé 61 a LINBRAOGSR dzaAy3a . SNBE'%@tarBelgeyy dzi f
et al,, 1994) Then the 16s rRNA gene from these bacteria was sequenced and mapped against the
Gene Bank database in NCBI to identify therthe specie¢evel(detailed insection 2.13.2 The
collaborative approach with both culti@ependent and independent identifications enhanced

the understanding of VOC degrading bacteria present in the rhizosphere and compost samples.

4.2.Results

4.2.1.I1solation and identification of VOC degrading bactexrizd on culture

methods

Bacteria in soil possess hydrocarbdegrading enzymesuch agnonooxygenasglioxygenase
anddehydrogenaséDjokicet al., 2011; Ferrerd&Rodriguezt al., 2013; Gianfreda, 2015Research
showed that thedifferent taxonomical and functionddacterial compositioabetween
contaminated and the uncontaminatddnd, and thesedifferencesoccurred mainly because a
higher bioremediation activity takes place in the contaminatedssitan noncontaminated soil
(Barragaret al., 2008; Djokiet al., 2011; Ferrer&Rodriguezt al., 2013; Gianfreda, 2015\
higher proportion ofhydrocarbondegrading bacteria inhabit in thdhizosphere of [ants grown in

the oil-contaminatedlandsthan the plants grown in the neoontaminated aregFerrera
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Rodriguezt al, 2013; Seyedt al,, 2013; Yergeast al., 2014) This suggestshere can be
differences between thehizosphere bacterial composition in the plants exposed and non
exposed tagaseous/OCFollowing the incubation periodhe presence of bacteal growth was
observedrig. 41a) after incubating the rhizosphere soil inoculated MSA under the gaseous VOC
while no bacterial growth occurredrig. 41b) in the negativecontrol experiments, where the

same soil suspension used from the above experiments were inoculated on MSA and incubated

under the same conditions without VOC in the &alfle 41).

Fig. 4.1aandFig. 4.1bPresence of bacterial colonies and no (absence) bacterial colonies on the

MSA inoculated. wallisirhizosphere soil suspension, incubated under gaseous toluene.

Table 41 Total number of bacterial colaes observed in the MSA plates following incubation

under the gaseous VOC conditions

VOC treatment | Plant species used it Total number of colonies observed on MSA
on soil the batch VOC treated VOC Fresh compost
inoculated MSA| experiment untreated®
Benzene S. wallisii 0 8 4

C. comosum 10 0

H. helix 3 4
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VOC treatment | Plant species used it~ Total number of colonies observed on MSA
on soil the batch VOC treated VOC Fresh compost
inoculated MSA| experiment untreated®
Toluene S. wallisii 4 11 3

C. comosum 6 9

H. helix 5 9
m-xylene S. wallisii 5 0 0

C. comosum 7 6

H. helix 5 0

This is the total number of coloni€89 coloniespounted on MSAfter incubation period, during
identification them through the culture and molecular methods, dr¥ colonies werselected

for the tests
2. Plants were exposed to gaseous VOC for four weeks during batch experiment

3. Plants were norexposed to VOC fdour weeks during batch experiment

Toreducethe time and cost required to tegtacterig only a limited number of colonies were
selected In total, 24 bacteria werpickedfrom the rhizospheres where the plants were exposed
to 100 ppm of VOQF able 42). In addition, 29 bacteria wengickedfrom the control plants
rhizosphere where the plants had not been exposed to YkaGle 43). Based on the culture

methods, these acteria were classified up to the genus level

The MSA medium did not contain a carbon or energy source for the bacteria. The plates
inoculated with the same soil suspensions but incubated under no VOC supplement (negative
control) showed no bacterial gnah. This showed absence of bacterial growth was resulted by

the absence of a carbon and energy sources in the medium. Presence of bacterial growth on the
MSA when the incubating environment contained VOC concluded the capability of rhizosphere

bacteria toutilize benzene, toluene andxylene as their sole carbon and energy source.
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Therefore, isolated bacteria can phytoremediate gaseous benzene, toluene -agikne from
the air.In detail four bacteria fromS. wallisiifourteen fromC. comosumandsix fom H. helix
were isolated and analyseddith the classical microbiology culture tests. Based on these culture

tests observations, the taxonomy of each unknown bacterium was predi€tgule 42).
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Abbreviations are SWS. wallisiiCC C. comosuirHH=H. helix B= benzene, T=toluene, X=xylene, R=rod shaped (bacillus), S= spherical /coccus, O= oxidation,

F=fermentatbn, + = strains are positives strains are negative, S = sphere (coccus), ND= not detected.
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Following the incubation period and s@hilturing processfour VOC degrading bacteria frof
wallisiiwere isolated. In detail, there were two toluestkegradirg and two mxylene degrading
bacteria. Using culture identification tests, toluedegrading bacteria were identified belonging

to the genusAgromycegSWT1) andlicrobacterium(SWT3) while axylene degrading bacteria
belonged to the genuBseudomonaéSWX and SWX2). However, no benzene degrading bacteria

were isolated frons. wallisii

During the isolation of bacteria from VOC treated plant rhizosphere, the majority of bacteria were
isolated fromC. comosumThere were six benzerdegrading, four toluenaegrading and four
m-xylenedegrading bacteria isolated fro@. comosumhizosphere. According to the culture
analysispne bacterium from each of the genefgromycegCCB1)Bacillug§CCB2)}Micrococcus
(CCB3)Microbacterium(CCB4)Brucella(CCB5) andrthrobacter(CCB6) was identified as

benzene degraders. Toluenkegrading bacteria found i@. comosunwere classified to the genus
Arthrobacter(CCT1) aniicrobacterium CCT2, CCT3 and CICT4ilture identifications revealed

that m-xylene degrading baeria found inC. comosunbelonged to the genuBseudomonas

(CCX1, CCX2 and CCX4)Rardoea(CCX3).

In total, six bacteria were isolated frokh helix one benzenalegrading, three toluenelegrading
and two mxylenedegrading bacteria. According to tkealture tests RhodococcugHHB1) for the
benzene degradatiorMicrobacterium(HHT1, HHT2 and HHT3) for toluene degradation and

PseudomonafHHX1 and HHX2) for thexylene degradation were identified . helix

In summary, culture identification revesl that most of thevOCdegrading bacteria in the
rhizosphere olVOCtreated plants belonged to the geneMicrobacteriumand Pseudomonas.

Also, the majority of nxylene degrading bacteria belonged to the geRsgudomonas

There were 29 bacteria isolatégbm the rhizosphere ofontrol plants and composwvhich were
not exposed to benzene, toluene andxylene, but the soil suspensions were inoculated on the
MSA and incubated in the closed jar supplied WIDC In detail, there were eleven bacteria in

the rhizosphere ofs. wallisiieight bacteria fronH. helix seven bacteria fron®. comosunand
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three bacteria from compost were isolated and identified based on their culture characteristics

(Table 43).
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Table 4.3 Culturebased identifications of VOC degrading bacteria isolated frontrol LJt | vy (i & Q

(BErdele?al 1984% NS

=
(&S]
2 © (&)
< (O] ‘B — o
+— Q = Q o ()
g e |28 2|8 2| 8|3 |gg 8 3 o
ks g |§S|s|S | 8|5 | L |8 |88 = i
— o ~ — haet —
2 » | 0Bl G|6] S| =| 06| 0 |25 2 9
swect |R |t - Microbacterium
swecz |R |t + - Microbacterium
= aveca | R + - Microbacterium
c=§5 R + + + - .
. SWBC6 Bacillus
g SWTC1 RIS |+ B Rhodococcus
©
Q
5 swies |RO| T - Rhodococcus
ko)
(G -
T swrcr | RS |+ Rhodococcus
15}
3 - . .
m SWTCS R + + Microbacterium
swtio RS |+ - Rhodococcus
SWTC11 R + - Microbacterium

