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ABSTRACT

Wood products are treated with biocides to preb@rdegradation by bacteria, fungi, and
insects. Much attention is being directed towaedsing of metal-free organic preservative
systems. The major disadvantage of organics tghles are biotransformed by micro-organisms
in soil and wood.

This study explored the biotransformation of thedicide tebuconazole by a bacteria
speciesPseudomonas fluorescgnthe mold Trichoderma harzianumthe white rot fungus
(Phanerochaete chrysosporiyieind the brown rotMeruliporia incrassaty After incubation of
cultures spiked with tebuconazole, samples werb/azed for chemical remaining and
metabolites.M. incrassata, T. harzianymand the bacterium all cleaved the 1, 2, 4 triaziolg
on tebuconazole and performed oxidation reactiomaihg the alcohol and carboxylic acid
oxidation products of the tert butyl moiety on tebmazoleP. chrysosporiumvhich exhibited
the lowest minimum inhibitory concentration (hightsbuconazole efficacy), did not degrade
tebuconazole to measurable amourtsharzianumyith the highest MIC (lowest efficacy),
degraded tebuconazole to the largest extent aadatel it at concentrations below 200ppm.
These suggested that the ability of a fungus teatkga biocide contributes to the efficacy.

The oxidation of tebuconazole was reduced when H#5bitors were added to the
cultures leading to the conclusion that enzymeslired in the oxidation are cytochrome P450
dependent. Furthermore, the microsomal extraat ffoharzianunmexhibited a maximum peak
at 440-460nm when CO was bubbled inte34@, treated samples. Testing metal chelators
EDTA and TEMED as synergistic additives to tebuamia showed that EDTA reduced the
magnitude of oxidation most likely by binding ioingportant in the enzymatic system. TEMED
had no significant effect while the P450 inhibit&8 and ABT gave the best performance in
terms of reducing tebuconazole depletidn.harzianunwas able to germinate and grow in the

presence of tebuconazole and all additives useling&o the conclusion that in addition to

iX



biotransformation, there are other mechanisms wihiishspecies uses to tolerate tebuconazole.
While molds and bacteria species are not respanfibldecay, they may metabolize a biocide
into a less potent derivative making the environtmeare suitable to wood degrading

basidiomycetes and insects.



CHAPTER 1. INTRODUCTION

Solid and composite wood products are treated dbides to prevent biodegradation by wood
attacking organisms: bacteria, fungi, and inseBtscay fungi have been responsible for annual
losses of over $1 billion in the United Statestaérvice wood. The combined damage from
Eastern and formosan subterranean termites ex&2duiflion annually while mold claims,
including pre- and post-construction, exceeded B2lidn in 2002 (Clausen and Yang, 2004).
Heavy metals such as arsenic and chromium havegmue close environmental scrutiny
spurring efforts to replace or reduce their uspreservative water borne systems. Quats
containing more copper than traditional wood prestares do not have the broad spectrum
activity needed for ground contact exposure (Barh@83). Critical examination of chemical
systems used by the wood preservation industrittendow permanent trend towards the use of
environmentally sound materials has increasedrteeast in wood preservation based on boron
and purely organic systems. Much attention isenily being directed towards the formulation
and testing of metal-free preservative systemse mhjor components of such preservatives are
biocides originally developed for use in the agtioal sector. Organic biocides will play an
increasing role in all use classes in the futkesome point, totally organic or low metallics

will be mandated in the United States (Schultz ldiatholas, 2006).

1.1 Organic Preservatives- the Problem

Several problems exist with developing a totallgasmc wood preservative system. Most are
about 10-30 fold more expensive per pound thamtbrganics (Schultz et a004). The newer
organic agrochemicals are extremely effective athmawer doses than copper (l1), but a critical
minimal retention is necessary since leaching actarrboth metallics and organics. Currently,
their major advantage is also their major disadsgetthey are biodegradable or transformed by
wood degrading and non-degrading organisms inesailwood. Other missing elements in the

organic systems are photo protection and hydrogitgl{Evans, 2003). Chemical, and/or photo
1



degradation reactions, or volatilization reducelitueide’s concentration in wood over time.
Consequently, at the present time in North Amemoagrganic preservative can economically
compete with the current residentialggneration copper-rich systems, nor is any orgsystem
currently standardized for residential outdoor aggpions by the American Wood Protection
Association (AWPA) (Schultz et.ak004).

The preservative tolerance of many economicallyartant wood-destroying agents has
been studied. Tolerance is defined as the relaapacity of an organism to grow or thrive when
subjected to an unfavorable environment (Greearitl Clausen, 2001). However, not much is
known of the factors involved in a specific tolecan Several studies indicate inactivation of
compounds used in preservation of wood. These iclaésmnclude copper, organotin
compounds, alkylammmonium compounds, and purelgrocgsystems (Lyr, 1963; Duncan and
Deverall, 1964; Belford and Dickinson, 1985; Briscgt al., 1990; Dubois and Ruddick, 1998;
Green lll and Clausen, 2001; Schultz et al., 20W4llace and Dickinson, 2006). The question
of how commonly the tolerance of a preservativaliyngus may be attributed to degradation of
the preservative, through the metabolism of thedratbacking organism or its associate, is of
particular significance to the effect of a presémein wood upon such a synergistic fungus
association.

In an attempt to address the problems of orgaltescost and benign non-biocidal
additives may be added to enhance the efficacyoanelduce the biodegradation of organic
biocides. Additives include antioxidants, metatleliors and water repellants (Schultz et al.,
2001; Schultz and Nicholas, 2004). A combinatibmarious organic biocides with low-cost
non-biocidal antioxidants gives enhanced (synagjistficacy against wood-decaying fungi
(Binbuga et al., 2005)It has been proposed that metal chelators redecdef@radation of
organic biocides caused by molds, stains, bact@ni@decay fungi. An example of such an

additive is propyl gallate, which is both an anittant and a metal chelator. Combination
2



systems relying on synergism will be common placthe next century (Barnes, 1993). The
successful organic preservative is likely to beiétune of two to three biocides to counteract
specific tolerances within the broad range of oig/as threatening wood, to enhance synergies,
and to reduce costs when some individual comporagatexpensive (Cookson and Yang, 2004,
Schultz and Nicholas, 2006).

Microbial associations, in addition to being numey@and varied, are frequently so
complex and sensitive to slight changes in envireminthat it is difficult to discover the primary
phenomena that contribute to the end result (DuacaDeverall, 1964). Micro-organisms can
modify the environment often making an otherwissuitable environment suitable to another
micro-organism. Species diversity can be very lagln soil, or very low as in toxic
environments, such as treated wood. The highlgrde microorganisms, including non tolerant
species may be capable of detoxification at a faate than observed in laboratory studies
(Briscoe et al., 1990). Activity against the cdulacay organisms and resistance to physical
losses are no longer the sole performance critleataneed to be understood when developing a
new wood preservative. Microbial mediated detaaifion of biocides by both bacteria and
fungi may contribute significantly to the failurétoeated wood (Briscoe et al., 1990). If wholly
organic wood preservatives are to be utilized enltimg term in high hazard situations, such as
soil contact, it will be necessary to fully undarsd the biotransformation of the constituent
biocides, and attempt to control it (Wallace andkison, 2006). There is a need to establish
the biotransformation pathways and use this knogéegd stabilize biocides in wood. An
understanding of the mechanisms involved in deitadiion of fungicides or termiticides by
bacteria, fungi, and termites is needed to progidecans for defeating these processes.

1.2  The Study
This study utilized bacteria and fungal speciescWiin previous studies by other

researchers have been isolated, identified andcided with failed preservative-treated wood.
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A bacteria species, a brown rot, a white rot, anmibéd fungus were each separately used to
accessn vitro the biodegradation rate and products of metabadistebuconazole.
Tebucanazole - is the generic name of the compat(ddchlorphenyl)-4,4-dimethyl-3-(1H-
1,2,4-triazole-1-methyl)amyl-3-alcohol. It is abd spectrum fungicide and a component of
copper azole a commercial preservative. This detsen is composed of six interrelated
chapters addressing the biotransformation of telamale by different classes of micro-
organisms.

Chapter 1 (this chapter) is an overall introductothe dissertation. In Chapter 2, the
resistance of wood inhabiting ascomycetes to thealaased wood preservatives is studied and
discussed.Trichoderma harzianurs known to be tolerant to antisapstain compouikes
methylene-bis —thiocyanate (MBT) and was usedudysbiotransformation mechanisms
involved using tebuconazole as the test chemiddie alteration of the compounds by a sapstain
or mold may detoxify it to a level where wood —nagt basiodiomycetes could grow and
breakdown wood.

Chapter 3 presents the study of different claséasod inhabiting fungi and their
capacity to biotransform tebuconazole. Specied tsstudy different classes of fungi were: (i)
Phanerochaete chrysosporiymwhite-rot fungus recognized for its abilitym®tabolize a large
diversity of compounds (Mendoza-Cantu et al., 2000)Meruliporia incrassataa brown rot
fungus reported to tolerate chromated copper ats€G&€A) and cause substantial weight loss
in pine blocks treated with CCA or copper sulph{@tman and Highley, 1996), (iiiY.
harzianuma mold and (iv) a bacteria straifseudomonas fluorescgnsrhe results show that
the initial mechanism(s) involved in detoxifyindteeonazole by the bacterig, harzianumand
M. incrassatavere the same. The initial metabolites were timeesa

Chapter 4 describes the study of the proteineotraastiular extracts responsible for

biotransformation of tebuconazole by bacteria anddvnhabiting fungi. Each organism
4



produces proteineous extracts when subjected t@ansedtaining tebuconazole. The results
showed that although different enzymes may be mediuthe cytochrome P450 family of
enzymes is involved in the initial oxidation of telonazole byl. harzianumandM. incrassata
Phase | reactions result in (more) polar metal®bfaebuconazole. Phase Il reactions
(conjugation reactions) were observed in cultufeB. darzianunonly.

Chapter 5 addresses the issue of additives thatorglpw down the degradation of
tebuconazole by micro-organisms. Additives studvede two metal chelating agents and two
enzyme inhibitors. Results in cultures contairongy tebuconazole and a combination of
tebuconazole and additive were compared and pexseifine chapter also presents the results of
the use of a standard mold test in the efficacysymergies observed when tebuconazole is used
in combination with the additives. Chapter 6 pd®a overall conclusions for the dissertation.
Conclusions on mechanisms involved in biotransféioneby the four different microorganisms
are discussed. Conclusions on methods of intevensing additives to slow down the process
of transformation are also presented.
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CHAPTER 2. RESISTANCE OF SAPSTAIN Trichoderma harzianumTO TRIAZOLES-
POSSIBLE MECHANISMS INVOLVED

2.1 Introduction

Triazoles are a broad class of organic fungicidels lew mammalian toxicity. Increasingly
being used in agriculture, triazoles inhibit thetesis of sterols required for cell growth in
fungi. They inhibit the fungal cytochrome P-45@3iependent enzyme 14-alpha demethylase,
thereby interrupting the synthesis of ergostetohibition of this critical enzyme in the
ergosterol synthesis pathway leads to the depleti@ngosterol in the cell membrane and
accumulation of toxic intermediate sterols, causimogeased membrane permeability and
inhibition of fungal growth (Lamb et al., 1999). hateas mammalian cell membranes contain
primarily cholesterol, ergosterol is the predomirgterol in many pathogenic fungi. The
triazole tebuconazole is a broad spectrum seconergion fungicide. It is a component of
copper azole a commercial wood preservative.

Tebuconazole and propaconazole act synergistiaatlyare standardized by the
American wood preservers association (AWPA). Tebazole is stable, resistant to hydrolysis
at pH 4-9, can be formulated in solvent as wellvater borne formulations, and is compatible
with insecticides (Grundlingerv and Exner, 1998fficacy data indicates efficacy of
tebuconazole against basiodiomycetes. A retemiici®.54 kg/ni is required for white rot
Coriolus versicolarand 0.026-0.03 kg/frfor brown rotGloeophyllum trabeum.The dry rot
Serpula lacrymaneequires a higher retention of 0.8-1.28 k§j(Buschhaus, 1995). While
efficacy data for tebuconazole suggests activigiresj a wide range of wood degrading fungi,
triazoles appear to be less effective against agoei®s (staining fungi and molds).
Trichodermaspp. possesses innate resistance to most chenmcdlsling fungicides, although
individual strains differ in their resistance. Tioderant fungugrichoderma harzianurnauses

more than 75% reduction in the concentration of@néol A4S (N,N-dimethyl-N'-phenyl-N'-



fluorodichloromethylthio sulphamide and preverél (tolylfluanid) in test solutions (Briscoe

et al., 1990). It is known to be tolerant to tiisapstain compound methylene-bis —thiocyanate
(MBT) at concentrations ranging from 4ppm to 34pp@unsiderable increases in both threshold
and toxic limits have been observed when woodéckaith alkylammonium compounds is first
subjected td. harzianumand then basidiomycetes in a second st@ghodermaspp. are

present in nearly all soils and other diverse labit In solil, they frequently are the most
prevalent culturable fungi. Because of toleranfcasaomycetes to triazole chemicals,
manufacturers of triazole containing formulatiomsnbt recommend them for treatment against
ascomycetes. Not much is known about the actuaharesms used by these microorganisms
with regards to tolerance. Table 1 shows minimaomhitory concentrations of tebuconazole to
various ascomycetes.

Table 2.1. Tebuconazole minimum inhibitory concemations (MICs) in nutrient agar for

ascomycetes

Species MIC (ppm)
Altenaria alternata 200
Aspergillus nige ATCC 10575 10
Aureobasidium pullulanATCC 9348 35
Chaetomium globusumTCC 6205 15
Gliocladium virensATCC 9645 75
Penicillium glaucum 15
Phialophora fastigiataVfpl 234 a 50
Scherophoma pityophila 5
Trichoderma viride >1000

Source (Grundlingerv and Exner, 1990).
Biocide detoxification may be brought about if thecide is rendered unavailable by adsorption
on the surface of the microbial cells. Such adsangprocesses are most likely in the cases of
guaternary ammonium compounds and metal ions wdhggociate to form ions in solution.
Microorganisms may detoxify a biocide by assimdatinto the cell where the active ingredients
of the biocide become immobilized (e.g., in thealgptof copper from external media by a

fungus followed by the formation of insoluble copp&alate within and around he fungal



hyphae). The biocide may be inactivated extratlypby becoming bound to microbial
metabolites or it is possible that metabolites poad by microorganisms may induce the
breakdown of the biocide to less toxic productsg@&re et al., 1990). Microbial mediated
detoxification of biocides by both bacteria andgumay contribute significantly to the failure of
treated wood. Bacteria and actinomycetes are pipliiae most common wood-inhabiting
microorganisms and certainly are the most adaptalityms of environmental influences. They
can modify the environment often making an otheswissuitable environment suitable to
another microorganism such as decay fungi (WalkdackDickinson, 2004). Wood-inhabiting
fungi, not necessarily responsible for major detaye been shown to be capable of degrading a
toxic compound or metabolizing it into a less pofenm or derivative, thus rendering it less
effective in protecting wood from less toleransid@omycetous wood-destroyers and insects
(Duncan and Deverall, 1964; Ruddick, 1984). Thislg uses tebuconazole as a model triazole
for the investigation of biotransformation pathwaysl identification of metabolites produced
by T. harzianum.The results will broaden knowledge on mechanissesl by the ascomycetes
in tolerating triazoles. Understanding the meckiasiinvolved in detoxification of biocides is
important to provide a means for stabilizing thenwood.

