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Three strams of Caldarzomyces fumago were 1mmobllrzed as heads in 4% x—carrag’eenan ¢
- and tested for semi-continuous productron of chloroperoxndase (CPO) Over an 80-day penod g
growing in defmed medlum, C. fumago strains CMI 89362 and ATCC 11925 produced enzyme
"conc?entratlons of 99 and 71 mg/L respectively: durmg s1x productlon penods of 12-14 days
| while C. fumago DAOM 137632 produced only 24 mg CPO/L during 6 growth penods of 10
| 'days. CPO production was unaffected by varlous‘reglme’ns of washing between transfers.
Pigment production fructose utilization and pH change in the immobiliied cell cultures
. compared closely w1th the growth charactenstlcs}f free cell cultures Using a 1 L airlift
fermenter with continuous medium replacemem of 20 mL/h (HRT—SO h) stram CMI 89362 in
K- carrageenan beads produced CPO at 40 mg/L for 11 days o —
By keeping the inoculum size between 0.5-1 0 & wet Welght/L strain CMI 89362 could be .
4 mduced to form mycelial pellets without the physwal support of the K—carrageenan In niycelial -
pellet form strain CMI 89362 also produced CPOj )m a a1r11ft fermenter and was subJected to
: vanous ﬂow rates and dlfferent media in contmuously -fed airlift fermenter sulture Opnmum
CPO productlon rates the average being 1 19i0 09 mg CPO/h occurred at ﬂow rates between
8.5 and 65 mL/h Theeomposmon of the feed solutlon either 2% or 4% fructose-salts, didinot
st gmﬁcantlyalter the amount of CPO produced. Batch fermentatlon in the ‘tower fermenter
resulted in the highest CPO levels (400-500 mg/L) double.the amount obtained by free hyphae
in shake flask culture ‘ ' ; i
| Purlﬁed CPO was used to OdeIZC a vanety of phenollc compounds at pH 2.75 and 5.5.
Under: condmons of excess enzyme, chlorophénols were oxidized most readlly, followed by -

SN

4- ethylphenol and then the dlmethylphenols Cyclohexanol and its monomethyl derivatives .

B N

——wWere not oxldlzed Further charactenzatlon and c:;mmzanon studles are requlred to test the

. fea51b1hty of CPO for use in the enzyrmc treatment industrial wastewaters.
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Fungal fermentatlons for enzyme productlon are now betng widely studted as shown by the -

" large number of papers published in this area, especrally on the productron of amyl,ises:
-eellulases, ,lrgmnases and proteases. However chloropcroxtdase (CPO), and the
_ haloperoxidases as a whole group, which have been well studted brochemrcally, have not

N received as much attentron in the lrterature from the production v1ewpomt This perhaps has )

been due to the lack of knowledge of the genetlcs and physrology of major enzyme producing -

fung1 (Pnest 1983). Most industrial fungal fermentattons and studies are carried out on an

. empirical level where the amount of product formed is the major and often only concern.

/
When this _project began, 1t was ‘known that extracellular enzyrpes could be'produced

' contmuously and repeatedly by 1mmob1hzed cells (Kobuku etal 1978 Kobuku et al 1981; Frein

et al 1982) and that haloperoxrdases and related enzymes were capable df catalyzmg the
gx‘idatlon of carcinogenic aromatic amines (Klrbaer and Morris 1981) and phenolic compound
- v - "

compounds (Klibanov et al 1983) which led to the proposed use of enzymes for the treatment of .

phenollc wastewaters (Albertl and Klrbanov 1981). In partrcular, CPO has been available for a

_long time from COmmercral sources and was known 0 be able to catalyze the oxidation of

" D- cresol and more recently benzidine (Albertl and Klibanov 1981) However no pubhshed data

T s

existed for the large scale production of CPO in ferrnenters the method of chonce used. by

. , mdustry, and the exterit of the ability of CPO to oxidize phenolrc compound compounds had not.

been elucidated.

~

Initially- this pragt v(ras an attempt to develop techniques to provide’ regularly a low cost

fungal metabohte for collaboratlve physiochemical studtes on enzyme reaction mechamsms In

£ mycology laboratory, it quickly becomes apparent that the mamtenance and propagation of *

fungt often requlre different techniques than those used for bacterial culture. Many methods of

fungal cultivation are: avallable including solrd-phase, stattorl_lry shake flask and fermenter

1 o i
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liquid 'culture,‘ each havin'g their own specific requirements for inoculumﬁgeparation". Evidently
the lack of a unified approach to the reproductble ‘cultivation of fungr has perpetuated the use of

» the empf’;cally based s/tudy and dlssuaded workers from entenqg the ﬁeld A prime example of

\a study which is e pmcally-based would be the penicillin fermentation. This prO_]CCt therefore
attempts to develop a method for the effectlve scale-up of fungal culture fé2 CPO productron and
goes on 10 determme 1f 1mmoblhzed cells showmg good enzyme prodlxctlon lévels, could be
used repeatedly in shake flasks and fermenters to produce CPO.