132



S
Q
& g | o
© [} = — ©
= () +— () o b
2 s |gE| 88| 2|2 8|8 5¢ 8 Sy
El g lsg| 8 |x| 8 |B| L | 2|88 3 8
@ ) Ox| n @) O > O O <o < o o
SWTC12 R * - ) - Aeromicrobium
c CCTC2 R * - + O - i Microbacterium
=}
[%2] _ i - - -
2 cctcs |R |7 + Microbacterium
o
o . .
¢ cctes |R|* - - ] Microbacterium
= . .
:cq:: ccter R * + + - ) Microbacterium
= : :
2 CCTC11 R * + + O - ) Microbacterium
8 .
g cexcr RO T + + |0 - - Bacillus
5
@
ccxcz | R - ND |+ + - ND | Pseudomonas
HHec1 | R + -t + |0 - - Arthrobacter
S5z, |HHece [T |7 NPT + - |ND | Rhizobium
E g8 E R * + - Cellulomonas
m.2 = HHTC2 ; _

133



S
(]
[@)] (] o
8 @ - 3 = D
2 o | 238 %2 |2 5|8 |Sg & 8 4
© g | ES| 5|z S = n Q 2= 5 S 3
Ie) < g S| a | X < S L = c O ) 05
w wn (OIR7) wn @) o = o O < O < o o
HHTes |R |- ND | T + - Np | Agrobacterium
HHTCA4 R + - - (o] - - Rhodococcus
hHtce |RO | - - - - Aeromicrobium
R + - + - - . .
HHTC7 Microbacterium
HHTCO R - ND | + + - ND | Agrobacterium
- JIBC1L R/IS | + - + - - - Micrococcus
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Abbreviations are SWS. wallig, CCC. comosumHH=H. helix JI= compost, B=

benzene, T=toluene, Xylene, C=control (VOC untreated during batch

experiment), R=rod shaped (bacillus), S= spherical /coccus, O= oxidation, F=fermentation, + = strains are pesitives are negfive, S = sphere (coccus),

ND= not detected.
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More VOGdegrading bacteria were isolated from tkentrol plants (where the plants were not
exposed to 100 ppm VOC at the initial four weeks period, but the rhizosphere soil inoculated
plates were incubated ithe jar containing/OCvapours) rhizosphere @&. wallisithan H. helix
andC. comosumnin detail, there were four benzergegrading and seven toluergdegrading
bacteria isolated fron®. wallisicontrol plants. However, no bacteria could be isolatedhirthe S.
wallisiicontrol plants rhizosphere following the 1#xylene treatment. According to the culture
identifications,Microbacteriumin the rhizosphere 0%. wallisicontrol plants were able to
degrade both benzene (SWBC1, SWBC3 and SWBLC®luene(SWTC8 and SWTC11) from the
atmosphere. In addition, benzene degradBgcillugSWBC6) and toluene degrading
RhodococcuSWTC1, SWTC5, SWTC7 and SWTC1A¢rmdicrobiun{SWTC12) were identified

in the rhizosphere o§. wallisicontrol plants.

Five tolene-degrading bacteria and two 1xylenedegrading bacteria were found in ti&
comosuncontrol plants rhizosphere however, no bacteria could be isolated following the
benzene treatment. All toluendegrading bacteria belonged to the gerdgrobacterium
(CCTC2, CCTC3, CCTC5, CCTC7, aaimeRarillugCCXC1) arflseudomonafCCXC2) were
identified for their capability to degrade #xylene. IH. helixcontrolLJt | Yy 14 Q NXAT 2 & LK
bacterium from each of the genesrthrobacter(HHBC1) anBRhizobiun{HHBC6) were found as
benzene degraders while six bacteria identified as toluene degraders. Theyekutomonas
(HHTC2)Agrobacterium(HHTC3 and HHTCAgromicrobium(HHTC6)RhodococcudHHTCoand
Microbacterium(HHTC7). However, no-rylenedegrading bacteria were isolated from the
rhizosphere oH. helixcontrol plants. According to the biochemical test observations, the
majority of the bacteria icontrol plants belonged to the genudicrobacteriumfollowed by

Rhodococcus

In addition to isolatindpacteria from rhizosphere, VOC degrading bacteria in potting mix
(compost) were isolated. Two benzedegrading (JIBC1 and JIBC2) and one tokdegeading
(JITC1) bacterium identified from compost samples and they were classified to the genus

MicrococcugJIBC1) anBrucella(JIBC2 and JITC1). Nexytene degrading bacteria were isolated
135



from the compost sampleg=ig. 42 shows representative Gram staining images of each bacteria

isolated from soil samples.
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Fig. 4.2 Representative microscopic image of Gram stained VOC degrading bacteria isolated from
soil samples, under magnification x 1000. Abkatons are A=SWXPgeudomongs B= CCX3
(Pantoed, C =JIBCMjcrococcuy D= JIBCB(ucellg, E =CCBBé&cillu3, F =SWTAgromyce}
G=HHTCMicrobacteriun), H=HHBC®&Rfizobiun), 1= CCB@&fthrobacte), JISHHTC3

(Agrobacterium, K=HHB1 Rhodococcys L=HHTC2Eellulomonags M= HHTC2eromicrobiun.

Common culture characteristics of bacteria were as follfveble 42 and Table 43).
Microbacteriumwas Grarmpositive, rodshaped, norspore forming, oxidase negative, catalase
positive, aerobic, nofacid fast, glucose oxidative or fermentative, motile or sroatile and
positive for the acid production from glucogghodococcuwas identified as Gramositive, rod
shgped, nonspore forming, oxidase negative, catalase positive, aerobichmatile, glucose
oxidative or fermentative, positive or negative for the acid production from glucose andemstid
or nonacid fast bacteriaArthrobactershowed rod shape, Grajpostive, nonspore forming,
oxidase negative, catalase positive, rootile, aerobic, negative for the acid production from
glucose and nowcid fastPseudomonawas Grarmegative, rodgshaped, motile, oxidase and
catalase positive bacteridgromyceshowedGrampositive, nommotile, oxidase negative,

catalase positive, neapore forming, aerobic and positive for the acid production from glucose.
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Micrococcusvas Grarrpositive, coccus or very short rod shape, repore forming, oxidase and
catalase positive, an-motile and either carbohydrate oxidative or no reaction observed on
carbohydrate. Some bacteria from the gerdiErococcusvere positive for acid production from
glucose. GenuBrucellawas identified as roghaped, Granmegative, catalase positive, deise
negative or positive, nomotile, carbohydrate oxidative or observed no reaction on
carbohydrate Bacillusvas Grarmpositive, rodshaped, spordorming, oxidase negative,
carbohydrate fermentative, and catalase positive, motile and positive for tltepoduction
from glucosePantoeawas Gramnegative, rodshaped, oxidase negative, catalase positive,

motile, carbohydrate oxidative and positive for the acid production from glucose.

Aeromicrobiunshowed Granpositive, honspore forming, oxidase negaéi, catalase positive,
non-motile, negative for the acid production from glucose, aerobic andad fast.Rhizobium
was rod shape, Gramegative, oxidase and catalase positive, motile, glucose fermentative and
aerobic.Cellulomonasvas rod shape, Graipositive, nonspore forming, oxidase negative,
catalase positive, carbohydrate fermentative, aerobic and positive for the acid production from
glucose Agrobacteriumwas Grammegative, rodshaped, oxidase and catalase positive, motile,
positive for the acigbroduction from glucose and found fermentative or no reaction on

carbohydrate.

By performing isolation and identification of VOC degrading bacteria, it was expected to observe
the compositional differences between the rhizosphere of VOC treatedcantiol plants. In the
control plants experiment, though the plants were not exposed to VOCs during the foitral
weekperiod, some bacteria in the rhizosphere samples of these plants were able to utilise VOCs
as their sole carbon source. During isolatingegrading bacteria, togbf24 and 29 bacteria

from VOC treated and untreateddntrol) plants rhizosphergere isolatedrespectively andhen
predicted their genus level based on culture test observations. Thus, caegendent method

enablal an understanding of physiology and metabolism of unknown microorganisms.