2.2 Materials and Methods

2.2.1 Test Chemicals and Fungi

Ninety five percent tebuconazole (preventol A 8swaovided by Lanxess Corporation
(Pittsburgh, PA). The tebuconazole standard wésidd from Sigma Aldrich (St. Louis, MO).
Original strains off . harzianunwere provided byhe US Forest Products Laboratory,
Department of Agriculture Madison (WI). Culturesne grown out and maintained on media

containing 1.5% agar, 2% malt extract, and 0.00&%s{extract.



2.2.2 Determination of MICs

Preliminary work involved determination of the nmmal inhibition concentrations for
tebuconazole again$t harzianum.Using the same media aboydates of nutrient agar
containing tebuconazole in concentrations rangiof0-200ppm were prepared in triplicate.
Plates were kept at room Z5for 7 days. The MIC (the lowest concentratiowhich no

visible growth of mycelium was observed) was deteed. Subsequent biodeterioration studies
were performed at levels lower than the MIC.

2.2.3 B3 Media Suitability

The study utilized nutrient limited B3 media. Basa B3 media was studied and developed
specificaly forPhanerochaete chrysosporiisextracellular peroxidase production, preliminary
studies were necessary to ascertain its suitalbartgrowingT. harzianumn subsequent
degradation studies. B3 media for N-limitationresgents the situation on wood which has low
amounts of nitrogen. In this preliminary studyeamrcular plug was obtained from one week
old cultures on petri dishes and used to inocul@@ml of sterilized "B3"in Erlenmeyer flasks.
Twenty eight flasks were inoculated, covered withafilm, and kept at 2& for two weeks on a
shaker at 100rpm. Growth was monitored by weiglinegdry fungal cell mass harvested by
filtering the liquids through Whatman #2 filter gt time intervals of 0-14 days. Two flasks
were harvested every two days. The cell massnedaon filter paper was rinsed twice with
deionized water and air dried at 30°C to constanglat. The composition of B3 media per liter

of distilled water was as follows: 1.73 t-acondicid adjusted to pH to 4.5 with KOH, 2g

KH,PO, 0.59 MgSQ-7H,0, 0.1g CaGt2H,0, 0.2g ammonium tartrate, 10g glucose, 0.001g

thiamine, and 10mls mineral elixir. The minerakielcontained the following per liter: 1.5 g
nitrilotriacetic acid (pH adjusted to 6.5 with KQB.Og MgSQ-7H,0, 0.5g MnS@H,0, 1.0g

NacCl, 0.1g FeS@7H,0, 0.1g CoS@ 0.1g CaC} 0.1g ZnSQ-7H,0, 0.01g CuSQ® 0.01g
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AIK(S04)2:12H,0, 0.01g HBOs and 0.01g NaMo@2H,0. Separate flasks were grown using
the same procedure but using malt extract brotheagrowth media. Malt extract broth
contained 17g/l of mycological peptone and 3 ghnailt extract. Growth rates for the two types
of media were compared at the end of 14 days.

2.2.4 Biotransformation Studies

Erlenmeyer flasks containing 100ml of B3 media warpplemented with 0.1ml of 0.2%
tebuconazole to give a final concentration of 2thpd each flask. Flasks were inoculated with
an agar plug from actively growing colonies. Crdsiwere incubated at Z5and shaken at
120rpm for a period ranging from 3-21days. Thedike was separated by centrifugation (10
min. at 15000xg and°@). The centrifuge used was a fixed angle rotatuction drive

Beckman model J2-21M. Three replicates were useddch time interval. A sample of 5mls
was removed from each flask for further analy3igio controls were run simultaneously. The
culture control consisted of a media blank in whiclarzianumvas grown under identical
conditions but without tebuconazole. The substcaterol consisted of tebuconazole and sterile
media incubated without fungal innoculum to detemnivhether tebuconazole could chemically
decompose or transform under experimental condition

2.2.5 Quantitative Determination of Tebuconazole &ained in Samples

Five ml of filtered medium was extracted in solidage extraction (SPE) columns. The columns
(Bond Elut —C18, 500mg, 3ml Varian #12102028) weashed and preconditioned with two
column volumes of methanol, followed by two colummiumes of milli-Q water under vacuum.
Five ml of sample was loaded and pulled througbnatdrop per second, followed by a column
rinse of 50:50 acetonitrile water. Retained compmsunere eluted with 4 column volumes of
methanol and collected in 15ml centrifuge tubeacHzube was dried to below 5ml on a

nitrogen evaporator and transferred to a secorelttulough sodium sulfate. The final volume
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was adjusted to 5ml using methanol. Samples wesemed with a 0.2m Teflon™ filter prior
to quantitative analysis by gas chromatography srepectrometry (GC-MS). The GC-MS was
an Agilent 6890gas chromatograph using 5973 madsstse detector. The injection port
temperature was 280, the detector temperature 28Qand the carrier gas was helium at 1 mm
min™. The oven was initially held at 80 for 2 min followed by a 3T min*increase to 19T
and then an“®€ min'increase to a final temperature of 300 The capillary column model No.
RTX35 was 30m X 250pumX 0.25um. Injection volumesv2a0pul and total runtime was 20.42
min. Tebuconazole eluted at 15.9 min. Runninggiected ion mode (SIM), ions detected for
tebuconazole were 250 as the target ion, and 1@2%2 as the qualifier ions. Calibration was
done using a four point curve. Concentrationdiefdamples were calculated using the formula:
(X1 V)* (V,)*dilution factor. 1
Where: X = value from the curve reading from th&tiument.

V= Initial vol. of sample extracted by SPE

V= final vol. of sample after SPE
2.2.6 Analysis of Tebuconazole Absorbed on Mycelia
To evaluate tebuconazole content adsorbed on tigafumycelia, the biomass was filtered from
culture media after 21 days, washed with distikeder, and frozen at -32°C before freeze-
drying. The dried mass was ground to small pastte, 100ml of methanol was added to it in a
flask, and shaken at 100 rpm in an orbital shateR4# hrs. The filtrate was separated by
centrifugation (10 min. at 15000xg antC}. Two repeat extractions with methanol were done
on triplicate samples ensure all the tebuconazake extracted. The extract was subjected to
solid phase extraction prior to quantitative anialjay GC-MS.
2.2.7 Preparation of Samples for HPLC
To isolate the major metabolites in sufficient qutges for structural elucidation, the

transformation of tebuconazole By harzianumwvas carried out on a preparative scale. Ten
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250mls Erlenmeyer flasks containing 100ml of B3 rmedere supplemented with 0.1ml of 0.2%
tebuconazole to give a final concentration of 2thpg-lasks were inoculated with an agar plug
from actively growing colonies, incubated af@5shaken at 100rpm for a period of 21 days
after which they were centrifuged (10 min. at 15apand 4C) to separate the mycelia and
media. The liquid samples were pooled into twoaégomposite samples which were then
subjected to extraction and cleanup by the follghggnocedure: 500ml of sample was
transferred into a one liter separating funnel kacly 75ml of dichloromethane was added. The
sample was subjected to shaking for 1.5 min. veetedy 20 seconds to release pressure, then
left to stand for 3 min. The bottom layer was passver sodium sulfate in a large funnel into a
400ml beaker. This extraction procedure was repkeiatice. The sample was then placed on a
water bath at 4& and evaporated until almost dry. Five 5ml. aftanitrile was added for
solvent exchange, re-dried to about 2ml, and teansdl to a centrifuge tube with several rinses
of acetonitrile while passing it over sodium sudfatinnel. The tube was dried to below 5ml on a
nitrogen evaporator, the final volume adjustedrtd Gsing acetonitrile and subjected to HPLC
gualitative analysis. The culture control congistéa blank in whiclT. harzianumwas grown
under identical conditions but without tebuconazadlée substrate control consisted of
tebuconazole and sterile media incubated withaugifu

2.2.8 HPLC Analysis

Several reverse-phase HPLC runs were done to datdgburify any metabolites and
byproducts. The HPLC system consisted of a W&@dspump with a Waters 2487 UV
detector. The output from the UV detector was eated to a fraction collector. The column
was a Waters Delta-Pak C18, 300 Angstrom, 15 mj@omm x 10 cm radial compression
module. Eluant composition as a function of time was ak¥es: isocratic from 0-5 min. 70%
water + 0.1% formic acid and 30% acetonitrileginincreases of acetonitrile from 5-30 min to

85% and isocratic at 85% acetonitrile for 5 minowFrate was 1 ml mihand detection was at
13



224 nm wavelength. Tebuconazole eluted at 28 ractions were evaporated in vacuum and
metabolites extracted from the remaining solutisimg acetonitrile.

Qualitative analysis using authentic standards etfatvolites was not possible as metabolites of
tebuconazole could not be obtained. Tebuconazad&gpand those of metabolites were
identified by comparison of elution time, protorcataolecular mass and identification of
functional groups of in the tebuconazole standamellia only, media containing tebuconazole
before exposure to the fungi and, media contaitebgconazole after exposure to the fungi.
2.2.9 Mass Spectral Characterizations

Exact mass determination of HPLC fractions of t&lmazole and its metabolites was performed
by electrospray ionization (ESI). The instrumepé@ted in positive ESI mode was an Agilent
6210 Time of flight (TOF) LC/MS mass spectrometer.

2.2.10 IR Analysis

HPLC fractions and authentic tebuconazole wereestiggl to IR analysis to determine functional
groups retained or changed on the metabolites. FTRER system was a Bruker Tensor 27
system single beam instrument connected to anadptser software (OPUS) version 4.2 data
collection and analysis program. Two drops of danagre placed on a Real crystal IR KBr
card and air dried before determination of specii@nsmission spectra were obtained after 16
background and 16 sample scans.

2.3 Results and Discussion

2.3.1  Minimum Inhibitory Concentrations

The lowest at which no growth was observed was g@0pResults are shown in Figure 2.1.
The fungus was tolerant at concentrations below @60 Subsequent metabolism studies were

conducted at a concentration lower than this.
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2.3.2 Suitability of B3 Media
After a lag phase of two days, the fungi grew ttsh rate, steadily increasing in mycelia mass
until the 14" day. Growth rates are compared in Figures 2.8&@a2b. The mean increase in

mycelia weight after 14 days for the two types @dma found not to be different (p=0.1,df=13)

in a paired t-test.

1(c) 5 ppm 1(d) 10 ppm  1(e) 20ppm

1(f) 40ppm 1(g) 80ppm 1(h) 120ppm 1(i) 150ppm 1(j) 200ppm
Figure 2.1. MICs for tebuconazole against. harzianum.
Growth in B3 did not differ from that in malt exétabroth recommended for molds. B3 was
appropriate for use in further tests. B3 was pretefor further experiments because with N-
limitation, it represents more of the situatiorwiaod and has no proteins which would have

interfered with further work on proteineous extsagtoduced by the fungi.

0.45 y=-0.0012 + 0.036x + 0.058

R’=0.75
0.4 1 . | y=-0.002)¢ + 0.046x + 0.048
R?=0.89 *

Weight(g)
weight(g)

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Days Days

Figure 2.2a. Growth in B3 media. Fig 2.2b. Growth in malt extract broth.

15



2.3.3 Quantitative Analysis of Degradation of Tebuznazole
After 6 days, it was apparent that tebuconazolewarnio media inoculated with fungi was
reducing at a steady rate. After 21 days, 68.2%@briginal 20ppm was depleted. The actual

values retained are shown in Figure 2.3. Less 1886 was depleted in control cultures.
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Figure 2.3. Tebuconazole retained in media afterl2days.

2.3.4 Quantitative Analysis of Tebuconazole Absorloeon Mycelia

Analysis of tebuconazole absorbed on fungal myceklaaled that only 0.09ppm (<1%) was
extracted by 100mls of methanol. This minute anhiéeshto the conclusion that adsorption of
the chemical on the surface of the microbial callassimilation into the cell for immobilization
are not the mechanisms employed by this speciedarating tebuconazole.

2.3.5 HPLC Analysis

Secondary metabolites producedTbyharzianundid not affect the analysis of tebuconazole.
Chromatograms of the standard, test tebuconazatetha only (culture control), and test
tebuconazole in media exposed to fungi for 21 damgscompared in Figure 2.4. Parent
tebuconazole eluted at 28 min. Major componenthi®inedia eluted at 5 and 21 min. Eluting
compounds thought to be metabolites were thoséonat in the media and eluting at times

different from tebuconazole. Four fractions witktabolites (M1, M2, M3, and M4) were
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identified and collected. Their retention times&8.8, 9.1, 16, and 34 min. respectively. Three
metabolites were more hydrophilic than tebuconaaaotkeluted from the column faster than

tebuconazole. One metabolite eluted after teburmaa

(Tebuconazole Standard)

i/

Tebuconazole

(Tebuconazole in culture media)

(After 21 days exposure to fungi)

M4

g L,J\_

0 5.0 10.0 15.0 20.0 25. 30.0 35.0
Minutes

Figure 2.4. HPLC chromatograms.

2.3.6 Mass Spectral Characterizations

Intact molecular mass is not a unique identifiezaaese different compounds may have the same
mass. However, determination of an intact moleamass was useful in this case because a large
part of the molecule (tebuconazole) was alreadynand only a minor unknown change or
changes needed to be characterized. Molecular wesmeasured to within an accuracy of 5 ppm.
The spectrum for parent tebuconazole showed thendmtion at m/z 308.15, consistent with the

protonated molecular ions (M+H Figure 2.5a shows the mass spectra of the whuilere at
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beginning of incubation, and fraction 3 after 5 &iddays incubation respectively. Results of all
other mass spectra are summarized in Table 2.1abdktes in HPLC fractions had intense peaks of

protonated ion (M+H) at 338.34, 324.15, 281.17, and 366.36, for MU#brespectively.