A ThE intent of . th1s rev1ew 1s to outlme ﬁrst the propertxes of haloperoxidases generally and
CPO in particular, ‘microbial halogenatlon and a chronologlcal rev1ew of the papers by selected
workers in the arga. Thls”wﬂl be followed by a survey of the 11terature related to this project on
the topics of fungal growth i)henol oxrdatlon and enzyme 1mmob1hzatron It W1ll end with a
-digcussion of the ratlonale and purpose of the project. - R

For more 1nformatlon on specrﬁc areas please refer to the followmg listing of relevant
publtcatlons The hterature on biohalogenations has been reviewed (Petty 1961 Neidleman,
1975 Momson and Schonbaum, 1976 Neidleman jnd Gexgert 1983; Neidleman and Gelgert
1986) The book by Neldleman attd Geigert (1986) contains comprehensrve 1nformatxon from
411 papers on the propertxes, reacttons and reactlon mechanisms, roles and potential

| applications of haloperoxidases, Thus only those details~directly related to this project w.ill be
dlscussed and subsequent publrcauons will be noted. o .

' Methods for cell 1mmob111zatlon (Tosa et al 1979; Cheetham 1980; 'Chibata and ‘Tosa 1981)

. and enzyme 1mmob1hzatron (Falb 1972 Messmg 1975) and their potenual use (Linko and Linko

1984, Scott 1987) and practtcallty in industry (Bucke, 1983 Klibanov 1983) also have been well

documented and therefore wgll only be briefly dl_scussed. Many,: toptcs of mdustnal

rnicrobiology were well covered by a recent issue of Enzyme and Microbial Technology

' (January, 1987) and the September, 1981 issue of Scientific American.

13



1.1 Haloperomdases and Chloroperoxidase .

Haloperox1dases are widespread in nature (Yamada et al. 1985a), relanvely stable (Plckard |

unpubhshcd data; Wever et al 1985) heme _proteins that are able to catalyzc the o:\dauon of

halide ions (not F) and a wide vanety of reactions (Yamada etal 1985' Golgcn et al 1986) wnth
the formatlon of many unique molecules (Gexgcrt and Neidleman 1985) Some of reacnons
catalyzed by CPO are shown in Fxg 1. These enzymes have been found to lack some, of thc
ge’n;r/al properties of enzymes such as substratc spcc1ﬁc1ty, reaction rcversxblhfy and
stereospecific product formation (Nexdlcman and Gelgert 1986) |
Specifically, chloropcrox1dase contains onc.femprotoporphyrm IX per molecule and has a -
mole,_éular weight of .about 42,000. It is an extracellular gl);coprotein with ‘a variable
carbohydratc content of }3-.17% arabinose and glucosamine (Morris and Hagcr 1966) rcsu‘l.ting '
in 3-6 isoenzymatic forms (Hash_imo‘to and Pickard 1984). Amino acid analyscs have shown
the protein is like other haloperojgi;iases in its predominance of acidic ‘over'basic amino acids
(Morris and Hager 1966; Neidleman and Geigon 1986). ‘In -halogenation reactions, CPO is .
most é‘cti\)o as a chlorinating benzyme with a pH optimum 'ncar 3 but it oan alsoz oxidizé iodide
‘and bromide ions. In ad ition it 'can carry out a peroxidaSc rcaction in the absence of halide
substratcs and unlike all other haloperOXidases, ithas a catalase acuvuy (Thoma§ et al 1970a) in

- ‘addition to a halide dependent pseudo—catalasc acuvxty (seci'xg 2) Most s'ubsu-atcs of CPO are
charactenzcd by the presence of an activated hydrogen, whagh' is .extner -9! 'to_a carbonyl or
phenolic c_dmpouﬁd hydroxyl or on a sulfur atom (Ashley and Grifﬁn-’i§8 1)

The discovery tha ‘halopcroxidases are able to oxidize pheno'ls and halogenate alkenes has

resulted in the proposed use of these and related enzymes in wastewater treatment (Alberti and