Studying unknown bacteria based on the cultimdependent method can be carried out based

on their DNA or RNA analysis without cultivation. Mapping sequencing data to a reference
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databaseenables identifying the closest species or genus level of unknown bacteria, thus this is
less labour consumingnd fasterapproachcompared to culture methodd hePercentage of

identity, based on the sequencing daexpresses the level of similarity lvegen the unknown
bacterium and reference bacteria in the database. When the percentage of identity is low, this
indicates the unknown bacterium can be a new bacterium strain or species. Also, bacterial
genomic information enables comparing phylogenetic mtttional similarities and differences
between different bacteria. Sequencing data can be useturther downstream applications

such as designing speciggecific primers. Therefore, to get a closer labkhe isolated bacteria

from plant rhizosphergtheir 16 rRNA gene sequencing identification was conducted.

4.2.2.Molecular identification of VOC degrading bacteria

The same set of bacteria studied in the culture method was investigated in this section. Though
the culture-based analysis identified beene, toluene and mylene degrading bacteria, that
identification was limited to the genus level. Also, there were often more thanbaegerium
identified belonging to the same genus, therefore it was necessary to classify them-¢zisub

or speciesdvel. Such classifications were carried out by using molecular methods and each
bacterium was identified up to thepeciedevel witha 97% or more than 8% identity (except

JIBC1 and CCX3). During molecular identification, bacterial genomic DNA ext@adtio
amplification of the 16S rRNA gene using 27F/1492 primer pair was conddetaded insection
2.13.2.). Therewasatotal of 53 bacteria isolated using culture methods and DNA from each
single bacterium was amplified and run on the agarose gerseely to confirm the presence of

expected ampliconéFig. 43).
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Fig. 4.3 Representative garose gel image to show PCR amplicons (1485 bp) of 16S rRNA gene in
bacterial genomi®NA extracted from rhizosphere soil samples. Lanes are: 100 bp DNA ladder (1),
empty well (2), SWX1 (3), CCX1 (4), JIBC1 (5), CCBL1 (6), CCT1 (7), HHB1 (8), HHT1 (9), SWT1 (1

negative control (11) and 100 bp DNA ladder (12).

Cloning PCR amplicons intacta's following the colony PCR was performed for the sele(daty
for the bacteria mentioned in th€ig. 45) unknown bacteria to certify the successful
amplification of the 16S rRNA gene during PCR. Therdl@®,amplicons from the selected
bacteria were purified and cloned into pGEMI®&asy vector and plated on LB agar plates
containing ampicillin, XGal and IPT@ig. 44). White colour colonies on the LB mediundicates

successful transformations while no (unsuccessful) transformations appeared blue.
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White colony

Blue colony

Fig. 44 Example of successful cloning of 16S rRNA gene amplicons from SWHE3tetachia
coliJM109 higkefficiency competentells. White and blue colonies are recombinant vector

containing cells and nerecombinant vector containing cells respectively.

Transformant colonies were used for colony R@Railed insection 2.13.2.2 Agarose gel image
(Fig. 45) shows the presence of 1485 amplicon in the colony PCR products obtained from the

selected isolates.

SOl O =11 - <12 13 Marker size
(bp)
e~ oe 1017
500
r 100

Fig. 45 Agarose gel image to show colony PCR product amplicons (1485 bp) obtained for the
bacteria listed. Lanes are: 100 bp DNA Hyper ladder (1), SWX1 (2), CCX1 (3), JIBC1 (4), CCB1 (5)
CCT1 (6), HHBL1 (7), HHT1 (8), SWTL1 (9), SWBC1 (10), SWBC3 (11), negative control (12) and 10

bp DNA Hyper ladder (13).
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Then, the 16S rRNA gene amplicons obtaiinech the PCR were sequenced by the Sanger
sequencing approach. Only the forward strand was sequenced using the 27F primer as
sequencing primer in the reaction. The successful sequencing result of SWBCL1 is shown below as

an example and the full sequeng list for the all bacterial can be foundAppendix 3.

>SWBC1_27F
TTACCATGCAGTCGAACGGTGAAGCCAAGCTTGCTTGGTGGATCAGTGGCGAACGGGTGA
GTAACACGTGAGCAACCTGCCCTGGACTCTGGGATAAGCGCTGGAAACGGCGTCTAATAC
TGGATATGAGCTTTCACCGCATGGTGGGGGTTGGAAAGATTTTTCGGTCTGGGATGGGCT
CAGGCCTATCAGCTTGTTGGTGAGGTAATGGCTCACCAAGGCGTCGACGGGTAGCCGGC
CTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAG
CAGTGGGGAATATTGCACAATGGGCGGAAGCCTGATGCAGCAACGCCGCGTGAGGGATGA
CGGCCTTCGGGTTGTAAACCTCTTTTAGCAAGGAAGAAGCGTGAGTGACGGTACTTGCAG
AAAAAGCGCCGBBTTACGTGCCAGCAGCCGCGGTAATACGTAGGGCGCAAGCGTTAT
CCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCTGCTGTGAAATCCCG
AGGCTCAACCTCGGGCCTGCAGTGGGTACGGGCAGACTAGAGTGCGGTAGGGGAGATTGG
AATTCCTGGTGTAGCGGTGGAATGCGCAGATATCAGGAGGAACACCGATGGCGAAGGCAG
ATCTCTGGGCCGTAACTGACGGAGAGAAAGGGTGGGGAGCAAACAGGCTTAGATA
CCCTGGTAGTCCACCCCGTAAACGTTGGGAACTAGTTGTGGGGTCCTTTCCACGGATTCC
GTGACGCAGCTAACGCATTAAGTTCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTC
AAAGGAATTGACGGGGACCCGCACAAGCGGCGGAGCATGCGGATTAATTCGATGCAACGC
GAAGAACCTTACCAAGGCTTGACTACACG

After mgoping 16S rRNA gene sequencing reads of bacteria isolated from VOC treated plant
rhizosphere into the nucleotide BLAST database, all the strains were identified up to the species
level with the identity percentage ranging from 97% to 100%b(e 44). In most cases, query
nucleotide sequence aligned with more than one reference sequence in the database with the
same or very closkighestidentities therefore in a phylogenetic tre¢hose species/straingere

closdy branchedFig. 46). For examplebacteria SWTC10 showed 99.90% identity with the 16S
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rRNA sequence é&thodococcus gingshengirain djt6-2 andRhodococcus degradasgain CCM
4446. Alsobacteria CCT3 sharé@®.90% identity wittMicrobacteriumbarkeristrain DSM while

sharing 98.97% identity witklicrobacterium oryzastrain MB1Q(Fig. 4 6).

?Nocardia globerula strain DSM 44596 168 nbosomal RNA, partial sequence
9 iRhcdoccccus globerulus stram DSM 43954 165 ribosomal RNA, partial sequence
7 Rhodococeus globerulus strain DSM 43954 16S ribosomal RNA, partial sequence
*Rhodococeus batkonurensis strain A1-22 168 ribosomal RNA, partial sequence

3 7 Rhodococeus qingshengii strain djl-6-2 16S ribosomal RNA, partial sequence

3SWTC 10
! Rhodococcus degradans straim CCM 4446 168 ribosomal RNA, partial sequence
D} #Rhodococcus erythropolis strain N11 168 ribosomal RNA, partial sequence

J
5 )
0.004 ¥ Nocardia coeliaca strain DSM 44595 168 nbosomal RNA, partial sequence
*Rhodococeus qingshengi JCM 15477 stram djl-6 16S ribosomal RNA, partial sequence

“Rhodococeus erythropolis stran ATCC 4277 16S nibosomal RNA, partial seq...

?Microbacterium desertt strain SYSU D8014 165 ribosomal RNA, partial sequence
'Microbacterium petrolearium strain LAM0410 165 ribosomal RNA, partial sequence
—*Microbacterium arabinogalactanolyticum strain DSM 8611 165 ribosomal RNA, ...
.) 'Microbacterium esteraromaticum strain DSM 8609 165 ribosomal RNA, partial...
*Microbacterium ketosireducens strain [FO 14348 165 nbosomal RNA, partial sequence
2 Microbacterium gilvum stram YIM 100951 165 nbosomal RNA, partial sequence

9 ?Microbacterium oryzae strain MB10 165 nbosomal RNA, partial sequence

i

}L{ ¥ e0em
Q

IMicrobacterium barkert strain DSM 20145 168 ribosomal RNA, partial sequence

Fig. 46 phylogenetic treeexampleof the bactera SWTC10 and CCT3

During sequencinght queryreadswere produced using one primer, therefore only partial
sequences of the 16S rRNA gene for the test bacteria were obtained rangireatiengthfrom
700-1000bpin mostof the testbacteria Howeverjt wassufficient toidentify closely related
species (nearest species) and alsogkielutionary relationshipbetween the test bacterium and

reference bacterigFig. 49).