208.1522 N 08,1676 2311750

100 %
a5% b
Whole culture at Fraction 3, 5 days Fraction 3, 21 days

0% start of incubation 1 incubation incubation’

s 3711075

0%

TE%

TO%

oa% 281.1794
b B0
g i 3081682
G) 308 2502
b S0%
C

. a5%

& 40%

ZE%

1p.1ae2 265.1Fbe

0%

0% 3169283

20%

(G5.0022
15% 301553
71,1000
3188270
10% 207)=Hd5 ’
54 “‘\ 1520
284.2044 17 8325
U%' L I L l] iy
260 270 280 200 300 210 320 330 200 a0 a00 S
m/z, amu m/z, amu m/z, amu

Figure 2.5. Mass spectra of whole culture andédction 3.
Each fraction may have had more than one compdautdynly the major component identified by
MS is discussed. The others were in minute amamdgheir structure could not be determined by
the method used in this study.

The number of possible chemical formulae assigoeoh accurate determined mass was
reduced by comparing spectral and isotope pattesimg) the method by Stoll et al. (2006). The
%ClI :*cl, 3:1 intensity isotope pattern distribution vegeparent and was used to identify actual
metabolites as opposed to those arising from theiaree fungal secretions. Thus spectra were

used to rate and exclude compounds not resultorg the metabolism of tebuconazole. The
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intensity ratios in the isotopes are due to thenahabundance of the isotopes. Tebuconazole
and all four metabolites had the 3:1 intensityopet pattern. Figure 2.6 shows this pattern in
tebuconazole and metabolite M3. There is a pdagithat metabolites without Cl remained
unidentified.

Table 2.2. Summary of positive ESI-MS spectra - dninant ions and intensities

Sample Peaks (m/z, amu) Intensity counts (%) Moshtense peaks
Tebuconazol standard 308.15 100 308.15
309.15 10
310.15 25
371.11 82
Fraction 1 308.15 80 338.34, 308.15
310.15 25
338.34 100
340.36 20
371.11 82
264.13 18
Fraction 2 308.15 100 324.15, 308.15
310.15 25
324.33 80
326.32 21
312.15 14
371.11 75
Fraction 3 281.17 100 281.17
283.18 25
308.15 57
265.17 33
371.10 15
Fraction 4 281.17 25 366.37
324.15 22
308.17 45
364.36 21
366.37 100
368.35 24
371.11 72
Media blank 371.21 100 371.21
121.97 70 121.97
131.96 35

Based on the molecular mass and the reversed eitnage since the molecular ions were
generated by protonation, an even mass for tebzobaad three of the degradation products
indicated presence of an odd number of nitrogdmed). This led to the conclusion that these
degradation products contained the intact triadalg One product (M3) with a molecular mass

281.17 indicated an even number of nitrogens. Theapled with a loss of 27 amu, led to the
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conclusion that the HCN fragment was lost afteawége of C-N and/or N-N bonds on the 1,2,3-
triazole ring to form an imine. Tebuconazol, M1, ki2d M4 all have a degree of unsaturation of
7 while M3 has 6 further confirming of the cleavadehe triazole ring. Two peaks
corresponding t@81.17 were observed in the TIC for M3. This cqumexls to two possible
products of triazole cleavage at two different pi&both resulting in the loss of an H-C-N

fragment (Table 2.2).

28171
100 308.167
< (A. Tebuconazol
< Standard) (B. Metabolite 3)
>
G
c
[¢)]
€ 50
(O]
=
©
& 310.165 283.179
!
309.161 l |
282.175 |
0 A ﬂ\ 1 ’I‘. |'I
Al ' ' A
208.0 309.0 310.0 281.0 2820 2830 2840

Figure 2.6. Isotope distribution gttern in tebuconazole and M3

2.3.7 IR Analysis
Discovering the identity of each metabolite invahanalysis of functional groups. Figure 2.6
shows the IR spectra of the four fractions. IRlgsia of functional groups (Figure 2.7) revealed
no difference in relevant bands in the spectra 8favid that of tebuconazole. Relevant bands in
the IR spectra for M1 and M2 showed presence otdneoxylic acid and hydroxyl groups in the
molecule. Most likely these compounds are the piynoaidation products of the methyl groups
on the tert butyl moiety, i.e., the hydroxyl ané ttarboxyl. Table 2.3 presents a summary of
relevant bands observed in IR spectra and chang@lecular mass in the protonated ion.

Within 21 days, 68.2% tebuconazole was metabol®et. harzianuninto a form that
may be less toxic thus enabling the fungi to grogss than 1% was absorbed on the mycelia.
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Hence adsorption of the chemical on the surfadbemicrobial cells or assimilation into the
cell for immobilization were not the mechanisms &yed by this species in tolerating
tebuconazole. The combination of MS and FTIR rksv/#eat in addition to cleavage of the
triazole ring, this mold performs oxidation reaasaas a prelude to the detoxification of
tebuconazole as is common with other biocides (Keswad Harayama 2000; Kelley et al. 1993).

Table 2.3. Summary of change in molecular mass andlevant IR bands

Protonated ion Change Unique IR Proposed

mass (M+H)" in amu band observed pathway

308.15 0 -

(Tebuconazol)

324.15 +16 3200-3000 Oxidation

338.34 +30 3500-2500 1. Oxidation
1700-1800 2. Carboxylation

366.37 +58 1700-1800 1. Oxidation

2. Acetylation.

281.17 -27 - Triazole ring cleavage

The products resulted from the oxidation of thehylegroups on the tert butyl moiety, (i.e., the
alcohol and the carboxylic acid readily identifieglthe sharp C=0 stretch between 1680 and
1725 cnt) and the O-H stretch of the carboxylic group apipegas a broad peak in the 2500-
3000 cnt region. Oxidation may also have occurred on thengl ring, and at —carbon. In
contrast with the work of Strickland et al. (200dhere was no evidence of dechlorination or
oxidative cleavage of the phenyl ring. Cleavagthefl,2,4 triazole ring is most likely the major
pathway for detoxifying tebuconazole. It is thrdgnding of the triazole to the heme of the
cytochrome P-450 enzyme sterol ldemethylase that ergosterol synthesis is inhilitied
retarding growth of the fungi. Once the triazolegris broken down, this mechanism is

interfered with. Monooxygenase type reactions vei@vn to occur in agreement with the work
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of Strickland et al. (2004). Oxidation metabolitésntified are likely not the final products.
Many fungi after initial oxidation perform phaserédactions in detoxification of xenobiotics.
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Figure 2.7. IR spectra of tebuconazole and fractits
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Conjugation (methylation, glucosidation, acetylatamnd sulphonation) are thought to be
reactions used by fungi in metabolizing chemicaladn toxic metabolites (Cerniglia et al.
1982). These results showed thaharzianunfurther metabolizes the hydroxyl group formed
on the tert butyl moiety by acetylation to formester corresponding to the intense strong band
in the 1670-1700 cthdouble bond region in M4 and a corresponding Esedn molecular mass
(Table 2.2). Acetylation deactivates the chemicats phase 1 metabolite and results in a less
hydrophilic product (Cerniglia et al. 1982). Nadance of glucosidation and sulphonation was
observed. However, there is a possibility thaytbccurred. Sulphonation would be evidenced
by IR absorption at 700-900¢nndicating the presence of S-OR. However thi®gitgon is

also evidence of a C-Cl bond, present in tebucdeaaad all metabolites. Fungi can perform
many different complex conversions of polyaromagdrocarbons and steroid compounds.
Biochemical evidence indicates that such bioconeessare often mediated by cytochrome
P450 (P450) as a part of monooxygenase enzymensyste450s are a family of hemoproteins
acting in many organisms ranging from bacteriagfuto mammals. They catalyze
monooxygenation of a wide variety of endogenousexutjenous compounds. The
monooxygenase systems are multicomponent, corgistiR450 and an electron donating
system, needed for the oxygen insertion in thetsatiesmolecule (Makovec and Breskvar,
2000). The most common reaction catalysed by Ft&0nonooxygenase reaction (i.e.,
insertion of one atom of oxygen into an organicsstgte (RH) while the other oxygen atom is
reduced to water in a phase | type reaction). Algh the presence of P450 was not confirmed
in this study, monooxygenase type reactions wese/slto extensively occur. Based on MS, IR
spectra and isotope pattern the proposed metgtatiwvay for transformation of tebuconazole is

shown in Figure 2.8.
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Figure 2.8. Proposed metabolic pathway of tebuconale by T. harzianum (fraction numbers
in parentheses)

Intervention mechanisms to stabilize or increasedilrability of tebuconazole in treated timber
would likely involve use of an additive that acssam inhibitor to the initial reactions. Further
work will involve identification of P450 in culturitrates using spectral properties and
occurrence of phase Il type reactions which areghoto be used by the fungi in excretion or
tolerance of tebuconazole. Since the initial otti@areactions are mediated by P450, a suitable
additive to tebuconazole would be one that is amitor of P450. The chemical inhibitors must
be specific toward cytochrome P450-mediated reastio fungi. Several compounds that have
an inhibitory effect on P-450 monooxygenases amknand may be of use. An example is
piperonyl butoxide (PB). PB can act as a pestisigeergist. Although it does not have
pesticidal properties, when added to a wood preses/mixture, its efficacy will be increased
because the principal detoxification pathway (motygenation) is inhibited. Prevention or
decrease in the rate of the initial oxidation wiisure the phase Il reactions such as acetylation
and methylation do not occur. EDTA (ethylenediagnietraacetic acid) is an amino acid and

chelating agent widely used to sequester di- andlént metal ions. EDTA may inhibit mono
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oxygenation by chelating Eeand Fé&* ions important the P450 cycle. EDTA binds to reta
via four carboxylate and two amine groups. Inlmigithe detoxification pathway allows higher
unmetabolised systemic concentrations of the aatisecticide to remain within the timber for a
longer period.

The method used in this study was not able to ifyemiore metabolites due to low
concentrations, interference of media componenisthie complex pattern of IR peaks below
1500 cmwhich are difficult to assign. Using radio actiabéled®H of **C tebuconazole would
give a more complete picture of all types of metd®and pathways involved.

2.4  Conclusions

T. harzianumis able to tolerate tebuconazole at concentratiet®v 200ppm because it
biotransforms the chemical mainly by cleavage efth2, 4 triazole ring and oxidation reactions
to produce more hydrophilic metabolites. The tetiybalcohol, the tert butyl carboxylic acid,
and are the initial products. These initial oxidatproducts undergo acetylation or in a second
step resulting in less hydrophilic metabolites. Idifimngi are able to tolerate tebuconazole by
this mechanism. However, biotransformation mayh®othe only mechanism employedhy
harzianumin tolerating tebuconazole.
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CHAPTER 3. BIOTRANSFORMATION OF TEBUCONAZOLE BY B ACTERIA AND
FUNGI: A COMMON MECHANISM?

3.1. Introduction

The trend towards the use of environmentally sduittling materials has increased the interest
in wood preservation based on boron and purelymegaystems. Much attention is being
directed towards the formulation and testing ofaléee preservative systems. Organic
biocides will play an increasing role in all usésses in the future (Schultz and Nicholas, 2006).
Currently, the major advantage of organic systesvado their major disadvantage: their
biotransformation by wood degrading and wood intia¢pibut non-degrading microorganisms.
Other missing elements in the organic systems lam&oprotection and hydrophobicity (Evans,
2003). Microbial mediated detoxification of bioeglmay contribute significantly to the failure

of treated wood (Briscoe et al., 1990).

Intricate groups of highly diverse microorganidimsg in close association may be
found in wood that has been exposed to the atmospiehe soil for a long period of time. Any
of the microorganisms present, including non-woestibying organisms may be capable of
biotransformation of chemicals at a faster rat@ thlaserved in laboratory studies (Briscoe et al.,
1990). One species may modify the environmennafteking an otherwise unsuitable
environment suitable to another micro-organism.od/mhabiting fungi, not necessarily
responsible for major decay, have been shown tmapable of degrading a toxic compound or
metabolizing it into a less potent form or derivatithus, rendering it less effective in protecting
wood from decay by typical wood-destroying funghieh are less-tolerant basidiomycete wood-
destroyers (Duncan and Deverall, 1964; Ruddick4).98 study of the biodetoxification of 3-
Benzo[b]thien-2-yl-5, 6-dihydro-1, 4, 2-oxathiazideoxide) isolated 11 species of
proteobacteria that showed the ability to degraeebiocide (Wallace and Dickinson, 2004).

Bacteria cause reductions in biocide concentratianging from 14% for 2-thiocyanomethylthio
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benzothiazole (TCMTB) to nearly 65% in MBT (Briscetal., 1990). Through HPLC and a
bioassay, Wallace and Dickinson (2006) demonstriiaitebuconazole, chlorothalonil, and
IPBC are detoxified when exposed to Bastoliastrain of bacteria. No degradation products
were isolated. Wood-destroying basidiomycetessbatete the enzyme laccase into the culture
medium are able to overcome the toxic effects atgehlorophenol (PCP) (Lyr, 1963).
Increases in both threshold and toxic limits haserbobserved when wood treated with
alkylammonium compounds is first subjected to stariungi and then basiodiomycetes in a
second step (Ruddick, 1984)Gliocladium roseunis a mold that is capable of transforming
significant amounts of DDAC (didecyldimethylammomiwchloride). In one study nearly 50%
of the DDAC in sawdust was degraded over 11 webBkbg¢is and Ruddick, 1998). It was
hypothesized that the alteration of the quat comdsiby the mold may detoxify them to a level
where wood rotting basidiomycetes could grow. Tregabolite was identified as a hydroxylated
guaternary ammonium compound (QA®hanerochaete chrysosporiusrecognized for its
ability to metabolize a large diversity of compoanohcluding PCP, by the lignin degrading
system (Mendoza-Cantu et al., 20008). incrassatahas been reported to tolerate chromated
copper arsenate (CCA) and cause substantial wieighin pine blocks treated with CCA or
copper sulphate (lllman and Highley, 199@Yichoderma harzianuns known to be tolerant to
the anti-sapstain methylene-bis —thiocyanate (M&TQoncentrations ranging from 4ppm to
34ppm and most fungicides. Considerable increasiseshold and toxic limits have been
observed when wood treated with alkylammonium campis is first subjected . harzianum
and then basidiomycetes in a second sfephodermaspp. are present in nearly all soils and
other diverse habitats.