Sy s

'Klibanov1981,; this esi's), specialty chemical synthcsis (Geigert et al 1983a), as‘f)harmaccudcal

agents, and for analytical diagnostics (Neidleman and'Geigert 1986). CPO rnay have potential

applications in wAstewater treatment, diagn‘ostic“ELISA techniques and:in the commercial



production of a,p ha?/ohydnns epoxrdes steroids, and chlormatcd barbituates (Neldleman and
Geigert 1986; Laane et al 1986).- Also, Martyn er al (1981) have studrcd the abthty of CPO to
chlorinate a vancty of beta-diketones forming antrmrcrobral compounds. The explonabhty of
cnzymes. and in particular haloperoxid'ases has not been overlooked, sin'ce patents have bek
filed on many reactions catalyzed by these enzymes (Neidleman and Gelgen 1981 Nexdleman et - -
- al 1981; Ormdorff 1983; Gergert and Neidleman 1986). The 1mplementat10ﬂ o&theﬁpotentlal
" enzyme catalyzed reactions on an 1ndustr1al scale would require the produc{fon of gram to
krlogram quantmes of enzyme. .. . o

LR
“ T .

1.2 Microbial H%Iogena—ttdn o . . } ‘
Compounds contammg halogens are wrdespread in accurrence and show remarkable
‘chemical diversity.” The number of documented halometabolites from m1crob1a1 fungal and
marine ongm has grown from 1to over 700 in the last 100 years. Many of these naturally
occurring halogenatéd substances are bio- tox1c i |
The large number of halogenated compounds implies the presence of a group of enzymes
whrch are Just as broad ranging and’ dlvcrse However this is not the case. Although
haloperoxrdases are wlrdespread in nature, each type of haloperoxrdase seems to cagy from a’
particular group of organisms. For instance; ‘_chloroperoxidases are found in dematiaceous
hyphom;cetcs, bromoperoxidases from red algag, iodopero’xidases from brown algae.
(Neidleman and Geigcn 1986). Furthcrmore,vthcre seemns to be only-one do_minantftype of .
halogenating enzime responsible for the multitude ot halometabolites. | I
. There are over 60 natural sources of halopcroxldascs (Gergert and Ncldleman 1985) and the
‘ number is mcreasmg It was only a few years ago that sources of chloroperox1dase besides
Caldartomyces fumago were descmbed such as Cryptosporzopszs (Ncrdlcman and Geigert
1986). Prior to that Hashimoto and Plckard ({384) had looked at 26 fungal cultures, ten bcmg

Y
.

' ’Caldanomyces (—Leptoxyphmm) and found only the Caldartomyces cultures produced CPO.

» .
[}



Figure 1.

Various reactions catalyzed by CPO.

1) CPO-catalyzed chlorination of monochlorodimedone to dichlorodimedone.

-

This reaction can be followed spectrophotorﬂetrically at A27s nm. It was used

throughout this thesxs to determme enzyme actwny in culture supernamnts

. (Hager etal 1966) The reaction was performed usmg 3 ng o of CPOinal mL

reaction mixture.

2) Reactlon of CPO w1th ethylenc to form an a,p Y]alohydrm (Gelz,ert

’ ')\>\

cetal 1983a).

3) Schematic flow diagram of the catalase activity of CPO (Neidleman and.

Geigert i986). CPO and other peroxidases are also .capable of a
hdlide-dependent catalase-like activity (see Fig. 2) B
4) Schematic flow diagram of the peroxidase activty of CPO (Neidleman and
Geigert ’1936). The formation of radical (*) interr_nediatés can lead to couplings:
and‘ polymeriizition. AH can be many redicing substrates.

5) An example of halide-independent peroxidation of aromatic compdund_s

. (Npidletnan and Geigert 1986). Oxidation of p-cresol to a dimer.

6) Halbgenation of aromatic compounds by CPO (Geigert and Neidleman

1985). Formation of cl{l}orinatcd products from anisole.
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Pseudomonas pyrrog\ma although thls enzyme dxffers from the fungal enzyme in its chlormatmg

activity (Wlesner et .1 1986) Bromoperokndases have been recently looked for isolated and
purified from 9 cora Jine al gae (Yamada et al 1985a) seaweed (Wever et al 1985) and from

Pseudomonas aureo czens (van Pee and ngens 1985) Some of the enzymes from marine

A

* fact that these orgamsms ?are found in a wide variety of habitats explains thé wndespread
presence of halogenated coumpounds. 1

Thyroid peroxioase, chloroperoxidase, and eosinophil peroxidase have been discovered
fairly recently, before 1960, and the bromoperoxidases\are'only now receiving the same .

attention (Hewson and Hager 1980; Yamada et al 1985b; van Pee and ngens 1985 Wever et al

1985). Even though extensive research has been carried out on halogen containing compounds

wd the enzymes responsnble for their formation, -there are many unanswered questions
conceming the bil;synthesis and function of haloperoxidases and their products. For instance,
th_estep at ;ilhich CPO catalyzes the chlorination of precursorsduring in the formation of
ealdal:iomycin-has not been discov’eretl (Beckwith and Hager 1963), and the function of

’

caldariomycin with respeet to C. fumago is still unknown. ' .
1.3 C. fumago Nomenclature and Hlstory !