144



Table 4 4 |dertification of VOC degrading bacteria isolated from VOC treated plants by analysing bacterial 16S rRNA gene sequences.

Length of Length of query | Max score dentity
Isolate Tag Gene B_ank Nearest species aligned
Accession no 16S rRNA %
NR_116743.1 | Agromyces atrinae 1477 965 1777 99.90
SWT1 NR_026165.1 | Agromyces ramosus 1482 932 1580 96.18
NR_029092.1 | Agromyces cerinus 1465 934 1572 95.89
% NR_116483.1 | Microbacterium ginsengiterrae 1427 982 1759 98.59
cz SWT3 NR_025405.1 | Microbacterium phyllosphaerae 1478 981 1751 98.49
% NR_042983.1 | Microbacterium natoriense 1429 981 1748 98.40
_(_86 NR_156987.1 | Pseudomonas paralactis 1428 239 442 100
©
é NR_114225.1 | Pseudomonas mucidolens 1462 239 442 100
3
- SWX1 NR_113583.1 | Pseudomonas synxantha 1527 239 442 100
NR_024928.1 | Pseudomonas gessardii 1516 239 442 100
NR_024901.1 | Pseudomonas libanensis 1516 239 442 100
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_116743.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SDR178X01R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026165.1?report=genbank&log$=nucltop&blast_rank=2&RID=B6VJ8X8F014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_029092.1?report=genbank&log$=nuclalign&blast_rank=3&RID=B6VJ8X8F014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116483.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SDWX2G601R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025405.1?report=genbank&log$=nucltop&blast_rank=2&RID=B6VJ8X8F014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_042983.1?report=genbank&log$=nucltop&blast_rank=3&RID=B6VJ8X8F014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_156987.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SFJDTBX015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114225.1?report=genbank&log$=nucltop&blast_rank=2&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_113583.1?report=genbank&log$=nucltop&blast_rank=3&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_024928.1?report=genbank&log$=nucltop&blast_rank=5&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_024901.1?report=genbank&log$=nucltop&blast_rank=6&RID=AEE7W3BV015

5 Length of Length of query | Max score dentiy
Isolate Tag ene Bgnk Nearest species aligned
Accession no 16S rRNA %
NR_114226.1 | Psedlomonas plecoglossicida 1462 941 1725 99.68
SWX2 NR_114224.1 | Pseudomonas maeilii 1462 940 1720 99.58
NR_102854.1 | Pseudomonas entomophila 1526 939 1714 99.47
NR_116743.1 | Agromyces atrinae 1477 977 1799 99.90
c CCB1 NR_026165.1 | Agromyces ramosus 1482 942 1587 95.93
g NR_029092.1 | Agromyces cerinus 1465 946 1799 95.85
2 NR_044524.1 | Paaibacillus xylanexedens 1514 954 1735 99.27
% CCB2 NR_040853.1 | Paenibacillus paldi 1500 952 1725 99.06
[}
g NR_112728.1 | Paenibacillus amylolyticus 1478 949 1716 98.85
'g NR_112644.1 | Leifsonia lichenia 1465 994 1827 99.80
3]
S CCB3 NR_116501.1 | Leifsonia soli strain F&6248 1343 965 1755 99.28
NR_043663.1 | Leifsonia shinshuensis 1500 983 1766 98.69
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_114226.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SFNV3AN015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114224.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_102854.1?report=genbank&log$=nuclalign&blast_rank=5&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026165.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_029092.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044524.1?report=genbank&log$=nucltop&blast_rank=1&RID=1RFD2ETE014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_040853.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_112728.1?report=genbank&log$=nuclalign&blast_rank=5&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_112644.1?report=genbank&log$=nucltop&blast_rank=1&RID=1RFB11JP015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116501.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_043663.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014

5 Length of Length of query | Max score dentiy
Isolate Tag ene Bgnk Nearest species aligned
Accession no 16S rRNA %
NR_028944.1 | Microbacterium aerolatum 1345 903 1642 99.23
CCB4 NR_025368.1 | Microbacterium foliorum 1480 945 1700 98.75
NR_116483.1 | Microbacterium ginsengiterrae 1427 942 1683 98.43
NR_104702.1 | Arthrobacter psychrochitiniphilus 1446 961 1690 97.76
CCB5 NR_117355.1 | Arthrobacter livingstonensis 1379 936 1639 97.50
NR_042258.1 | Arthrobacter stackebrandtii 1517 959 1666 97.36
NR_104702.1 | Arthrobacter psychrochitiniphilu 1446 759 1339 97.94
CCB6 NR_117355.1 | Arthrobacter livingstonensis 1379 736 1299 9787
NR_042258.1 | Arthrobacter stackebrandtii 1517 758 1323 97.55
NR_041546.1 | Arthrobacter humicola 1463 968 1784 99.90
CCT1 NR_041545.1 | Arthrobacter oryzae 1465 963 1755 99.38
NR_026236.1 | Pseudarthrobacter oxydans 1486 923 1674 99.14
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_028944.1?report=genbank&log$=nuclalign&blast_rank=1&RID=C7Y3565T014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025368.1?report=genbank&log$=nucltop&blast_rank=1&RID=1RFHCKJJ014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116483.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_104702.1?report=genbank&log$=nucltop&blast_rank=1&RID=1S9PXM6K014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117355.1?report=genbank&log$=nuclalign&blast_rank=2&RID=C7Y3565T014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_042258.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_104702.1?report=genbank&log$=nucltop&blast_rank=1&RID=1S969085014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117355.1?report=genbank&log$=nuclalign&blast_rank=2&RID=C7Y3565T014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_042258.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041546.1?report=genbank&log$=nucltop&blast_rank=1&RID=2PDZWKRJ014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041545.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026236.1?report=genbank&log$=nuclalign&blast_rank=3&RID=C7Y3565T014

5 Length of Length of query | Max score dentiy
Isolate Tag ene Bgnk Nearest species aligned
Accession no 16S rRNA %
NR_02618.1 | Microbacterium barkeri 1468 813 1498 99.88
CCT2 NR_117527.1 | Microbacteriun oryzae 1419 805 1454 98.89
NR_159264.1 | Microbacterium album 1470 795 1397 97.67
NR_026164.1 | Microbacterium barkeri 1468 968 1784 99.90
CCT3 NR_117527.1 | Microbacterium oryzae 1419 959 1735 98.97
NR_146699.1 | Microbacterium gilvum 1515 916 1640 98.49
NR_026164.1 | Microbacterium barkeri 1468 972 1788 99.79
CCT4 NR_117527.1 | Microbacterium oryzae 1419 963 1738 98.87
NR_146699.1 | Microbacterium gilvum 1515 918 1640 98.39
NR_112073.1 | Pseudomonas monteilii 1462 782 1408 99.11
cexl NR_102854.1 | Pseudomonas entomophila 1526 781 1408 98.86
NR_114226.1 | Pseudomonas plecoglossicida 1462 781 1408 98.86
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_026164.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SE3VJ0X01R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117527.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_159264.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026164.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SE834T501R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117527.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_146699.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026164.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SE8TT5301R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117527.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_146699.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_112073.1?report=genbank&log$=nuclalign&blast_rank=1&RID=C7Y3565T014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_102854.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114226.1?report=genbank&log$=nuclalign&blast_rank=4&RID=BKF0850N014