The effects of bacteria have long been recognizdtieability to cause pronounced
increase in permeability and more recently thkilitg to degrade preservative treated wood and

highly durable timbers containing high extractiegdls (e.g.Eusideroxylon zwageriand
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timbers high lignin contents (e.d\lstonia scholaris(Daniel, 2003). The role of bacteria in the
degradation of organic preservatives is importamenvconsidering the long term performance
expected from treated wood in service. Activitaiagt the causal decay organisms and
resistance to physical losses are no longer tleepformance criteria that need to be
understood when developing new wood preservatiideEspite the role played by
microorganisms in wood degradation or preservatatexification, they are not normally
considered in biocide evaluation. As the wood @nestive industry becomes more reliant on
wholly organic fungicides, there is a need to d&hlbiotransformation pathways of biocides
and use this knowledge to attempt to stabilize thremood by disruption of the detoxification
process. An understanding of mechanisms involuetetoxification by bacteria, fungi, and
termites is needed to provide means for defeakiege processes (Wallace and Dickinson,
2006).

In the current study one bacteria stras€udomonas fluorescgna mold fungusT.
harzianun), a white rot fungusK. chrysosporiumand a brown rot fungudA. incrassata were
used to access the extend of biodegradation anditla products of metabolism of
tebuconazole. This study proposes the mechanidar(8)e metabolism and explores the
possibility of a common biotransformation mechanfemall species studied. If it proves
possible to disrupt the mechanism of degradatlua,dould herald a new generation of
environmentally friendly wood-preservatives.

3.2 Materials and Methods

3.2.1 Test Chemicals and Fungi

Ninety five percent tebuconazole (Preventol A8) wasvided by Lanxess Corporation
(Pittsburgh, PA) and the standard (99%) was obthireen Sigma Aldrich (St Louis, MO). An
original freeze-dried strain of the bacteria spe¢&TCC No. 11150) was obtained from the

American Type Culture Collection (Manassas, VA)l fAngal speciesvere provided byhe
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US. Forest Products Laboratory (Madison, WI). dalrcultures were grown out and
maintained on media containing 1.5% agar, 2% maitet, and 0.001% yeast extract.

3.2.2 Determination of MICs

Preliminary work involved determination of the nmmal inhibition concentrations (MIC) for
tebuconazole againBt chrysosporiunandM. incrassata.The MIC of T. harzianumhad been
determined in a prior study (Chapter 2). Platesutfient agar containing tebuconazole in
concentrations ranging from zero (control) to 2Q@ppere prepared in triplicate. Plates were
kept at 28C for 14 days. MIC the lowest concentration atehhio visible growth of mycelium
was observed was determined.

3.2.3 B3 Media Suitability

The study utilized nutrient limited B3 medium forlixitation. B3 represents a more
applicable situation for wood which has low amouwftaitrogen. B3 media per liter of distilled

water contained: 1.73 t-aconitic acid adjustedHa@4.5 with KOH, 29 KHPO, 0.59

MgSOy-7H,0, 0.1g CaCG2H,0, 0.2g ammonium tartrate, 10g glucose, 0.00Jagrilme and
10mis mineral elixir. Mineral elixir contained ti@lowing per liter: 1.5 g nitrilotriacetic acid
(pH adjusted to 6.5 with KOH, 3.0g Mgg®@H,0, 0.5g MnSQ@H>0, 1.0g NaCl, 0.1g
FeSQ-7H,0, 0.1g CoSQ0.1g CaCj} 0.1g ZnSQ-7H,0, 0.01g CuS@ 0.01g

AIK(SO4)2-12H,0, 0.01g HBO3 and0.01g NaMoQ-2H,O. Because B3 media was studied
and developed specifically fé. chrysosporiuns extracellular peroxidase production, it was
necessary to ascertain its suitability for growiigincrassatan subsequent degradation studies.
One circular plug obtained from 8-day old cultuoé$/. incrassataand 12-day cultures oP.
chrysosporiunwas used to inoculate 100mls of sterilized B3iilemmeyer flasks. Twenty eight
flasks were inoculated for each species, coverdiu parafilm, and kept at 26 for two weeks

on a shaker at 100rpm. Growth was monitored bygkeg the dry fungal cell mass harvested
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by filtering the liquids through Whatman #2 filggaper at time intervals of 0-14 days. Mycelia
were rinsed twice with deionized water and airdit@ constant weight. Separate flasks were
grown using malt extract broth as growth mediae Bloth contained 17g/l of mycological
peptone and 3 g/l of malt extract. Growth ratestie two media were compared after 14 days.
3.2.4 Biotransformation Studies

Two hundred and fifty ml. Erlenmeyer flasks coniagn100m| B3 media were supplemented
with 0.1ml of 0.02% tebuconazole to give a finahcentration of 2 ppm for each flask. Flasks
were inoculated with an agar plug from activelywgirgy colonies. Cultures were incubated at
25°C and shaken at 120rpm for a period ranging frodi@ays. Three replicates were used for
each time interval. For the bacteria strain, 25@asks containing 50 ml Luria Bertani (LB)
media were supplemented with 0.1ml of 0.2% tebuzolesto make 20ppm of each solution.
An overnightP. fluorescensulture (100ul) was added and flasks were incubat86C and
shaken at 120rpm for a total of 21 days. LB Mextiatained: 10.0 g/l tryptone, 5.0 g/l yeast
extract, and 5.0 g/l NaCl. All samples were cémgyed (10 min. at 15000xg an8@). The
centrifuge was a fixed angle rotor, induction dideckman model J2-21M. The culture controls
consisted of media blanks in which microorganismesengrown under identical conditions in
media but without tebuconazole. The substraterabodnsisted of tebuconazole and sterile
media incubated without innoculum to determine Wwhetebuconazole could chemically
decompose or transform under experimental condition

3.2.5 Quantitative Determination of Tebuconazole &ained in Samples

Five ml of filtered medium was extracted in solidage extraction (SPE) columns. The columns
(Bond Elut —C18, 500mg, 3ml Varian #12102028) waneconditioned with two column
volumes of methanol, followed by two column volunoésnilli-Q water. Five ml of sample was
loaded and pulled through at one drop per secatidwed by a column rinse of 50:50

acetonitrile water. Retained compounds were eluiéd4 column volumes of methanol
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collecting in 15ml centrifuge tubes. Each tube wiasd to below 5ml on a nitrogen evaporator
and transferred to a second tube while passingsmaium sulfate. The final volume was
adjusted to 5ml. Samples were cleaned with a2Zeflon” filter prior to quantitative
analysis by gas chromatography (GC-MS). The GCwWaS an Agilent 6890 gas
chromatograph using a 5973 mass selective dete€tw.injection port temperature was 250
the detector temperature 280 and the carrier gas was helium at 1 mm:niihe oven was
initially held at 86C for 2 min followed by a 3T min‘increase to 1AT and then an°® min*
increase to a final temperature of 300 The capillary column model No. RTX35 was 30m X
250umX 0.25um. Injection volume was 2.0ul, andltoin time was 20.42 minutes.
Tebuconazole eluted at 15.9 min. Running in setein mode (SIM), ions detected for
tebuconazole were 250 as the target ion, and 1@2%2 as the qualifier ions. Calibration was
done using a four point curve. Concentrationthefsamples were calculated using the formula:
(X1 V1)* (V)*dilution factor [1]
Where: X - off the curve reading from the instrurhe

V- Initial vol. of sample extracted by SPE.

V- final vol. of sample after SPE.
3.2.6 Preparation of Samples for HPLC
To isolate the major metabolites in sufficient qutges for structural elucidation, the
transformation of tebuconazole was carried out preparative scale. For each fungal species,
ten 250ml Erlenmeyer flasks containing 100ml ofrB&dia were supplemented with 0.1ml of
0.02% tebuconazole to give a final concentratio@ ppm. Flasks were inoculated with an agar
plug from an actively growing colony, incubated?&tC, shaken at 100rpm for 21 days, and
centrifuged (10 min. at 15000xg antC}. The liquid samples were pooled into two equal
composite samples. For the bacteria, ten 250askél containing 100 ml. Luria Bertani (LB)

media were supplemeted with 0.1ml. of 0.2% teburalesto make 20ppm of each solution. An
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overnightP. fluorescensulture (100ul) was added and flasks were incubat8dC while
shaking at 120rpm for 21 days. Samples were thatrifuged (10 min. at 15000xg ant}
and filtered and pooled into two equal compositafdas.

Each sample was subjected to extraction and gebypthe following procedure: The
sample was transferred into a 1L separating futtnehich 75ml of dichloromethane was
added. The sample was subjected to shaking fanih5vented every 20 seconds to release
pressure, then left to stand for 3 min. The bottayer was passed over sodium sulfate into a
400ml beaker. Extraction was repeated twice. sdmple was then placed on a water bath at
45°C and evaporated until almost dry. Five ml of an#tile was added for solvent exchange,
re-dried to about 2ml, and transferred to a cargaftube with several rinses of acetonitrile while
passing over sodium sulfate. The tube was dridsetow 5ml. on a nitrogen evaporator, the
final volume adjusted to 5ml before qualitative lgas by high pressure liquid chromatography
(HPLC). The culture controls consisted of blanksvhich microorganisms were grown without
tebuconazole. The substrate control consistedmfdonazole and sterile media without fungi.
3.2.7 HPLC Analysis
Several reverse-phase HPLC runs were necessagydact@nd purify metabolites. The system
consisted of a Waters 600 pump with a Waters 248détector. The column was a Waters
Delta-Pak C18, 300 A, 15 micron, 8mm x 10 cm rad@hpression moduleEluant
composition as a function of time was: isocratanirO-5 min. 70% water+ 0.1% formic acid
30% acetonitrile, linear increases of acetonifriten 5-30 min. to 85%, and isocratic at 85%
acetonitrile for 5 min. Flow rate was 1 ml miand detection was at 224 nm wavelength.
Tebuconazole eluted at 28 min. Qualitative analysing authentic standards of metabolites
was not possible as metabolites of tebuconazolkl cut be obtained. Tebuconazole peaks and
those of metabolites were identified by comparigbelution time, protonated molecular mass,

isotopic pattern distribution, and identificatiohfonctional groups in the tebuconazole standard,
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media containing tebuconazole before exposure toomiganisms and in media containing
tebuconazole after exposure to microorganisms

3.2.8 Mass Spectral Characterizations and IR Analys

Exact mass determination of HPLC fractions of t&lmazole and its metabolites was performed
by electrospray ionization (ESI). The instrumepé@ted in positive ESI mode was an Agilent
6210 Time of flight (TOF) LC/MS mass spectrometBiPLC fractions and authentic
tebuconazole were subjected to IR analysis to ohéter functional groups retained or changed
on the metabolites. The FTIR system was a Brukeisdr 27 system single beam instrument
connected to an optical user software (OPUS) ver4id data collection and analysis program.
Two drops of sample were placed on a Real cryR#Br card and air dried to dryness.
Spectra were determined after 16 background ang@lsasnans.

3.3 Results and Discussion

All results of this study were analyzed and comg@acoethose foil. harzianunctarried out in the
previous study (Chapter 2).

3.3.1 Minimum Inhibitory Concentrations

Of the concentrations tested, the lowest at whxlgnowth was observed was 20ppm br
incrassataand 5ppm foiP. chrysosporium. Mycelia diameter increases on Petri dishes and
MICs are shown in Table 3.1.

3.3.2 Suitability of B3 media forM. incrassata.

After a lag phase of 7 daysl. incrassatagrew at a fast rate, steadily increasing in myaeléss
until the 2%'day. The mean increase in weight of fungal nmigicagfiter 21 days for the two types

of media were compared in a paired t-test and fowotdo be different (p=0.12, df=13).
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Table 3.1 Diameter increase* (mm) and MICs of théungi tested.

Tebuconazole (ppm) M. incrassata P. chrysosporium T. harzianum
Agar only (control) 76 76 76
0 (solvent- acetone) 76 76 76
0.5 76 68 76
1 66 10 76
1.5 44 5 76
2 38 4 76
2.5 36 2 76
5 24 0 76
10 18 0 76
15 6 70
20 0 70
25 0 64
50 42
80 38
100 38
150 10
180 5
200 0
MIC 20 2.5 200

*Diameter increase = [(Diameter of mycelia —Diaanedf the original plug (10mm)]

Growth in B3 media did not differ from growth in thextract broth. Hence B3 media was
appropriate for use in further tests. B3, media ma&ferred for further experiments because it
does not contain proteins that would have intedeveh further work on proteineous extracts

produced by the fungi. Figure 3.1 shows growttheffungi in the two types of media.
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Figure 3.1a. Growth ofM. incrassatain B3 media  Fig 3.1b. Growth of M. incrassatain malt extract
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3.3.3 Quantitative Analysis of Degradation of Tebumnazole

After 12 days, it was apparent that the amounebfitonazole in media inoculated with bacteria

andM. incrassatavas reducing at a steady rate. After 21 days,%Was depleted by bacteria

from the LB media. In B3 media, 40.4% was deplétet. incrassatawhile 4.1% was

depleted byP. chrysosporiumActual values retained are shown in Figure 3.2e @dntrol

cultures had less than 5% of the tebuconazole tieplelr'he average amount depleted in control

cultures and irP. chrysosporiuncultures were not significantly different (P=0df=5). Hence

tebuconazole degraded over 21 dayB.ichrysosporiuncultures was insignificant.
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3.3.4 HPLC Analysis

Secondary metabolites produced by microorgangichsot affect the analysis of tebuconazole.
Two major metabolites were eluted and isolateduituces ofM. incrassataand two in cultures

of P. fluorescen# addition to tebuconazole. These metaboliteewet found in control
cultures. Chromatograms Bf chrysosporiuncultures contained mainly tebuconazole.
Chromatograms of the standard, substrate conttbtalture control, and test tebuconazole in
media exposed to fungi or bacteria for 21 days wetained and compared. Chromatograms
are shown in Figure 3.3 and 3.4. Parent tebucda&hated at 28 min. Major components of B3
media eluted at 2 and 21 min. Major componentsuofa Bertani media eluted at 5 and 21 min.
Compounds thought to be metabolites were thoséonatl in the media and eluting at times
different from that of tebuconazole. Metabolitédvb incrassatehad retention times of 15 and
17 min. and those fd?seudomonas fluoresceimad retention time$5 and 11 min., respectively.

All the metabolites were more hydrophilic and etLiteom the column faster than tebuconazole.

Media
Tebuconazole

Culture control
(no bacteria)

Media

Media

M2 With bacteria
Uh .

M1
0 50 10.0 15.0 20.0 25.0 30.0 35.0
Minutes

Figure 3.3. HPLC Chromatograms after exposure to acteria.
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Figure 3.4. HPLC chromatograms after exposure toungi.