The best known source of CPO is Caldariomyces fumago a sooty mould or a saprophytlc
dark pigmented hyphomyeete, anamorph class of the Fung1 Imperfecti or deute-romycetes. The
mould is found commonly on hotho se ‘plants and fallen"ciu'us fruit. The name Caldariomyces
has been extensively used in the lite;ure since Raistrick and coworkers (Clutte'rhuck et al 1940)

first studied the organism. The type species, Caldariomyces Woronichin, came from

J



Woronichin's dcscription'in 1926 (W ofofiichin 1926). HoweJcr the namvc used by mycologists
s dcnved from the type species Leptoxypluum Spcgazmm 1918 (Carmnchacl etal 1980);
Leproxyphzum sp. are ‘charactérized by capnodlaceous hyphae with mucxlagmous walls.
‘ Comdlophores will aggregate to form synncmata (comdlomata) and the conidia produced are
minute ahd hyaline later enlarging and developing pigmented walls and mcdxan.septa (Hughes
1976). | a ' .
- 1.4 CPO Studles
Before 1940 lmlc \{vas known gbout the blologlcal mcchamsm or occurrence of
halometabohtc production Micrabial halogenatian was consxdered a rarity,until thc 1960's
(Pctty 1961). This was despxtc thc abundance of i 1norgamc halogen in nature (Nexdleman anc%
Geigert 1986) and the fact that Ralsmck and co-workers (Clutterbuck et il 1940) had looked at
,139\ spécies or strains of fungi for the uptake of radioactive c?lpnde aqd the formation of

chlorometabolites and found that almost all the fungi-surveyed incorporated inorganic chloride

into an organic form (Neidleman 1975):

N

Chloroperoxidase research has been primarily focused on the study of the biochemical

aspects of CPO activity. However recefitly a ’physiolo'gig:al st{xd.y was carried out on CPO
8 w

production. By sc‘qucncing‘\thc CPO ¢DNA and constructing probes for the detection of CPO |
mRNA, Hagér and coworkers (Fang et al 1986; Axley et al 1986) were able to discover that the ~

observed stimulatory effect of fructose on CPO pfdduction (Pickard .1 981) works at the mRNA
level in CPO synthesis. Besides the above observation, the: possible role of CPO in the last
chlorination step during caldariomycin biosynthcsis (Beckwith and Hagcr’fiQ63), the elucidation
‘of a defined growth medxum (Pnckard 1981), and the descnptlon of the glucose catabolic
~ pathway of C. fumago (Ramachandran and Gattlieb 1963), very little else is known about the
phys:ok&y of CPO producnon by C. fumago. In fact very little JS known about the physmlogy

H

of fungi in general, with the exception of some yeasts and the mdustnally important ﬁlamcntous

-
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fungi (e.g. Aspérgillus Sp Trichoderma sp.). | Sti'll intcr:stingly enough, rc%carchirs have
forged ahead with thc dcvclopmcm of processes mvolvmg fungi since this group\of organisms
rcprcscnts a vast pool of proven and potentially useful compounds. .
« However, for the most part, investigations by Hager-and co-worl;ers have con.ccntratcd on
the biéchcmical aspccts of CP( and were made possible by the pioneering w-'ork on the spectral
properties of the enzymlc mtcrmedlatcs and the kinetics of peroxidases investi igated during the
1950's (Chance 1952 Booth and Saunders 1956). \Chloropcroxldasc was first |dcnuﬁod and
characterized in the late 1950'% (Shaw and Hager 1959a; Shaw 'and Hager 1959b; Shaw and
Hager 1961). In the early 1960% studics were carried out to show the involvement of CPOin
the biosynthesis eﬁcaldanomycm (Bcckwnth and Hager 1963) followed by the development of
a kinetic en)yme assay (Hager er al 1966), and the purification and Crystalllzatlon and
characterization of CPO (Morris and Hager 1966). Thc Rcmheltzahl coefficient (Rz) has been
"used as an indication of the purity of the enzyme preparation. A Rz greater than 1.4 would
indicate the enzyrhe preparation was pure. Further experiments led to the grouping of
cPloroperoxidase subsu’ates (Thomas et al 1970). - ' ' ‘ -+
| . More recently studies have been carried out using elegant techniques to elucidate the nature:
of the enzyme's active site (Hollenberg and Hager 1973; Krejcarek et al 1976; Remba et al
1\979) and to understand the halogenation reaction mechanism for haloperoxldascs (Libby e’@l
_ 1982; L’ambcxr and Dunford 1983; Geigert et al 1983b; Griffin and Ashley 1984; Dunford et ¢!
1987). The spectral changes shown by CPO pon the a:idition of Malide salts and hydrogcn~
peroxide were investigatcd resulting in the proposal of 5 reaction cycles for> CPO (T]Ibmas etal
1970 Kanofsky 1984; Neidleman and Geigert 1986) The complex nature of the
1nterclauonsh1p of the many “reaction cycles are shown in Fig. 2. Also the kmctxcs of cyanide
bmdmg to CPO is affected by the presence of nitrate (Lambeir ¢ al 1983) Thc binding of