Length of query | Max score
Length of g query Identi
Isolate Tag | C&M€ BaK 1 \earest species aligned v
9| Accession no P 16S rRNA %
NR_117826.1 | Pseudomonas corrugata 1442 932 1681 98.94
CCX2 NR_116299.1 | Pseudomonas brassicacearum 1468 937 1683 98.84
NR_028929.1 | Pseudomonas kilonensis 1528 933 1679 98.83
NR_116247.1 | Pantoea conspicua 1344 121 206 96.03
CCX3 NR_104940.1 | Atlantibacter hermannii 1478 121 206 96.03
NR_116115.1 | Pantoea vagans 1429 121 206 96.03
NR_114224.1 | Pseudomonas monteilii 1462 951 1740 99.58
cexa NR_102854.1 | Pseudomonas entomophila 1526 950 1740 99.48
NR_114226.1 | Pseudomonas plecoglossicida 1462 950 1735 99.48
e NR_115708.1 | Rhodococcus gingshengii 1489 791 1461 100
8 O
% 3 2 HHB1 NR_145886.1 | Rhodococcus degradans 1473 791 1461 100
S8
3 NR_104776.1 | Nocardia coeliaca 1507 781 1443 100
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_117826.1?report=genbank&log$=nucltop&blast_rank=2&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116299.1?report=genbank&log$=nucltop&blast_rank=1&RID=1TD2S28G015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116299.1?report=genbank&log$=nucltop&blast_rank=1&RID=1TD2S28G015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_028929.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116247.1?report=genbank&log$=nucltop&blast_rank=2&RID=1SFZTC6N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_104940.1?report=genbank&log$=nucltop&blast_rank=1&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116115.1?report=genbank&log$=nucltop&blast_rank=3&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114224.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SG2BDXD015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_102854.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114226.1?report=genbank&log$=nuclalign&blast_rank=4&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_115708.1?report=genbank&log$=nucltop&blast_rank=1&RID=1S93M395014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_145886.1?report=genbank&log$=nucltop&blast_rank=3&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_104776.1?report=genbank&log$=nucltop&blast_rank=4&RID=AEE7W3BV015

Length of query | Max score
Length of J auery Identi
Isolate Tag | C&M€ BaK 1 \earest species aligned v
9| Accession no P 16S rRNA %

NR_037024.1 | Rhodococcus erythropolis 1476 781 1443 100

NR 028944.1 | Microbacterium aerolatum 1345 868 1583 99.31
HHT1 NR_025368.1 | Microbacterium foliorum 1480 909 1633 98.70

NR_116502.1 | Microbacterium azadirehtae 1373 881 1576 98.44

NR_114984.1 | Microbacterium chocolatum 1509 772 1415 99.61
HHT?2 NR_126283.1| Microbacterium mangrovi 1484 774 1415 99.49

NR_042263.1 | Microbacterium hydrocarbonoxydang 1495 774 1415 99.49

NR_026164.1 | Microbacterium barkeri 1468 968 1779 99.79
HHT3 NR_117527.1 | Microbacterium oryzae 1419 959 1729 98.87

NR_146699.1 | Microbacterium gilvum 1515 917 1637 98.39

NR_114477.1 | Pseudomonas mendocina 1457 561 1002 98.42
HHX1

NR_125523.1 | Pseudomonas chengduensis 1529 560 994 98.25
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_037024.1?report=genbank&log$=nucltop&blast_rank=5&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_028944.1?report=genbank&log$=nucltop&blast_rank=1&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025368.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116502.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114984.1?report=genbank&log$=nucltop&blast_rank=1&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_126283.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_042263.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026164.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SDM02TW01R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117527.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_146699.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114477.1?report=genbank&log$=nucltop&blast_rank=1&RID=AEE7W3BV015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_125523.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014

Length of query | Max score
Length of Identity
Isolate Tag | C&M€ BaK 1 \earest species aligned
9| Accession no P 16S rRNA %

NR_114072.1 | Pseudomonas alcaliphila 1462 560 994 98.25

NR_114224.1 | Pseudomonas monteilii 1462 701 1273 99.15
HHX2 NR_102854.1 | Pseudomonas entomophila 1526 700 1267 99.01

NR_114226.1 | Pseudomonas plecoglossicida 1462 700 1267 99.01

Identity: the highest percent identity of all quesgbject alignments, Max score: the highest alignment score from that database sequence, length of 168erRNA

number of nucleotides in the subject sequence, Length of query aligned: number of nucleotides in query aligned with thefdhibjviations are SWS: wallisii CC

C. comosumHH=H. helix B= benzene, T=toluene, X=xylene.
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_114072.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114224.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SFV6102015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_102854.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114226.1?report=genbank&log$=nuclalign&blast_rank=4&RID=BKF0850N014

Followingmappingl6S rRNA gemaquence®f isolated bacteridrom therhizosphere samples,
most of them were identified up to the nearest species lekesome cases, bacterial species
from different genera were identified for the query read sequendth the same highaddentity
(e.g. CCX3 and HHB1§S rRNA gene sequence of bacteriCCX3 resultetth nearest
identifications from two bacterial gener&antoeaor Atlantibacter. Similar to theCCX3, blastn
analysis classified bacteria HHB1 &hadococcusr Nocardiaspecies with the same identés

(Fig. 47).

Rhodococeus globerulus strain DSM 43954 168 nbosomal RNA, partial sequence
Rhodococcus degradans stram CCM 4446 16S ribosomal RNA, partial sequence
Rhodococcus qingshengi strain djl-6-2 165 ribosomal RNA, partial sequence

Nocardia coeliaca stram DSM 44595 165 ribosomal RNA, partial sequence

-

Rhodococcus erythropolis strain ATCC 4277 165 rbosomal RNA, partial sequence
Rhodococeus erythropolis strain N11 16S ribosomal RNA, partial sequence

@Rhodococcus qingshengi JCM 15477 strain djl-6 165 ribosomal RNA, partial sequence

| 0.002 “"IHBI
@

Rhodococcus batkonurensis strain A1-22 168 ribosomal RNA, partial se...

Fig. 4.7 Phylogenetic tree to show reference species from different genera related with bacterium

HHB1

According to the 16S rRNA gene sequemtalysis for the 24 cultures isolated from VOC exposed
plants rhizospheres, they were classified®tgenera as?seudomonas, Pantoea, Arthrobacter,
Agromyces, Paenibacillus, Leifsonia, MicrobacteriMotardisand Rhodococcudxcept for the
genusPseudoronasall other seven genera belonged to the phylum Actinobacteria, so the
majority of isolates (71%) were Gragpositive soil bacteriaMost of the identifications obtained

using two methodsgulture test and sequence analysisre similar at the genus levfable 45).
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Table 45 Genus level classification of VOC degrading bacteria isolated from VOC treated plants

rhizosphere and compost.

Genus identification | Nearest pecies identification by
Isolate

by culture methal sequence analysis
SWT1 Agromyces Agromyces atrinae
SWT3 Microbacterium Microbacterium ginsengiterrae
SWX1 Pseudomonas Pseudomonas paralactis
SWX2 Pseudomonas Pseudomonas plecoglossicida
CCB1 Agromyces Agromyces tinae
CCB2 Bacillus* Paenibacillus xylanexedens
CCB3 Micrococcus* Leifsonia lichenia
CCB4 Microbacterium Microbacterium aerolatum
CCB5 Brucella* Arthrobacterpsychrochitiniphilus
CCB6 Arthrobacter Arthrobacter psychrochitiniphilu
CCT1 Arthrobacter Arthrobacter humicola
CCT2 Microbacterium Microbacterium barkeri
CCT3 Microbacterium Microbacterium barkeri
CCT4 Microbacterium Microbacterium barkeri
CCX1 Pseudomonas Pseudomonas monteilii
CCX2 Pseudomonas Pseudomonas corrugata
CCX3 Pantoea Pantoea conspicua
CCX4 Pseudomonas Pseudomonas monteilii
HHB1 Rhodococcus Rhodococcus gingshengii
HHT1 Microbacterium Microbacterium aerolatum
HHT2 Microbacterium Microbacterium chocolatum
HHT3 Microbacterium Microbacterium barkeri
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Genus identification | Nearest pecies identification by
Isolate

by culture methal sequence analysis
HHX1 Pseudomoas Pseudomonas mendocina
HHX2 Pseudomonas Pseudomonas monteilii