3.3.5 Mass Spectral Characterizations and IR Analys

Intact molecular mass of a compound is not a unideetifier because some compounds may
have the same intact mass. However, determinafieract intact molecular mass was useful in
this case because a large part of the moleculadteimzole) was already known and a minor

unknown change or changes needed to be charadeMiee Agilent 6210 Time of flight (TOF)
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Rel. Intensity

mass spectrometer used had high accuracy of 2npges dependent The number of possible
chemical formulae assigned to an accurate detedmrass was reduced by comparing spectral
and isotope patterns based on mass measuremeimeobtging the method by Stoll et al.
(2006). Thus, spectra were used to rate and ee@achpounds not resulting from metabolism
of tebuconazole. Parent tebuconazole showed argted mass (M+Hpf 308.15. A summary
of the spectra monitoring intense peaks of frastiand comparing them with resultsTof

harzianumfrom chapter 2 are shown in Table 3.2.

100% 308.1676 281.1758

05%
Fraction 2, bacteria
oo culture
5% Fraction 2, M. Incrassata
q71.1075
20%
T5%
FO%
o5% 2811994
B0%
203.1622
55%
S0%
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0%
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265,196

30%
25%
20% 148 0p

ze5 1Bf7 (G5.0022
15%

71,1000

121 OFS|
0% ’
o%
0%

200 400 GO0 200 200 400 500 800

m/z, amu m/z, amu

Figure 3.5. Spectra of fractions

The3*CI:*'Cl 3:1 intensity isotope pattern distribution shmoiw Figure 3.6vas apparent because
of the chlorine on tebuconazole and was usedetiiy actual metabolites as opposed to those
arising from the media or fungal secretions. Isigfratios in the isotope are due to the natural

abundance of the isotopes.
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Table 3.2. Summary of positive ESI-MS m/z spectradominant ions and intensities

Sample Peaks (m/z, amu) Intensity counts (%) Moshtense peaks
Tebuconazol standard 308.15 100 308.15
309.15 10
310.15 25
371.11 82
P. fluorescens Fraction 1 308.15 80 324.16, 308.15
310.15 25
324.16 100
326.19 28
371.11 82
Fraction 2 308.15 20 281.17, 308.15
306.35 10
281.17 100
283.19 24
371.11 21
M. Incrassata Fraction 1 308.15 20 338.34, 308.15
324.16 20
338.34 100
340.36 23
371.11 82
264.13 18
Fraction 2 281.17 100 281.17
283.18 25
308.15 57
265.17 33
371.10 15
P. chrysosporium No major 308.15 100 308.15
fraction 309.15 10
identified 310.15 24
324.17 34
371.11 53
T. harzianum Fraction 1 308.15 80 338.34, 308.15
310.15 25
338.34 100
340.36 20
371.11 82
Fraction 2 308.15 45 324.15, 308.15
324.33 80
326.32 21
371.11 75
Fraction 3 281.17 100 281.17
283.18 25
308.15 57
265.17 33
371.10 15
Fraction 4 281.17 25 366.37
308.17 45
364.36 21
366.37 100
368.35 24
371.11 72
Media blank 371.21 100 371.21
121.97 70 121.97
131.96 35
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Figure 3.6. Tebuconazole and metallie isotope distribution pattern.

Within 21 days, 40.4% and 70.2% of tebuconazolemwekabolized b. incrassataand

Pseudomonas fluorescerespectively, into a form that may be less toxAthoughP.

chrysosporiumis recognized for its ability to metabolize agadiversity of compounds,

including pentachlorophenol (PCP), by the lignigideling system (Kullman and Matsumura,

1996; Sack et al., 1997; Mendoza-Cantu et al., pRGhowed little or no ability to metabolize

tebuconazole. Little degradation occurred overetkgosure period of 24 days. This collaborates

the results of Morrell and Velicheti (1994) who sleal thatP. chrysosporiumvas not able to

degrade triazoles to a significant or measurableusatn

Establishing the identity of metabolites in thetleaal andM. incrassatacultures

involved analysis of functional groups. Figure 8t®ws the IR spectra of the 2 HPLC fractions

from M. incrassataculture and the two fractions of the bacteriatund. Changes in protonated

mass and IR spectra, indicated that these two epéeigraded tebuconazole by cleaving the

triazole ring and also by oxidation reactions. é&hen the reversed nitrogen rule since the

molecular ions were generated by protonation, @&m evass for tebuconazole and some of the

degradation products indicated presence of an adtber of nitrogens (three). This led to the
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conclusion that these degradation products corddimeintact triazole ring. One product in
fraction 2 of bothM. incrassataand the bacteria culture had a molecular mas< 28adicating

an even number of nitrogens. These coupled witlsadf 27 amu, led to the conclusion that the
H-C-N fragment was lost after cleavage of C-N antfeN bonds on the 1,2,3-triazole ring to
form an imine. Tebuconazol has a degree of undaiaraf 7 while this metabolite has 6 further
confirming the cleavage of the triazole ring. Tweags corresponding to 281.17 were observed
in the total ion count spectra of the fraction @amihg this metabolite. This indicates two
possible products of the same molecular mass @#avage of the triazole ring at two different
places both resulting in the loss of an H-C-N fragin This same metabolite was also observed
in T. harzianunctultures in (Chapter 2). This is evidence of mown mechanism in all fungal
species and the bacterium studied.

Oxidation of the tert butyl group was a major melabpathway in both species. The
main products were the oxidation of the methyl goan the tert butyl moiety. Oxidation may
also have occurred on the phenyl ring and at #oarbon. It was not possible to determine the
exact position of the hydroxyl group by the metlised in this study. Previous results (Chapter
2) showed that the molB. harzianumafter initial oxidation reactions performs reanscsimilar
to phase Il reactions (conjugation by acetylatiosgd in detoxification of xenobiotics in
mammalian systems. The fungus metabolizes theokytgroup formed on the tert butyl
moiety by acetylation to form an ester. Acetylatio form an ester was not observed in the
metabolism byM. incrassataeand Pseudomonas fluorescenso evidence of glucosidation and
sulphonation phase Il reactions was observed. Mery¢here is a possibility that they occured
after the initial oxidation. These other phase teactions are thought to be reactions used by the

fungi in metabolizing chemicals to form non toxietabolites such as (Cerniglia et al., 1982).
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There was no evidence of dechlorination. The amoatom was present in all metabolites. IR
absorption at 700-800c¢tmand 3:1 isotope pattern in mass spectra obsenvaltl inetabolites
Indicated a C-Cl bond in tebuconazole and alltioms. There was no evidence of N-
dealkylation resulting in the free triazole ringmoducts resulting from further reaction of the
triazole ring. Table 3.3 gives a summary of thargges in molecular mass and relevant IR
bands identified therefore leading to the propcaseatctures of metabolites and pathways

To detoxification

Table 3.3. Summary of change in molecular mass andlevant IR band

Protonated ion mass Change in Unique IR band Proposed
amu observed pathway
308.15 (Tebuconazol) 0 -
324.15 +16 3200-3000 Oxidation
338.34 +30 3500-2500 1. Oxidation
1700-1800 2. Carboxylation
281.17 -27 - Triazole ring cleavage

The proposed pathways for transformation of tebazole byPseudomonas fluoresceasdT.

harzianumare shown are shown in Figures 3.8 and 3.9 raspbct

tIJH ?H3
cl CHZCHZ—?—?—CH3
‘|3H2 CH3

N

\N
T
(308)
OH (I3H3H
CIA@*CHZCHZ—(E—C—CZ—OH (I)H ICHa OH CHs
P (|3H3 Cl CH,CH,— C—C—CHg cl CHZCHz_CI_?_CHs
(N\ [ & Gl
\NJ/N N e N N\N
VA
(324) N h—Co,
(281) (281)

Figure 3.8. Proposed metabolic pathway by the bastia Pseudomonas fluorescens
(molecular weights in parentheses).
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Figure 3.9. Proposed metabolic pathway by the fundW. incrassata (molecular weights in
parentheses)
The ability of a fungus to degrade a biocide cdmiies to the efficacy of the biocid®.
chrysosporiunwith the lowest MIC (highest tebuconazole effidasyas found not able to
degrade tebuconazole while harzianunwith the highest MIC (lowest efficacy) degrades
tebuconazole and tolerates it at concentratiorsstiem 200ppm. While molds liKe harzianum
are not responsible for degdlgey may modify the environment by lowering biaid
concentrations or metabolizing it into a less pbterm or derivative making an otherwise
unsuitable environment suitable to a wood degradmgher micro-organism. They therefore
render the biocide less effective in protecting émm decay by typical wood-destroying fungi
which are less-tolerant basidiomycetous wood-dgste

Fungi can perform many different complex conversiohpolyaromatic hydrocarbons
and steroid compounds. Biochemical evidence ielécthat monooxygenation bioconversions

are often mediated by cytochrome P450 (P450) astaopmonooxygenase enzyme systems
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(Makovec and Breskvar, 2000). The presence of RE0not confirmed in this study although
monooxygenase type reactions were shown to extgecur in the transformation of
tebuconazole by. harzianum, M. incrassatnd the bacteriurRseudomonas fluorescens

Because the initial detoxification pathway is theng in all species i.e., cleavage of
triazole ring and oxidation, intervention mecharssim stabilize or increase the durability of
tebuconazole in treated timber would be the safies would most likely involve use of an
additive that acts as an inhibitor to the initizldation reactions. The additive must be specific
toward cytochrome P450-mediated reactions. Seeerapounds that have an inhibitory effect
on P-450 monooxygenases are known and may be oftisamples are piperonyl butoxide (PB)
and EDTA (ethylenediamine tetraacetic acid). P8 esticide synergist. Although it does not
have pesticidal properties, when added to a woesgovative mixture, its efficacy may be
increased because the principal detoxificationywath(monooxygenation) is inhibited.
Prevention or slow down in the rate of the inibaldation will ensure the phase Il reactions such
as acetylation and methylation do not occur. EDJ An amino acid and chelating agent widely
used to sequester di- and trivalent metal ionsTADay inhibit mono oxygenation by chelating
Fe*" and F&" ions important in the P450 cycle.

More probable metabolites could not be separatetptaiely with this method due to
low concentrations and interference of media corepts1 Using radio active labeldd or **C
tebuconazole would give a more complete picturydés of metabolites and pathways
involved.
3.4  Conclusions
AlthoughP. chrysosporiumis recognized for its ability to metabolize agadiversity of
compounds, it showed little or no ability to metlb®tebuconazole. Only parent tebuconazole
eluted after an HPLC run of a 21 day cultuk&. incrassatalbrown rot) the moldT. harzianum,

andbacteriaPseudomonas fluoresceals cleaved the triazole ring and performed mainly
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oxidation processes in the initial degradationetiuliconazole. The main initial products are the
imines resulting from triazole cleavage and oxmatroducts of the methyl groups on the tert
butyl moiety (i.e., the alcohol and the carboxyaid). T. harzianunwas able to perform phase
Il type reactions by acetylatiorM. incrassataand theP. fluorescendacteria did not metabolize
the chemical by acetylation. The ability of a fusdgo degrade a biocide contributes to the
efficacy of the biocide against that specifs.chrysosporiumwvith the lowest MIC (highest
efficacy) was found not able to degrade tebucomazbiile T. harzianunwith the highest MIC
(lowest efficacy) degrades tebuconazole and tasriatat concentrations less than 200ppm.
Molds such a3. harzianunthoughnot responsible for decagnay lower biocide concentrations
or metabolize it into a less potent derivative mgkihe environment suitable to wood degrading
microorganisms.

3.5 References

Briscoe, P.A., G.R. Williams, D.G. Anderson, and/GGadd. 1990. Microbial tolerance and
biodetoxification of organic and organomettalicdittes. International Research Group on
Wood Preservation. IRG/WP 1464. IRG Secreta8taickholm Sweden.

Daniel, G. 2003. Microview of wood under degradatby bacteria and fungi. In Wood
deterioration and preservation. Advances in oangimg world. (Goodell, B., D.D. Nicholas
and T.P Schultz Eds.). ACS Symposium Series 84&shivigton DC. pp 34-72.

Dubois, J.W. and J.N.R. Ruddick. 1998. The funggrddation of quaternary

ammonium compounds in wood. International Rese@rciup on Wood Preservation. IRG/WP
98-10263. IRG Secretariat, Stockholm Sweden.

Duncan, C.G. and F.J. Deverall 1964. Degradatfiomood preservatives by fungi. Applied
Microbiology 12(1):57-62.

Evans, P. 2003. Emerging technologies in wood ptate. For. Prod. J. 53(1):14-22.
Green lll, F. and C.A. Clausen. 2001. Oxalic gmoduction of fifteen brown-rot fungi in
copper citrate- treated southern yellow pine. rilddonal Research Group on Wood
Preservation. IRG/WP 01-10388. IRG Secretariaicidtolm Sweden.

lllman, B.L. and T.L. Highley. 1996. Fungal dedation of wood treated with metal-based

preservatives: Fungal tolerance. Internationadaech Group on Wood Preservation. IRG/WP
96-10163. IRG Secretariat, Stockholm Sweden.

47



Kullman, S.W. and F. Matsumura. 1996. Metabo#thgvays utilized byhanerochaete
chrysosporiunfor degradation of the cyclodiene pesticide endasul Applied Environmental
Microbiology. 62(2): 593-600.

Mendoza-Cantu, A., A. Albores, L. Fernandez-Linaexl R. Rodriguez-Vazquez. 2000.
Pentachlorophenol biodegradation and detoxificabipthe white-rot funguBRhanerochaete
chrysosporium.Env. Tox.15(2) 107-113.

Morrell, J.J. and R.K. Velicheti. 1994. Physiologjiresponse d?Phanerochaete chrysosporium
to exposure to triazole fungicides. InternatidRekearch Group on Wood Preservation.
IRG/WP 94-10066. IRG Secretariat, Stockholm Sweden

Sack, U., T.M. Heinze, J. Deck, C.E. Cerniglia, Maartens, F. Zadrazil, and W. Fritsche. 1997.
Comparison of phenanthrene and pyrene degradajidifferent wood-decaying fungi. Applied
Environmental Microbiology. 63(10):3919-3925.

Lyr, H. 1962. Detoxification of heartwood toxinscachlorophenols by higher fungi. Nature.
195:289-290.

Ruddick, J.N.R 1984. The Influence of stainingguon the decay resistance of wood treated
with Alkylammmonium compounds. International ReseaGroup on Wood Preservation.
IRG/WP 3308. IRG Secretariat, Stockholm Sweden.

Schultz, T.P. and D.D Nicholas. 2006. Totally erigavood preservative for exterior residential
applications. ‘Wood Protection 2006’ conferené@rest Prod. Soc. Madison, WI.

Stoll, N., E. Schmidt, and K. Thurow. 2008&o0tope pattern evaluation for the reduction of
elemental compositions assigned to high-resolutiass spectral data from electrospray
ionization fourier transform ion cyclotron resonamass spectrometry. J. American Society
Mass Spectrometry. 17(12):1692-1609.

Wallace, D. F. and D.J. Dickinson. 2004. Biotransfation of organic biocides - longevity
versus environmental acceptance. COST E22 ProapedST secretariat. Brussels, Belgium

Wallace, D.F. and D.J. Dickinson. 2006. The baatéransformation of organic biocides: a

common mechanism? International Research GrolWaod Preservation. IRG/WP/06-10585.
IRG Secretariat, Stockholm Sweden.

48



CHAPTER 4. PROTEINEOUS EXTRACELLULAR EXTRACTS INVOL VED IN
BIOTRANSFORMATION OF TEBUCONAZOLE BY WOOD
INHABITING MOLDS AND DECAY FUNGI
4.1  Introduction
Activity against the causal decay organisms andtaasce to physical losses are no longer the
sole performance criteria that need to be undedstdwen developing a new wood preservative.
Microbial mediated detoxification of biocides bycberia and fungi may contribute significantly
to the failure of treated wood (Briscoe et al., @P9Thoughot responsible for decay, molds,
sapstains and bacterimay lower biocide concentrations or metabolizeti a less potent
derivative making the environment more suitablevémd degrading microorganisms.

In Chapter 2 and 3 it was shown that the nloidhoderma harzianunirown rot
Meruliporia incrassataand the bacterial speciBseudomonas fluorescemetabolize
tebuconazole by performing oxidation processehbeniitial stages. The main products are the
oxidation products of the methyl groups on the lbeityl moiety (i.e., the alcohol and the
carboxylic acid). In addition the 1,2,4 triazoleg is cleaved resulting in imines. The products
of the degradation of tebuconazole were identified found to be the same for all three species
Basiodiomycetes which produce lignin peroxidasaklaocases to degrade wood, have been
found capable of metabolizing biocides using tresgs/me systems (Lyr, 1963; Mendoza-Cantu
et al., 2000). Becausde harzianumand bacteria species do not degrade lignin andast,
they do not produce lignin peroxides, laccase,raadganese peroxides. It is hypothesiszed that
a phase | cytochrome P 450 (P450) monooxygenagensys responsible for the initial steps in
the degradation of tebuconazole. Oxidation reastere characteristic P450 dependent. The
P450 super enzyme family metabolizes a wide rahgeamicals and has been characterized at
the protein and gene levels in animals and higlattp and marine macroalgae (Plugmacher and
Sanderman, 1998; Makovec and Breskvar, 2000). BA50mes are able to incorporate one of

the two oxygen atoms of an,@olecule into a broad variety of substrates withcomitant
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reduction of the other oxygen atom by two electrianis,O. The most common reaction
catalyzed is monooxygenation, but a wide spectriireactions including N-oxidation,
sulfoxidation, epoxidation, N-, S-, and O-dealkidat peroxidation, deamination, desulfuration,
and dehalogenation are catalysed (Bezalel et39.7;1Hawkes et al., 2000). A few family
members can catalyze intramolecular transfer abaigen atom. The sequences of more than
2000 members of the P450 superfamily are knowrfurgi, P450s are key players in ergosterol
biosynthesis, and they are involved in pathoger®ssetoxifying host plant defenses.
Consequently, fungal CYP51 (lanosterol ddemethylase) is the primary target of antifungal
triazole drugs. Bacterial P450s participate intaotic synthesis and catabolic reactions. P450s
utilize NADPH as the electron donor of the monoaxyation reactions. Sterols are essential
constituents of the plasma membrane of all eukarygetls, and CYP51 is the most ancient form
of all eukaryotic P450s (Makovec and Breskvar, 3000

This chapter reports on the characterization obthdizing enzyme of. harzianurmand
M. incrassatdrom culture preparations So far, studies of P450s in fungi have been few
because of problems in the isolation of active emzyincluding their low concentration in some
species (Uzura, 2001; Plugmacher and Sanderma#f).IB% B3 fungal culture used initially
contained no protein (N- limited). Therefore, irses in the amount of protein in the culture
gave an indication of proteineous extracts releagettie fungi leading to subsequent isolation
and characterization. An understanding of enzyermagchanisms may make it possible to arrive
at intervention strategies to increases the sefifecef wood treated with triazoles.
4.2 Materials and Methods
4.2.1 Test Chemicals
Ninety five percent tebuconazole (Preventol A 8sweovided by Lanxess Corporation
(Pittsburgh, PA) and the standard (99%) was obthiren Sigma Aldrich (St Louis, MO). All

fungal speciesvere provided byhe US. Forest Products Laboratory (Madison, V\Hngal
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cultures were grown out and maintained on mediuntasning 1.5% agar, 2% malt extract,
0.001% yeast extract. NADPH (nicotinamide adewlinecleotide phosphate). ABT (1-
aminobenzotriazole), piperonyl butoxide, and phembital were obtained from Fisher Scientific
(Waltham, MA).

4.2.2 Growing Fungi and Preparation of Cell Extracs

ForT. harzianum250ml Erlenmeyer flasks containing 100ml B3 met@e supplemented with
0.1ml of 0.2% tebuconazole to give a final concaindn of 20 ppm of each flask. Flasks were
inoculated with an agar plug from actively growitmjonies. Cultures were incubated at@5
and shaken at 120rpm for a period ranging from @2&. Three replicates were used for each
time interval. For the white rot and brown rottanés, 2ppm of tebuconazole was used. The
culture controls consisted of media blanks in whighroorganisms were grown under identical
conditions in media but without tebuconazole. FochrysosporiunandM. incrassataZppm
tebuconazole in culture was used as the final adretgon.

Cell extracts were prepared by harvesting myaaid freeze drying. The frozen
mycelium was homogenized into a fine powder inembér cup at 20 second intervals for 1 min.
The fine powder was resuspended in 50mM pottasiosgdihate buffer containing 10%
glycerol. The homogenate was filtered and cergetliat 105,00Xg for 90 min. at@. The
microsomal pellet was resuspended in the samerbufilee supernatant and pellet were
analyzed for enzymatic activities. The centrifugges a fixed angle rotor, induction drive,
Beckman model J2-21M.

4.2.3. Quantitative Determination of Total Proteinsin Cultures

Potassium phosphate buffer was added to all csltame solutions of the standard in B3 media.
The amount of protein in the crude cultures washtjfied by measuring absorbance using
ultraviolet-visible (UV-Vis) spectrometry at 280wavelength. Interference from other

compounds which absorb UV was minimized by meaguailvsorbances at 28 The
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instrument was a Beckman B85 spectrophotometer. The cuvettes holding thepss were
made of quartz, which does not absorb light atwiaselength. Standards of bovine serum
albumin (with known amounts of protein) were pregband used to prepare the concentration
versus absorbance curve which was subsequentlytosetnpare absorbance with that of the
unknown samples to estimate protein content. Ténadsird curve was prepared using 0.0, 0.1,
0.2,0.5,1, 2.5, 5, and 109/l concentrations.

4.2.4 lon Exchange Chromatography

To separate proteins in the culture media, 200Mlindal culture containing tebuconazole by
species were centrifuged and the supernatant ctratesh before subjection to ion exchange
chromatography to separate the proteins basedeamigt charge. The instrument used was a
Biorad Biologic LD ion exchanger. DEAE cellulos@aswsed as the stationery column. The
eluting solvents were buffer A: 20mM tris Hcl (Iasalt) and buffer B: 20mM tris Hcl buffer +
500mM Nacl (high salt). To make the stationarygehd 0g of DEAE cellulose was dissolved in
tris buffer, and the slurry was allowed to setie I0 min. The supernatant containing fines was
decanted. This process was repeated twice toetiseisupernatant was clear. The column was
then packed with the DEAE cellulose at atmospheméssure. The sample (100ml.) was loaded
on to the colomn. The flow through, wash, andtfoaxs were all collected. A gradient was run
from 100% buffer A: 0% B up to 0% A and 100% B.

4.2.5 Testing Active Fractions

4.2.5.1 Protein Determination and Assay of ActivEractions

The flow through, wash, and fractions were dried@anl each and the amount of protein in the
crude cultures was quantified by measuring absa@asing ultraviolet-visible (UV-Vis)
spectrometry at 280wavelength. Each fraction (20ml.) was testedraidzppm of the test
chemical (tebuconazole) to determine which ondeirt contained the active enzymes that

oxidize it. Because P450s utilize NADPH as theteten donor of the monooxygenation
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reactions, 10ul per ml of fraction of NADPH was add The reaction mixture was incubated for
two days at room temperature. The reaction waspsid by addition of 6N Hcl.
4.2.5.2 Quantitative Determination of Tebuconazol®etained in Fractions
Five ml. of the mixture was extracted in SPE colamifthe columns (Bond Elut —C18, 500mg,
3ml Varian #12102028) were preconditioned with tetumn volumes of methanol, followed
by two column volumes of milli-Q water. The samplas loaded and pulled through at one
drop per second, followed by a column rinse of B@Gbetonitrile water. Retained compounds
were eluted with 4 column volumes of methanol atitey in 15ml centrifuge tubes. Each tube
was dried to below 5ml on a nitrogen evaporatorteamkferred to a second tube while passing
over sodium sulfate. The final volume was adjuste®iml. Samples were cleaned with a 0.2

m Teflon™ filter prior to quantitative analysis BC-MS. The GC-MS was an Agilent 6890
gas chromatograph using a 5973 mass selectivetdetdte injection port temperature was
250°C, detector temperature 280 and the carrier gas was helium at 1 mmniline capillary
column model No. RTX35 was 30m X 250umX 0.25umedtion volume was 2.0ul and total
runtime was 20.42 min. Tebuconazole eluted at @B® Running in selected ion mode (SIM),
ions detected for tebuconazole were 250 as thettang, and 125 and 252 as the qualifier ions.
Calibration was done using a four point curve. €mtrations of the samples were calculated
using the formula: (X /Y* (V 2)*dilution factor.
Where: X = off the curve reading from the instrunhe

V= initial vol. of sample extracted by SPE
V.= final vol. of sample after SPE

4.2.6 Induction and Inhibition Tests
Becausd’hanerochaete chrysosporiishowed little ability to degrade tebuconazole,rést of
the tests were carried out only fbrharzianumandM. incrassata.Separate flasks each with

100ml culture and tebuconazole were grown aftepmpenting the media with known P450
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inhibitors ABT and piperonyl butoxide. Similarlggarate flasks were supplemented with
Phenobarbital, a known P450 inducer. The leverofein produced in the culture was
determined using the procedure in section 4.2.2.

4.2.7 Carbon Monoxide Difference Spectra

To further confirm the production of P450s, cultioentaining tebuconazole alone,
tebuconazole with P450 inhibitors and those witarbarbital the inducer were separately
centrifuged, concentrated, and subjected to detertion of reduced CO difference spectra
according to the method of Omura and Sato (19643his method, an intense peak in the blue
wavelength region of the visible spectrum correslyagmto a wavelength of maximum
absorption in the reduced form of heme-containimgeties, such as P450 is observed at 450nm
when saturated with carbon monoxide. Microsomapgrations and fractions found active in
section 4.2.3 were placed in sample cuvettes daba line reading was obtained. Reduction of
samples was effected using 0.01¢86, The content was then treated with carbon monoxide
(CO), and the spectral difference thereby inducedmsured. CO was carefully bubbled through
the sample for 20s to sufficiently saturate it befdetermination of spectra.

4.3 Results and Discussion

4.3.1 Protein in Culture Media

B3 media contained no proteins and was used tbraédi the spectrophotometer before
determination of protein content in each sampliguré 4.1 shows the calibration curve obtained
using the standard. Figure 4.2 shows the totaépr@ontent in each culture. Tebuconazole did
not significantly affect the total amount of praigjenerated by each fungal species in the culture
media ( P=0.13, d.f 3). The total amount of prothierefore did not give an indication on the
effect of tebuconazole on amount of protein producghe important factor lies in the type of

protein / enzyme produced.
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Figure 4.1. Standard curve for protein quantity.
4.3.2 lon Exchange Chromatography
The chart recording of absorbance and time mongogiution of proteins is shown in Figure
4.3. Absorbance gave an indication of eluting ionproteins. From the chart recorders, all
target proteins for further analysis eluted from tolumn in the flow through and column wash

(i.e., before 250 min. and 10% buffer B) with tbevlsalt buffer as the eluting buffer.

O with tebuconazole
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Figure 4.2. Protein quéty in cultures.
The compounds eluting in the collected fractionghvigh salt as buffer contained more of the
media components as shown in the blank. Fracebrigg after start of the gradient were

consolidated into three consecutive fractions basetthe order of elution.
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4.3.3 Testing Active lon Exchange Fractions

The wash, flow through, and fractions for eachureltwere concentrated by evaporation and
tested for ability to degrade tebuconazole. Inptesence of the co-enzyme NADPH, the flow
through and wash iNl. incrassataandT. harzianumwvere able to degrade tebuconazole. This
was not observed in the absence of NADPH. Alltfoas fromP. chrysosporiunshowed no
activity. Amounts of tebuconazole remaining in test solutions is shown in Figure 4.5. 38%
tebuconazole was degraded in the flow throughl oincrassataand 39% in the column wash.

In T. harzianunctulture,38% was degraded in the flow through and 50.1 %hencolumn wash.
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Figure 4.3. Chart recording of absorbance and time
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Figure 4.4. Tebuconazole remaining in the test agtions of fractions
Proteins were produced in all cultures howevertgan@ous extracts produced in
P. chrysosporiuncultures could not degrade tebuconazole while tim3e harzianuncultures
had the highest capacity to degrade tebuconazole.
4.3.4 Induction and Inhibition Tests
Inhibitor tests showed that cultures with P450itors ABT and piperonyl butoxide (PB) had a

reduced amount of protein produced and had lessdatjon of tebuconazole. The inhibitors
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ABT and PB both reduced the amount of tebuconazepdeted from cultures in cultures of both
T. harzianumandM. incrassata.PB inhibited degradation of tebuconazole to a lesstent

than ABT. There was a significant difference ia #timount of tebuconazole depleted in cultures
containing tebuconazole alone and those contath@gnhibitors in addition to tebuconazole
(For ABT p=0.001 and p=0.03, df =5Tnh harzianumandM. Incrassatacultures respectively).
The culture with the inducer phenobarbital did sledw a significant difference with that
containing only tebuconazole. Also, no effect oot@n level in solution was observed with
phenobarbital. Phenobarbital did not induce ordase degradation of tebuconazole as
expected.

Table 4.1. Effect of P450 inhibitors and inducersmtebuconazole degradation and
protein production.