Abbreviations are SWS. wallisiiCCC. comosumHH=H. helix B= benzene, T=toluene, X=m

xylene * -different identifications based on culture and molecular method

Compared to the sequee analysis, most of the bacterial identifications carried out in the culture
methods were agreed with only a few exceptions (*). Those exceptions were observed for the
bacteria CCB2, CCB3 and CCB5. Bacterium CCB2 was iderféfiedibacilludased orthe
sequence analysis, but it was classifiedasillusin culture methods. Both gener8acillusand
Paenibacillushow similar reactions to the biochemical tests used in the culture method. Also,
the genusPaenibacillubelonged to the genuBacillugpreviously and was reclassified as a
separate genus latgAshet al., 1993) Bacterium CCB3 was classified as belonging to the genus
Micrococcusn the culture tests, however, it was identified adacterium fronthe genus
Leifsoniaaccording to the sequence analysis. Bacterial gemifsoniavas not mentioned in the
manual used to classify them, thus based on the culture test responses it was classified to the
genusMicrococcusince the bacterim CCB3 showed most of biochemical test characteristics
similar to the genusicrococcusBacteria fronthe generaMicrococcusnd Leifsoniacan show
similar biochemical characteristics: both can be Ggmsitive, aerobic, noispore forming,

oxidase positig, catalase positive, namotile and positive or negative for the acid production
from glucosgKocuret al., 2006; Madhaiyaet al., 2010) Thus, in the absence of such genus
information in a manual, it can be easily classified into a different genus. Bact€Bb were
observed as Gramegative bacted during culture analysis, thus they were classified to Gram
negative genusrucella But according toheir 16S rRNA sequence analy8igy were identified

as GrarppositiveArthrobacter.GenusArthrobactershows Gram variables, thus young cultures
can bestained as Gramegative while mature cultures stained as Grpositive bacteria.

However, genetically they are classified as Gpasitive bacterigMulllakhanbhai and Bhat,
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1965; Mongodiret al., 2006) Except the Gram dédfence,Brucellaand Arthrobactershare most
of common biochemical characteristid®th genera show rod or short rod shape, catalase
positive, oxidase negative, nanotile and norspore forming bacterigHayashet al., 1993;

Kyebambe, 2005; Mongodat al., 2006)

Also,commonbacteriafrom different soilsampleswvere identified. For example, &cteriaHHT1
and CCB4Microbacterium aerolaturjy CCT4 and CCNi¢robacterium barke)ji CCB1 and SWT1
(Agromyces atrinagg CCX1 and CCXx%&séudomonas monte)liand CCB5 and CCB#8tlirobacter
psychrochitiniphiluswere branched closein the phylogenetic treeRig. 49) based on their

sequence similarities.

Duringmapping 16S rRNA gene sequencing reads of bacteria isolateddmmol plant

rhizosphere dl the strainswere identified up to the genus level ranging identity percentage from
99% to 100%Table 46). For a query sequence, multiple hits were selected from the blast results
since more than one reference species slaasenilar or very close highest sequence identities

with the query according to th#6S rRNA gene sequence analysis.
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Table 4.6 Identification of VOC degrading bacteria isolated frmontrol plants by analysing bacterial 163\#kRgene sequences Identity

Paeibacillus pabuli

Length of | Max
Length ;
Isolate | Gene Bank . g query Identity
. Nearest species of 16S score
Tag Accession number RNA aligned %
NR_044937.1 Microbacterium trichothecenolyticum 1461 913 1657 99.13
SWBC1 | NR_134085.1 Microbacterium jejuense 1441 913 1633 98.49
NR_134086.1 Microbacterium kyungheense 1443 910 1620 98.27
2
c=§ NR_114986.1 Microbacterium maritypicum 1345 951 1751 99.89
cg SWBC3 | NR_044931.1 Microbacterium oxydans 1466 950 1748 99.79
o
B NR_026162.1 Microbacterium liquefaciens 1474 947 1729 99.47
5]
©
'ﬁ NR_114986.1 Microbacterium maritypicum 1345 923 1700 99.89
5
g SWBC4 | NR_044931.1 Microbacterium oxydans 1466 922 1696 99.78
[}
NR_026162.1 Microbacterium liquefaciens 1474 919 1677 99.46
NR 044524.1 Paenibacillus xylanexedens 1514 895 1628 99.33
SWBC6
NR_040853.1 1500 890 1602 98.78
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_044937.1?report=genbank&log$=nucltop&blast_rank=1&RID=1RBY3NND015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_134085.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_134086.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114986.1?report=genbank&log$=nucltop&blast_rank=1&RID=1RC3S536014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044931.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026162.1?report=genbank&log$=nuclalign&blast_rank=4&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114986.1?report=genbank&log$=nucltop&blast_rank=1&RID=1RD4MUP8015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044931.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026162.1?report=genbank&log$=nuclalign&blast_rank=4&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044524.1?report=genbank&log$=nucltop&blast_rank=1&RID=1RCHDP35014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_040853.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014

Length of | Max

Length -

Isolate Gene Bank _ 9 query Identity

. Nearest species of 16S score

Tag Accession number RNA aligned %
NR_112728.1 Paenibacillus amylolytiis 1478 888 1589 98.45
NR_149270.1 Rhodococcus pedocola 1472 908 1829 99.70

SWTC1 | NR_109454.2 Rhodococcus canchipurensis 1519 088 1773 98.70
NR_114500.1 Rhodococcus koreensis 1473 986 1760 98.50
NR_149270.1 Rhodococcus pedocola 1472 1000 1832 99.70

SWTC5 | NR_109454.2 Rhodococcus canchipurensis 1519 990 1777 98.70
NR_114500.1 Rhodococcus koreensis 1473 988 1764 98.50
NR_149270.1 Rhodococcus pedocola 1472 966 1770 99.69

SWTC7 | NR_109454.2 Rhodococcus canchipurensis 1519 956 1714 98.66
NR_114500.1 Rhodococcus koreensis 1473 954 1701 98.45
NR_042263.1 Microbacterium hydrocarbonoxydans 1495 203 375 100

SWTC8
NR_117603.1 1356 164 300 99.39

Microbacterium murale
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_112728.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_149270.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SA0BPFU015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_109454.2?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114500.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_149270.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SAX60EJ015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_109454.2?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114500.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_149270.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SBYNEW601R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_109454.2?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114500.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_042263.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SC78XFN01R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117603.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014

Length of | Max
Length -
Isolate Gene Bank _ 9 query Identity
. Nearest species of 16S score
Tag Accession number RNA aligned %
NR_116483.1 Microbacterium ginsengiterrae 1427 193 315 94.61
NR_115708.1 Rhodococeus gingshengi 1489 964 1775 99.90
SWTC10 | NR_145886.1 Rhodococcus degradans 1473 964 1775 99.90
NR_024784 Rhodococcus baikonurensis 1348 961 1759 99.59
NR_114986.1 Microbacterium maritypicum 1345 954 1720 98.86
SWTC11 | NR_044931.1 Microbacterium oxydas 1466 953 1716 98.76
NR_025548.1 Microbacterium paraoxydans 1490 953 171 98.65
NR_042659.1 Aeromicrobium ponti 1396 937 1690 98.94
SWTC12 | NR_024846.1 Aeromicrobium erythreum 1474 924 1635 97.99
NR_104488.1 Aeromicrobium halocynthiae 1358 909 1574 97.01
S 5 NR_028944.1 Microbacterium aerolatum 1345 880 1605 99.32
8 £ Pcace
Qc;é g o NR_025368.1 Microbacterium foliorum 1480 922 1664 98.93
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_116483.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_115708.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SA5NW6D014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_145886.1?report=genbank&log$=nuclalign&blast_rank=3&RID=AFHXPMJP014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_024784.1?report=genbank&log$=nuclalign&blast_rank=4&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114986.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SCDX9CM01R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044931.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025548.1?report=genbank&log$=nuclalign&blast_rank=4&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_042659.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SCJH64C01R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_024846.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_104488.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_028944.1?report=genbank&log$=nucltop&blast_rank=1&RID=AP0BVYWS015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025368.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014