Species Protein content Tebuconazole retained in ppm
(g/l) (% degraded)

M. incrassata  Control 2.03 1.99 (0.5)
Tebuconazole only  1.89 1.75 (12.5)
ABT 1.69 1.93 (3.5)
Piperonyl butoxide 1.76 1.87 (6.5)
Phenobarbital 1.92 1.95 (2.5)

T. harzianum  Control 1.8 20.12 (4.4)
Tebuconazole only 1.35 8.02 (59.9)
ABT 1.02 18.92 (5.4)
Piperonyl butoxide 1.54 16.82 (15.9
Phenobarbital 1.76 19.23 (3.85)

4.3.5 Carbon Monoxide Difference Spectra

A difference spectrum with a maximum peak at 4406 was observed when CO was bubbled
into the NaS,0, treated concentrated samplesToharzianunculture extracts. The peak was

not apparent iM. incrassatasamples most likely due to low concentrationshefénzymes.

The active fractions (the flow through and washrfrine ion exchange column) also did not
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exhibit the spectra pattern typical to cytochrord&®most likely due to low concentrations of

the enzymes.
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Figure 4.5. CO difference spectra of culture extrets and fractions
The maximum absorbance at 450 mn is a confirmadkiancytochrome P450 family of enzymes
are involved in the phase | metabolism of tebucoleain T. harzianum.This spectral
confirmation was not observed fiot. incrassatacultures.
4.4  Conclusions
It had previously been shown thatharzianumandM. incrassataboth metabolize tebuconazole
by initial oxidation reactions. This led to thepmghesis that monooxygenation is catalyzed by
enzymes from the family of the cytochrome P450ke Quantity of proteineous extracts
produced by cultures was not affected by the prsehtebuconazole. The oxidation of
tebuconazole by. harzianumandM. incrassatawvas reduced when PB and ABT, both known
P450 inhibitors, were added to the culture thaguitures containing tebuconazole alone. This
suggested that the enzymes involved are from tB@ Ranily. Furthermore, the microsomal
extract fromT. harzianunmexhibited a maximum peak at 440 - 460nm when C® budbbled
into the NaS,04 treated concentrated samples. This indicatesritia oxidation reactions

leading to the metabolism of tebuconazole by the dpecies are cytochrome P450 dependent.
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CHAPTER 5. THE EFFECT OF ADDITIVES ON BIOTRANSFORMA TION AND
EFFICACY OF TEBUCONAZOLE EFFICACY AGAINST MOLDS

5.1 Introduction
Several problems exist with totally organic woodgarvative systems. Most are about 10-30
fold more expensive per pound than the inorgarschltz et al., 2004) and may not be used in
ground contact on their own. Currently, their magdvantage is also their major disadvantage:
biotransformation by wood degrading and non degigadrganisms in soil and wood. In
Chapter 2 and 3 it was shown that the mold Trichmdeharzianum, brown rot fungus
Meruliporia incrassata and the bacterial speciesi@Rsmonas fluorescens all can metabolize
tebuconazole.

The primary metabolism of toxicants in plants oftesults in metabolites with reduced
or modified toxicity, increased polarity, and pigatsition of the parent molecule to serve as
substrate for conjugation. The specific functiogrups or linkages (e.g., hydroxyl, amino,
nitro, amide, halogen, carboxyl, and nitrile) foundhe molecules of xenobiotics or endogenous
compounds are susceptible to chemical, physicaneaymatic transformations. Enzymatic
transformation is by far the major means of detoatfon and toxicants may be altered through
oxidative, reductive, or hydrolytic reactions ordugtivated to serve as reactive intermediates for
the subsequent conjugation of the parent molesulissendogenous substances such as sugars,
glutathione, or amino acids (Hatzios, 2005). Mafdhe reactions of the primary metabolism of
toxicants in plants are oxidative, catalysed byclgtome P450 monooxygenases or esterases.
Some reductive reactions are known to occur, byt #re not considered very important in the
primary metabolism of toxicants in plants.

Non-biocidal additives in combination with orgamhiocides may enhance efficacy and
lower the cost of organic wood preservative systeRsssible non-biocidal additives which

could be mixed with organic biocides include watgrellents, antioxidants, and chelators for
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specific elements including metals required by wdedaying fungi such as iron and manganese.
It may be possible to tie up essential mineralneints, or compounds such as amino acids
needed by fungi from obtaining essential elememtd &s N, P, and Ca (Green lll and Schultz,
2003). The calcium chelating compound NaN-napthaloylhydroxamine (NHA, sodium salt)
has shown positive results as a co- biocide. Ardants may act synergistically to biocides by
disrupting the initial generation of free radicalsich help open up cell walls. Finally, metals
such as Fe or Mn are well known to be involveduimgal degradation mechanisms, either as part
of an enzymatic system or as a free metal. Thaditian of appropriate metal chelators might
prevent the metals from being available to the f{8ghultz and Nicholas, 2001; Green IIl and
Schultz, 2003). Propyl gallate has dual antioxidard F&" metal chelating properties and gives
synergistic performance when combined with varioiogides by interference with fungal redox
reactions (Binbuga and et al., 2005). The persegahgth loss of 0.01% tebuconazole treated
southern yellow pine after exposureGotrabeumin a soil block test was reduced from 82% to
6% after addition of 3% EDTA to the formulationorH . versicolarthe improvement was from
23% to 3% (Schultz and Nicholas, 2001).

This work explores the efficacy of two P450 inhaog piperonyl butoxide (PB) and 1-
Aminobenzotriazole (ABT) and two metal chelatorNN',N'-tetramethylethylenediamine
(TEMED) and ethylenediaminetetraacetic acid (EDiApreventing or reducing the effect of
monooxydenase activities which result in the ihibeidation of tebuconazole. PB is a synergist
used in a wide variety of insecticides: pyrethripgethroids, rotenone, and carbamates (Kakko
et al., 2000). In a study to assess its effe¢hertoxicity of chlorpyrifos an organophosphorus
insecticide againsteriodaphnia dubigwaterflea) anKenopus laevigSouth African clawed
frog), PB at 200 pg/L reduced the toxicity of clpgrfos toC. dubiaby a factor of 6. At 3000
H/L it also reduced the toxicity of CPF Xo laeviswith respect to mortality and malformations.

This led to the conclusion th&. dubiaandX. laevishave the capability to metabolize
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chlorpyrifos via P450 mediated reactions (El-Merleibal., 2004). The study of the-vitro S-
oxidation of fenbendazole and fenbendazole sulgleii rats showed that PB significantly
inhibited the sulphoxidation and sulphonation efifendazole. It was concluded that PB
inhibited the oxidative conversion of fenbendaznte inactive metabolites (Siminszky, 2006).

1-Aminobenzotriazole (ABT) is a mechanism-basedbidr of animal cytochrome
P450. It results in a loss of 60-80% of P450 dstiand drug oxidations in animal studies
In-vitro as well asn-vivo. An injection of 25 and 50 mg/kg body weight ABTrais caused
concentration-dependent declines (60-80%) in adirartachondrial and microsomal
cytochrome P450 concentrations (Omoto et al., 2008BT inactivates P450 via alkylation of
the prosthetic heme moiety causing loss of theatdtaristic P450 absorption spectrum.

EDTA is a substituted diamine chelate ligand witihgh affinity constant to form metal
complexes. Itis a powerful complexing agent otateeand is highly stable, offering a
considerable versatility in industrial and housdhades. Applied predominantly in an aqueous
medium, it is released into the environment throwgistewaters. It forms especially strong
complexes with Pb, Mn(ll), Cu(ll), Fe(lll), and @b} (Abumaizar and Smith, 1999; Oviedo
and Rodriguez, 2003). It may inhibit mono oxyg@maby chelating F& and F&" ions
important in the P450 cycle. EDTA binds to metagsfour carboxylate and two amine groups.
TEMED is a bidentate ligand widely employed agartid for metal ions. It forms stable
complexes with metal halides (e.g., zinc chlormpper(l) iodide), giving complexes that are
soluble in organic solvents. Inhibiting the defmation pathway allows higher unmetabolised
systemic concentrations of the active insecticieetnain within the timber for a longer period.
5.2 Materials and Methods
5.2.1 Test Chemicals
Ninety five percent tebuconazole (Preventol A 8% weovided by Lanxess Corp. (Pittsburgh,

PA) and the standard (99%) was obtained from Sighdach (St Louis, MO). Fungal species
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were provided byhe US. Forest Products Laboratory (Madison, V\Rjngal cultures were
grown out and maintained on media containing 1.5%,82% malt extract and 0.001% yeast
extract. ABT, PB, EDTA, and TEMED were obtainednfr Fisher Scientific (Waltham, MA).
5.2.2 Agar Block Tests

Growth media (600ml) containing 1.5% agar, 2% raattact, and 0.001%yeast extract was
supplemented with tebuconazole (20ppm final comaénh). This was divided into 5 groups
(groups 2-5) each with 90mls and further treateshasvn below (Table 5.1) before pouring on
to agar block Petri dishes (approximately 25 mth¢a Group 1 was the control. Plates were
kept at 28C. When the fungal mycelia reached the edgeseoP#tri dish in control cultures
(full diameter), the diameter of mycelia growthahthe Petri dishes was determined.

Table 5.1. Agar block test set up.

Treatment No. Treatment

Group 1 Agar media only
Group 2 20ppm tebuconazole only, no further treatme

Group 3 Supplemented with 10mls of 30% EDTA dissolved stitled water
(at pH adjusted to 9 using KOH)

Group 4 Supplemented with 10mis of 30% TEMED digsdlin acetonitrile
Group 5 Supplemented with 10mls of 3% PB
Group 6 Supplemented with 10mls of 3% ABT

5.2.3 Liquid Cultures and Preparation of Cell Extracts

Fifteen Erlenmeyer flasks each with 90mls B3 medkee supplemented with 0.1ml of 0.2%
tebuconazole. Flasks were divided into five groofihree and further treated with additives as
shown in Table 5.2. Group 1 was the culture comtith B3 media only. Flasks in groups 1-6
were inoculated with an agar plug from activelywgireg colonies. Group 7 was the substrate
control with tebuconazole but without innoculumul@res were incubated atZ5and shaken

at 120rpm for 21days. All samples were centrifuffg@min. at 15000xg and@).
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Table 5.2. Liquid cultures set up

Treatment No. Treatment.

Group 1 B3 media only
Group 2 20ppm tebuconazole only, no further treatme

Group 3 Supplemented with 10mls of 30% EDTA dissolved stitled water
(at pH adjusted to 9 using KOH)

Group 4 Supplemented with 10mis of 30% TEMED digsdlin acetonitrile
Group 5 Supplemented with 10mls of 3% PB

Group 6 Supplemented with 10mls of 3% ABT

Group 7 20ppm tebuconazole only, no innoculum

The centrifuge was a fixed angle rotor, inductioiwvel Beckman model J2-21M. The
supernatant was subjected to quantitative detetramaf retained tebuconazole and HPLC for
detection of metabolites.

5.2.4 Quantitative Determination of Tebuconazole Rained in Samples

Five ml of filtered medium was extracted in solidage extraction (SPE) columns. The columns
(Bond Elut —C18, 500mg, 3ml Varian #12102028) waexonditioned with two column
volumes of methanol, followed by two column volunoésnilli-Q water. The sample was loaded
and pulled through at one drop per second, folloled column rinse of 50:50 acetonitrile
water. Retained compounds were eluted with 4 colualumes of methanol and collected in
15ml. centrifuge tubes. Each tube was dried tow&ml. on a nitrogen evaporator and
transferred to a second tube while passing ovausodulfate. The final volume was adjusted to
5ml. Samples were cleaned with a Or2 Teflon™ filter prior to quantitative analysis ggs
chromatography (GC-MS). The instrument was anekxgib890 gas chromatograph using a
5973 mass selective detector. The injection @oniperature was 280, the detector
temperature 28, and the carrier gas was helium at 1 mm™milime oven was initially held at

80°C for 2 min. followed by a 3@ min*increase to 19T and then an°® mintincrease to a
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final temperature of 36C. The capillary column model No. RTX35 was 30@50pumX
0.25um. Injection volume was 2.0ul, and total rmet20.42 min. Tebuconazole eluted at 15.9
min. Running in selected ion mode (SIM), ions dgd for tebuconazole were 250 as the target
ion, and 125 and 252 as the qualifier ions. Catibn was done using a four point curve.
Concentrations of the samples were calculated ubméprmula:
(X1 V1)* (V,)*dilution factor. [1]
Where: X = value obtained from the curve.

V= Initial vol. of sample extracted by SPE

V.= final vol. of sample after SPE
5.2.5 Preparation of Samples for HPLC Analysis
The remaining liquid samples were pooled into com@osite sample per treatment.
Each sample was subjected to extraction and clelantipe following procedure: sample was
transferred into a one liter separating funnel @bwhl. of dichloromethane added. The sample
was subjected to shaking for 1.5 min. vented e28rgeconds to release pressure, then left to
stand for 3 min. The bottom layer was passed acyaium sulfate into a 400ml beaker.
Extraction was repeated twice. The sample was pleaed on a water bath at®@5and
evaporated until almost dry. Five ml. of acetol@twas added for solvent exchange, re-dried to
about 2ml, and transferred to a centrifuge tubé a@veral rinses of acetonitrile while passing it
over sodium sulfate funnel. The tube was driebddlow 5ml. on a nitrogen evaporator, and the
final volume adjusted to 5ml. before HPLC qualitatanalysis.
5.2.6 HPLC Analysis
Several reverse-phase HPLC runs were necessaeydct@nd purify any metabolites. The
system consisted of a Waters 600 pump with a Waw8% UV detector whose output was
connected to a fraction collector. The column wa¥aters Delta-Pak C18, 300 A, 15 micron,

8mm x 10 cm radial compression modulHuant composition as a function of time was:
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isocratic from 0-5 min. 70% water+ 0.1% formic a8i@Po acetonitrile, linear increases of
acetonitrile from 5-30 min. to 85% and isocrati@&% acetonitrile for 5 min. Flow rate was

1 ml. miri*and detection was at 224 nm wavelength. Tebucdmahated at 28 min.

Qualitative analysis using authentic standards etatvolites was not possible as metabolites of
tebuconazole could not be obtained. Tebucongmdks and those of metabolites were
identified by comparison of elution time, intact lexular mass, isotopic pattern distribution,
and identification of functional groups of (i) tefmnazole standard alone, (ii) the media only,
(iif) media containing tebuconazole before exposamnicroorganisms, and (iv) media
containing tebuconazole after exposure to micrausyas.

5.2.7 Mass Spectral Characterizations

Exact mass determination of HPLC fractions of t&lmazole and its metabolites was performed
by electrospray ionization (ESI). The instrumepé@ted in positive ESI mode was an Agilent
6210 Time of flight (TOF) LC/MS mass spectrometer.

5.2.8 The Mold Test

The effect of additives on the resistance of tebazole treated wood to the surface growth of
molds was determined in a mold test. Resistanceewaluated relative to ACQ treated and
untreated wood. The standard method for evaludliegesistance of wood product surfaces to
mold E 24-06 by the American Wood Preservers Asdgiaei (AWPA, 2007) was used.
Samples were treated by vacuum and conditioneabat temperature. Treatment solutions
contained 0.1% tebuconazole and additive concemtisashown in Table 5.3. Retention of
tebuconazole in each sample was determined framalimieights and final weights after
treatment. A total of six treatments were expdseah environmental chamber where
temperature and relative humidity were approxinya2&f C and 98-100 %, respectively.
Sample locations in the camber were randomizec chlamber was inoculated using mold

suspensions with the following mold specigareobasidium pullulans, Aspergillus niger,
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Penicillium citrinum,andAlternaria tenuissimaThe innoculum was evenly sprayed over the
soil surface in the chamber. After two weeks argfation and equilibration, test samples were
introduced and the innoculum evenly sprayed oveistimples. The chamber was operated for
eight weeks. After 2, 4, 6, and 8 weeks expogheesamples were visually rated for the extent
and intensity of mold growth.

Table 5.3. Set up of the mold test AWPA E 24-06.

Treatment No. Treatment

1. Untreated
ACQ- 4.0 Kg/ni
Tebuconazole

Tebuconazole + 0.1% PB
Tebuconazole+ 0.1% ABT
Tebuconazole + 3% EDTA

o oA W N

5.3  Results and Discussion

5.3.1 Agar Block Tests

Growth of mycelia was observed on all Petri dishBEsharzianunis resistant to tebuconazole
below 200ppm. At 20ppm, addition of the varioudiides did not prevent germination of
spores. The performance of the tebuconazoletosdyment and that of tebuconazole mixed
with the metal chelators TEMED or EDTA had no sfgaint difference on the extent of
germination and the diameter of mycelia observBage increases in diameter for these
treatments were not significantly different (p=0d1=6). EDTA performed better than TEMED.
The P450 inhibitors PB and ABT had a synergistiectfwith tebuconazole; both reduced the
growth in diameter significantly. ABT performedttsz than PB. However none of the

treatments was effective in preventing germinaéiod growth of the fungus.
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Table 5.4. Diameter increase (mm) of . harzianummycelia after 7 days.
*(20ppm tebuconazole in all treatments).

Treatment Diameter of mycelia  Percent decrease in diameter

to that of the control

Agar only (control) 76 control

Solvent only- acetonitrile) 76 0

Tebuconazole 74 2.6

Tebuconazole + EDTA 72 5.2

Tebuconazole + TEMED 75 1.3

Tebuconazole + PB 65 14.4

Tebuconazole + ABT 36 52.6

5.3.2 Quantitative Determination of Tebuconazole Rained in Samples

The effect of the mono-oxygenase inhibitors PB ABd and metal chelators EDTA and
TEMED on tebuconazole metabolism Byharzianumwas measured by the amount retained in
the culture media after 21 days incubation. Resre shown in Figure 5.1. Statistical analysis
of the five mean amounts of tebuconazole retairsaguANOVA showed that the means were
significantly different (=0.05, p=0.015 df =10). In cultures containingaalitive, 49%
tebuconazole was depleted at the end of cultuiegheTEMED and EDTA had the least effect
and caused a decrease in tebuconazole depletédléh 4nd 28.8%, respectively. PB and ABT
gave the best performance in terms of retainingdebazole in the culture by 19.7% and 14.6%,
respectively. This confirms the hypothesis th&a@Pg/pe of enzymes is involved in the
metabolism of tebuconazole.

5.3.3 HPLC and Mass Spectrometry Analysis

Cultures with only tebuconazole had four metabsliteaddition to the tebuconazole elute from
the column. The culture with TEMED had two metdaleslwhile all other cultures had only one
metabolite elute in addition to tebuconazole. er@analysis of metabolites by mass

spectrometry for exact mass and Cl isotope pateargaled that metabolites were mainly the
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Figure 5.1. Tebuconazaolktained in samples.
oxidation product. There was no evidence of phiasetabolite products in all cultures except
those with tebuconazole only and those with TEMERddition to tebuconazole. Figure 5.2
shows all the chromatograms. Fraction 2 in TEMI®iDtaining cultures was the same as
fraction 4 of the tebuconazole only fraction. Timdicated there was further metabolism after
the initial oxidation. In all other treatments lpthe initial oxidation product with molecular
weight of 324.14 was identified. Table 5.5 sholes nolecular ions detected in the mass
spectra. Despite oxidation products being preseall treatments, the cultures with P450
Inhibitors PB and ABT had the least amount of melitéds and only the initial oxidation product
with molecular weight of 324.15 was observed. Thastion had the Cl isotope pattern,
confirming that apart from addition of the oxygen, further change occurred in the structure of
tebuconazole.
5.3.4 Mold Test
Relative resistance to mold growth was determineddmparing average ratings of six
replicates of each treatment (Table 5.6). In tioddrtest all treatments with additives in the

formulation showed a better performance than tsattnent with tebuconazole only. The

70



Figure 5.2. HPLC chromatograms of the treatments.

treatment with tebuconazole only and tebuconazdale WEMED did not perform as well as
ACQ. All other treatments at an average retentio®.16 kg/n?® gave a performance similar to
that of ACQ a#.0 kg/ni. The species used in the mold téstreobasidium spp., Aspergillus

spp., Penicillium sp.p and Alternaria sl have much lower MICs (< 200ppm) than
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Trichoderma s> 1000ppm) (Grundlingerv and Exner, 1990). Téxplains why all
formulations showed a better performance in thedntedt as compared to the agar block test
usingT. harzianum.

Table 5.5. Mass spectra - major peaks for each @ément.

Sample Peaks detected Most intense peak
(m/z, amu) (% Intensity)
Tebuconazole standard 308.15, 309.16, 310.14 308.15
Culture with Fraction 1 308.15, 324.16, 338.34 338.34
tebuconazole only
Fraction 2 306. 13, 308.15, 312.15, 324.14
338.34, 371.11, 324.15
Fraction 3 308.15, 310.15, 338.34, 366.12
364.17 366.12
Fraction 4 281.17, 308.15, 310.15, 281.17
338.34, 312.15
Tebuconazole + TEMED Fraction 1 308.15, 281.14, 310.14, 324.15
324.15
Fraction 2 308.15, 281.14, 282.15, 281.14
283.14,
Tebuconazole + EDTA Fraction 1 308.15, 310.14, 324.15 308.15, 324.15
Tebuconazole + PB Fraction 1 308.15, 310.15, 324.15 308.15, 324.15
Tebuconazole +ABT No major 308.15, 310.15, 324.15 308.15, 324.15
fraction
identified

PB and ABT most likely work synergistically withbieconazole in inhibiting the the fungal
cytochrome P-450 3-A dependent enzyme 14-alpha ttigtase, thereby interrupting the
synthesis of ergosterol. EDTA had an effect onntlagnitude of oxidation. As hypothesized,
EDTA most likely binds metal ions like Féand F&" which are important in the P450
enzymatic system, thus, interfering with tebucot@aneetabolism. However, despite the
positive effect of all these inhibitors an impottabservation was thdt. harzianunmwas able to

germinate and grow to some extent in the presehimboconazole and all additives used in this

72



study. This led to the conclusion that P450 irtbiigi, like triazoles, cannot be effective against

Table 5.6. Retentions of tebuconazole and mold gih on wood samples.

Treatment Tebuconazole Average rating
rKegt?rggon 2 weeks 4 weeks 6 weeks 8 weeks
Untreated - 0 4 4 4
ACQ- 4.0 Kg/nd - 0 0 0 0
Tebuconazole 0.16 0 0 2 2
Tebuconazole + PB 0.18 0 0 0 0
Tebuconazole+ ABT 0.152 0 0 0 0
Tebuconazole + EDTA 0.153 0 0 0 0
Tebuconazole+ TEMED  0.142 0 0 0 2

0-No visible growth.

1- Mold covering 10% of surface.

2- Mold covering 10-30% of the surface.

3- Mold covering 30-70% of the surface.

4- Mold covering more than 70% of the surface.

5- Mold covering more than 100% of the surface witkense growth obscuring greater than 70% obthéace.

resistant molds. Biotransformation of the actiliernical may also not be the only mechanism
used by these fungi in tolerating tebuconazolendgBe over expression of the CYP 51- gene
which leads to overproduction of the P-450 depehdenyme 14- demethylase may contribute
to the resistance leading to germination and grafthe fungus in unfavorable environments.
The preservative of choice for these organisms tiagdy is one whose mode of action is
different from interruption of ergosterol synthesifie spores produced may have enough sterol
to germinate in the presence of these inhibitors.

5.4  Conclusion

Cytochrome P450 monooxygenases are involved irsagdsesistance of fungi to fungicides.
Resistance has been associated with an increasenooxygenase activities due to cytochrome
P450 activities. However, this increase does nobant for all of the resistanceTn

harzianum Even though metabolism of tebuconazole was idedist reduced by the P450
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inhibitors ABT and PBT. harzianunwas still able to germinate and grow at conceiainatless
than 200ppm tebuconazole in the presence of tldgiBves. This led to the conclusion that
biotransformation of the chemical is not the onlgamanism by which this species tolerates
tebuconazole. Tebuconazole does not adequatadghP450 activities. ABT and PB increase
the hindrance of P450 activities. The metal cloetahlso may slow down the P450 activities but
do not eliminate them completely. In addition tottansformation, there are other mechanisms
by which this species tolerates tebuconazole. datazole, PB, and ABT all seem to have little
effect against spore germination because sporesordagin enough ergosterol for formation of
germ tubes. Some spores may have enough stegmdace infection structures hence
tebuconazole may not be effective against infeatiowood in service. Another reason may be
genetic over expression of the CYP 51- gene wheealdd to overproduction of the P-450
dependent enzyme 14demethylase. Therefore, synthesis of ergostenabi interfered with as
expected and this leads to germination and growtheofungus in unfavorable environments.
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CHAPTER 6. CONCLUSIONS

The objective of this work was to study the exigfviodegradation and metabolic pathways by
microorganisms and the contribution it has on therance of some fungal species to biocides.
Currently, the major advantage of organic biocidgsd in wood preservation is also their major
disadvantage: they are biodegradable or transfobyedood degrading and non degrading
organisms in soil and wood. Tebuconazole, a tfeggzwas used as the test compound. One
species each of a bacterial strain, a mold, a braivapecies and a white rot species were used
as the test microorganisms.

The moldT. harzianunwas found able to tolerate tebuconazole at conatmtis below
200ppm because it biotransforms the chemical gvelge of the 1,2,4 triazole ring and by
performing oxidation reactions to produce more bptiflic metabolites. The tert butyl alcohol,
the tert butyl carboxylic acid, and the 3-hydroxyaterivatives are the initial products. These
initial products undergo acetylation or methylatiora second step. Further studies using
different species of fungi revealed that the apibt a fungus to degrade a biocide contributes to
the efficacy of the biocide against that speciéschrysosporiunwith the lowest minimum
inhibitory concentration (MIC) was found not abtedegrade tebuconazole o a significant
amount, whileT. harzianunwith the highest MIC (lowest efficacy) degraddsueonazole and
tolerates it at concentrations less than 200ppithoAghP. chrysosporiunis recognized for its
ability to metabolize a large diversity of compoand showed little or no ability to metabolize
tebuconazole. This may be a contributing factahtohigh efficacy of tebuconazole towards
white rot fungi. A common mechanism was involvedhe initial metabolism of tebuconazole
by the different types of microorganisms studidthe most prominent metabolism product in
cultures of brown roM. incrassatathe moldT. harzianumandbacteriaPseudomonas
fluorescendad the 1,2,4 triazole ring cleaved to form imin&svo products with the same

molecular mass were identified. All species aledgrm oxidation processes in initial
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degradation of tebuconazole. The main productsh@exidation products of the methyl groups
on the tert butyl moiety (the alcohol and the casttic acid). T. harzianums able to perform
phase Il type reactions by acetylation and O-matityh. Brown roM. incrassateand the
bacteria did not metabolize the chemical by acgtyla

Observation of mainly oxidation products led te tiypothesis that monooxygenation is
catalyzed by enzymes from the family of the Cytoohe P450 monooxygenases. The oxidation
of tebuconazole by. harzianumandM. incrassatawas reduced when PB and ABT, both known
P450 inhibitors, were added to the culture thaguitures containing tebuconazole alone. This
suggested that the enzymes involved are from tb@ Rdnily. Furthermore, the microsomal
extract fromT. harzianunmexhibited a maximum peak at 440 - 460nm when C® budbbled
into NaS,0O4 treated and concentrated samples. This indicaggsritial oxidation reactions
leading to the metabolism of tebuconazole by wadibiting fungi are cytochrome P450
dependent. Resistance is associated with an seieanonooxygenase activities and with an
increase in cytochrome P450 content. However itlci®ase does not account for all of the
resistance ifM. harzianum Even though metabolism of tebuconazole was idedlst reduced by
the P450 inhibitors ABT and PB, harzianunwas still able to germinate and grow at
concentrations less than 200ppm tebuconazole iprdsence of these additives. This indicates
that biotransformation of the chemical is not tindyanechanism by which this species tolerates
tebuconazole. Tebuconazole does not adequatedehif50 activities. ABT and PB increase
the hindrance of P450 activities. The metal cloetahlso may slow down the P450 activities but
do not eliminate them completely. In addition tottansformation, there are other mechanisms
by which this species tolerates tebuconazole. damarole, PB, and ABT all seem to have little
effect against spore germination because spordain@nough ergosterol for formation of germ
tubes. Some spores may have enough sterol to ggodiection structures hence tebuconazole

may not be effective against infection of woodémsce. Another reason may be genetic over
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expression of the CYP 51- gene which leads to aeduxtion of the P-450 dependent enzyme
14- demethylase. Therefore, synthesis of ergostenabi interfered with as is expected and
this leads to germination and growth of the funigusnfavorable environments. The triazole
group of fungicides does not adequately protedbéinagainst molds hence suitable co-biocides
may be necessary in any formulation containingtilies. Molds likeT. harzianumand bacteria
species are not responsible for decay but may |lbweerde concentrations or metabolize them
into less potent derivatives making the environnsentiable to wood degrading micro-

organisms.
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