Length of | Max

Length -

Isolate Gene Bank _ 9 query Identity

. Nearest species of 16S score

Tag Accession number RNA aligned %
NR_116483.1 Microbacterium ginsengiterrae 1427 919 1648 98.61
NR_028944.1 Microbacterium aerolatum 1345 893 1629 99.39

CCTC3 NR_025368.1 Microbacterium foliorum 1480 935 1688 98.94
NR_116483.1 Microbacterium ginsengiterrae 1427 932 1672 98.62
NR_028944.1 Microbacterium aerolatum 1345 914 1663 99.24

CCTC5 | NR_025368.1 Microbacterium foliorum 1480 959 1724 98.76
NR_116483.1 Microbacterium ginsengiterrae 1427 956 1707 98.46
NR_028944.1 Microbacterium aerolatum 1345 940 1707 99.16

CCTCY NR_025368.1 Microbacterium foliorum 1480 983 1773 98.89
NR_116483.1 Microbacterium ginsengiterrae 1427 980 1757 98.59
NR_028944.1 Microbacterium aerolatum 1345 914 1668 99.35

CCTC11
NR_025368.1 Microbacterium foliorum 1480 956 1727 98.96

159


https://www.ncbi.nlm.nih.gov/nucleotide/NR_116483.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_028944.1?report=genbank&log$=nucltop&blast_rank=1&RID=AP0BVYWS015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025368.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116483.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_028944.1?report=genbank&log$=nucltop&blast_rank=1&RID=AP0BVYWS015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025368.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116483.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_028944.1?report=genbank&log$=nucltop&blast_rank=1&RID=AP0BVYWS015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025368.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116483.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_028944.1?report=genbank&log$=nucltop&blast_rank=1&RID=AP0BVYWS015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025368.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014

Length of | Max
Length -
Isolate Gene Bank _ 9 query Identity
. Nearest species of 16S score
Tag Accession number RNA aligned %
NR_116483.1 Microbacterium ginsengiterrae 1427 953 1711 98.65
NR_044524.1 Paenibadius xylanexedens 1514 620 1114 98.73
CCXC1l | NR_040853.1 Paenibacillus pabuli 1500 618 1105 98.41
NR_112728.1 Paenibacillus amylolyticus 1478 616 1098 98.09
NR_116299.1 Pseudomonaplecoglossicida 1462 951 1740 99.58
CCXC2 NR_024910.1 Pseudomonas monteilii 1517 950 1735 99.48
NR_102854.1 Pseudomonas entomophila 1526 949 1729 99.37
NR_027199.1 Paenarthrobactenitroguajacolicus 1488 890 1635 99.78
% HHBC1 NR_026233.1 Paenarthrobacter aurescens 1480 886 1607 99.22
é NR_026235.1 Paenarthrobacter ilicis 1486 884 1592 98.88
Ie)
'ﬁ NR_117203.1 Rhizobium nepotum 1371 921 1685 99.57
5 HHBC6
S %—j NR_041396.1 Agrobacterium tumefaciens 1457 914 1646 98.81
m <
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_116483.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044524.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SEHEPUD01R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_040853.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_112728.1?report=genbank&log$=nuclalign&blast_rank=4&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116299.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SFHT3NA015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_024910.1?report=genbank&log$=nuclalign&blast_rank=4&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_102854.1?report=genbank&log$=nuclalign&blast_rank=5&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_027199.1?report=genbank&log$=nucltop&blast_rank=1&RID=1RBYRKWS015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026233.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026235.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_117203.1?report=genbank&log$=nucltop&blast_rank=1&RID=1RC90SD2014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041396.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014

Length of | Max

Length -

Isolate Gene Bank _ 9 query Identity

. Nearest species of 16S score

Tag Accession number RNA aligned %
NR_118035.1 Rhizobium skierniewicense 1400 913 1635 98.60
NR_125452.1 Cellulomonas pakistanensis 1421 809 1465 99.02

HHTC2 NR_029288.1 Cellulomonas hominis 1394 807 1454 98.78
NR_042936.1 Cellulomonas denverensis 1422 806 1448 98.65
NR_136460.1 Youhaiella tibetensis 1447 959 1746 99.38

HHTC3 | NR_147729.1 Methyloterrigena soli 1420 957 1738 99.27
NR_136441.1 Paradevosia shaoguanensis 1407 956 1729 99.07
NR_037021.1 Rhodococcus fascians 1424 925 1659 98.61

HHTC4 | NR 156055.1 Rhodococcusovatensis 1414 921 1650 98.61
NR_116275.1 Rhodococcus cercidiphylli 1480 923 1652 98.40
NR_041384.1 Aeromicrobium ginsengisoli 1483 982 1762 98.69

HHTC6
NR_044983.2 Aeromicrobium fastidiosum 1472 981 1762 98.69
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_118035.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_125452.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SCVFXA701R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_029288.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_042936.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_136460.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SBGGKC9014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_147729.1?report=genbank&log$=nuclalign&blast_rank=2&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_136441.1?report=genbank&log$=nuclalign&blast_rank=3&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_037021.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SB1GV8X014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_156055.1?report=genbank&log$=nucltop&blast_rank=2&RID=AP0BVYWS015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_116275.1?report=genbank&log$=nuclalign&blast_rank=4&RID=BKF0850N014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041384.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SC9KDYF01R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044983.2?report=genbank&log$=nucltop&blast_rank=2&RID=AP0BVYWS015

Length of | Max
Length -
Isolate Gene Bank _ 9 query Identity
. Nearest species of 16S score
Tag Accession number RNA aligned %
NR_043207.1 Aeromicrobium alkaliterrae 1473 977 1731 98.09
NR_114986.1 Microbacterium maritypicum 1345 914 1648 98.92
HHTC7 NR_044931.1 Microbacterium oxydans 1466 913 1644 98.81
NR_025405.1 Microbacterium phyllosphaerae 1478 909 1626 98.48
NR_136460.1 Youhaiella tibetensis 1447 899 1635 99.34
HHTC9 NR_147729.1 Methyloterrigena soli 1420 897 1628 99.23
NR_136441.1 Paradevosia shaoguanensis 1407 896 1618 99.01
NR_041545.1 Arthrobacter oryzae 1465 172 294 96.63
g JIBC1 NR_026191.1 Arthrobacter pascens 1474 171 283 95.53
é NR_026194.1 Paenarthrobacter nicotinovorans 1468 169 279 95.48
Ie)
'ﬁ . NR_041546.1 Arthrobacter humicola 1463 939 1725 99.79
T 8 |JIBC2
S E NR_041545.1 Arthrobacter oryzae 1465 945 1733 99.68
m o
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_043207.1?report=genbank&log$=nuclalign&blast_rank=4&RID=C3FJZA49014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_114986.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SA8ENU8014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_044931.1?report=genbank&log$=nuclalign&blast_rank=3&RID=C3FJZA49014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025405.1?report=genbank&log$=nuclalign&blast_rank=4&RID=C3FJZA49014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_136460.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SABYT3N015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_147729.1?report=genbank&log$=nuclalign&blast_rank=2&RID=C3FJZA49014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_136441.1?report=genbank&log$=nuclalign&blast_rank=3&RID=C3FJZA49014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041545.1?report=genbank&log$=nucltop&blast_rank=1&RID=1RD7SKRP014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026191.1?report=genbank&log$=nuclalign&blast_rank=2&RID=C3FJZA49014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026194.1?report=genbank&log$=nuclalign&blast_rank=3&RID=C3FJZA49014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041546.1?report=genbank&log$=nucltop&blast_rank=1&RID=AP0BVYWS015
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041545.1?report=genbank&log$=nuclalign&blast_rank=2&RID=C3FJZA49014

Length of | Max

Length -

Isolate Gene Bank _ 9 query Identity

. Nearest species of 16S score

Tag Accession number RNA aligned %
NR_026236.1 Pseudarthrobacter oxydans 1486 892 1624 99.33
NR_025084.1 Pseudarthrobacter sulfonivorans 1457 918 1679 99.57

JITC1 NR_026191 Arthrobacter pascens 1474 917 1668 99.35
NR_041545.1 Arthrobacter orgae 1465 916 1663 99.24

The highest percent identity of all quesybject alignments, Identity: the highest percent identity of all gessipject alignments, length of 16S rRNA: the number of

nucleotide in the subject sequence, Length of query alignethbar of nucleotides in query aligned with the subject, Abbreviations are SWallisiiCCC. comosum

HH=H. helix JI= compost, B= benzene, T=toluene, Xylene, C= C=control (VOC untreated during batch experiment)
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https://www.ncbi.nlm.nih.gov/nucleotide/NR_026236.1?report=genbank&log$=nuclalign&blast_rank=3&RID=C3FJZA49014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_025084.1?report=genbank&log$=nucltop&blast_rank=1&RID=1SDBFSMC01R
https://www.ncbi.nlm.nih.gov/nucleotide/NR_026191.1?report=genbank&log$=nuclalign&blast_rank=2&RID=C3FJZA49014
https://www.ncbi.nlm.nih.gov/nucleotide/NR_041545.1?report=genbank&log$=nuclalign&blast_rank=3&RID=C3FJZA49014

Based on the 16S rRNA gene sating analysid/OCdegrading lacteria isolated frontontrol

LX FyGdaQ NKAT 28LKSNBE al YLX S #icrebadeBumPhadnibagillug A S R
Rhodococcus, Aeromicrobium, Paenarthrobacter, Rhizobium, Cellulomonas, Pseudomonas,
Arthrobacter Yashaiellaand PseudarthrobactefTop significant species from different genera

were observed for the bacteria HHBC6 (RhizobiumAsgrdbacteriun), HHTC®ig. 48) and
HHTC9Youhaiella, Methyloterrigenand Paradevaia) based on the 16S rRNA gene sequence

analysis

Arsenicitalea aurantiaca stram 42-30 168 ribosomal RNA, partial sequence
Devosia confluentis strain HIR-2 168 rbosomal RNA, partial ...
Devosia yakushimensis strain Yak96B 165 nibosomal RNA, partial ...
Devosia honganensis stram NSL10 16S ribosomal RNA, partial..
o Methyloterrigena soli strain M48 165 ribosomal RNA, partial sequence

Paradevosia shaoguanensis strain J5-3 168 ribosomal RNA, partial se...

Qo

| 0.01 | @HHTC3
9

Youhaiella tibetensis strain figd 165 ribosomal RNA, partial sequence

Fig. 48 Phylogenetic tree to showeference species from different genera related wikcterium

HHTC3

Similar to the observation taken from VOC treated plants, the majofibacteria (93%) were
Grampositive in thecontrol plants experiment. Only two Gramegative bacterial genera:
Pseudomonaand Rhizobiumwvere observedAs mentioned in the previous section, most of the
bacterial identifications were similar between thelttwe test results and sequence analysis.
However, there were a few discrepancies (*) between the culture and molebaked results
obtained for bacteria isolated fromontrol plant rhizosphere. The full list of culture method
predicted bacterial generaames and 16S rRNA sequence identification of bacteria isolated from

VOC treated plants are listed Tiable 47.
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Table 4.7 Genus level classification of VOC degrading bacteria isdiaedvOC treated plants

rhizosphere and compost.

Isolate Genus identification | Species identification by sequence
by culture method | analysis

SWBC1 Microbacterium Microbacterium trichothecenolyticum

SWBC3 Microbacterium Microbacterium maritypicum

SWBC4 Microbacterium Microbacterium maritypicum

SWBC6 Bacillus* Paenibacillus xylanexedens

SWTC1 Rhodococcus Rhodococcus pedocola

SWTC5 Rhodococcus Rhodococcus pedocola

SWTCY Rhodococcus Rhodococcus pedocola

SWTCS8 Microbacterium Microbacterium hydrocarbmoxydans

SWTC10 Rhodococcus Rhodococcus gingshengii

SWTC11 Microbacterium Microbacterium maritypicum

SWTC12 Aeromicrobium Aeromicrobium ponti

CCTC2 Microbacterium Microbacterium aerolatum

CCTC3 Microbacterium Microbacterium aerolatum

CCTC5 Microbaderium Microbacterium aerolatum

CCTC7 Microbacterium Microbacterium aerolatum

CCTC11 Microbacterium Microbacterium aerolatum

CCXcC1 Bacillus* Paenibacillus xylanexedens

CCXcC2 Pseudomonas Pseudomonaplecoglossicida

HHBC1 Arthrobacter* Paenarthrobactenitroguajacolicus

HHBC6 Rhizobium Rhizobium nepotum

HHTC2 Cellulomonas Cellulomonas pakistanensis

HHTC3 Agrobacterium* Youhaiella tibetensis
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Isolate Genus identification | Species identification by sequence
by culture method | analysis

HHTC4 Rhodococcus Rhodococcus fascians

HHTC6 Aeromicrobium Aeromicrobium ginsengisoli

HHTC7 Microbacterium Microbacterium maritypicum

HHTC9 Agrobacterium®* Youhaiella tibetensis

JIBC1 Micrococcus* Arthrobacter oryzae

JIBC2 Brucell& Arthrobacter humicola

JITC1 Brucella* Pseudarthrobacter sulfonivorans

Abbreviations are SWS. wallisii CCC. comosumHH=H. helix JI= compost, B= benzene,
T=toluene, X= mtylene, C= control (VOC untreated during batch experimé&ntifferent

identifications based on culture and molecular method

SWBC6 and CCXC1 were identified as @asitiveBacillusaccording to cultte-dependent
method, but sequence analysis revealed thenfPagnibacillusThough culture results classified
bacteria HHTC3 and HHTCRgrobacterium their sequence analysis revealdwm as

Youhaiella tibetensiBacteria HHBC1 wasthrobacterin culture method, but it was identified as
PaenarthrobacterBacteria from the genuBaenarthrobactepreviously belonged to the genus
Arthrobacterand later they were classified as a new genus, however, this new genus was not
mentioned in the reference manual &g in this studyBusse, 2016Both generaArthrobacter
andPaenarthrobacteshared similar characters for the general biochemical tests, however they
are considered as separate genera based on the different chemataxiorcharacteristics
(compositions of the cell wall, lipid profile and cell proteif®)sse, 2016; Schumann and Busse,
2017) Also, inthe phylogenetic tree, bacteria from genefathrobacterand Paenarthrobacter

branched ery closéy indicating their close evolutionary relationshipsg. 49).

Bacteria:JIBC2 and JITC1 were observed as Giegative bacteria during culture analysis, thus
they were classified to Gramegative genu8rucella But according toheir 16S rRNA sequence

analysisthey were identified as Graspositive Arthrobacterand Pseudarthrobacterespectively
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GenusArthrobactershows Gram variables, thus young cultures can be stained astagative

while mature cultures stained as Gragmositive bacteria. However, genetically they are classified
as Grarrpositive bacterigMulllakhanbhai and Bhat, 1965; Mongodihal., 2006)
Pseudarthrobacteis a novel genus originated froArthrobacter(Busse, 2016; Schumann and
Busse, 2017Bacteria from the genudseudarthrobacteexhibitsbiochemical characters similar

to the genusArthrobacter however based on differéchemotaxonomic characteristics between
them, they are considered as different genéBusse, 2016; Schumann and Busse, 2017)
Bacerium JIBC1 was classified as Micrococcus based on the culture characteristics, however, it
was identified ad\rthrobacter oxydansSome bacteria from geneidicrococcugnd Arthrobacter
share similar biochemical and morphological characteristics, however they can be differentiated

based on their 16S rRNA gene sequences anélysiskeret al., 2000)

In the phylogenetic treeFig. 49), close similarities between the test bacteria and reference
bacterial sequences and also the similaris@song the test bacteria from different soil samples
can be identified. For example, test bacteria CCTCZanh@7 K. aerolatum) and CCXC1 and
SWBC6Raenibacillus xylanexedénsere clustered closely (sister groups) based on their 16S
rRNA gene sequenceslso, lenzene (CCB4) and toluene (CCTC2, CCTC3, CCTC5, CCTC7 and

CCTC11) degradiiy aerolatumspecies clustered closely in the phylogenetic tree.
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Fig. 49 Phylogenetidree indicatingall testbacteria and their nearest species identificatidrased on the 16S rRNA sequeacalysis
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