nitrate was shown to be competitive w1th cyanide.

Three proposed theories exist for thc reaction mechanism. The first postulates the presence



Figure
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Reaction cycles of chloroperoxidase.
(1) Peroxidase cycle

(2) Halogenase cycle

(3) Chlorite cycle (not shown)

(4) Oxidase Cycle (not shoyvn’)

(5) Catalase cycle

(6) Pscudo-catalase cycle
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“and Ashley 1984). .,
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, of a diffusable'reactive intenrxediate, HOX lGeigen et al 1983; Griffin 1983) “ The second'

theory calls for the exlstence ofa enzyme bound chemxcal intermediate halogenatmg specxes,

Compound EOX (Lambexr and Dunford 1983 Neldleman and. Gelgert 1986; Dunford etal

19%87). The thrrd calls fora mtxed enzymatlc/nonenzymatrc radical chain mechamsm (anﬁn

-

Yooy

‘Basic research has glven way to more applxed research in the last few years Enzyme

productlon and potenual appllcatlons have been studled by many groups of workers Elckard

(87

ey, s
11981) has optlmlzed the growth medrum for chloroperoxidase productlon Previous'

researchers (Hollenberg and Hager 1968) had used a glu@ose-malt extract medium whiclg\_
resulted in hlgh plgment productlon pH 1nstablllty, and as a result downstream processing. .
problems However using lO strams of C.fumago, it was found that a fructose-salts medlum -

gave comparable levels of enzyme productton in a shorter mcubatron time, greater pH stabrhty, -

“and the formatxon of much less plgment ThlS mvolved testing the effect of 14 carbohydrates

~and 15 mtrogen sources w1th two hlgh producmg strains of C. fumago Fructose whrch was

shown to be the optlmum carbon source for CPO productlon (Plckard 1981) has now been

shown to be an mducer of CPO mRNA blosynthesrs Altematlvely glucose, a poor carbon

. source for enzyme productlon represses CPO mRNA (Axley etal 1986)

Usmg punﬁed enzyme obtalned by a modlﬁed punﬁcatlon procedure of Hollenberg and

Hager (1978) studies . were . undertaken to compare enzymes from d1fferent strams :

K Polyacrylamlde gel electrophores1s at pH 3 and IEF PAGE showed 1soenzymxc forms of -

.chloroperomdase (Plckard and Hashimoto. 1982) confirming prevxously reported results (Sae

_ and Cunmn gham 1979) Further studles conﬁrmed the 1soenzymes are catalytlcally identical’ but

-
contam varlable amounts of carbohydrate (Hashlmoto and Prckard 1984). Isoenzymes have

‘ also been found for HRP (Albara et al 1982) and othér haloperoxrdases (Neldleman and Getgerl’ '
'1986) Note that the carbohydrate portlon of the enzyme may be exploxted durmg its”

"_1mmob111zat10n (Marek etal 1984)

.,J_._ - . » p
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'Successful m'odiﬁcations to the purification protocol have been undertaken in order to

handle large quantmes of enzyme (tangennal flow ﬂltrauon and the adopuon of a PEG mediated

‘plgmeént precrpxtatlon (Gonzales Vergara et al 1986) and have alded&l the downstream
prgcessmg of CPO. Longtqpm CPOrstability studies and investigations into the composmon of
the carbohydrate content of the i isoenzymes have also been carried out and awalt pubhcauon
(Pikard unpdbhshed data). - | "

Other observatlons include the ability of CPO to mactﬁrate amylases (MltChCll etal 1981%
and to catalyze the ox1dat10n of iodine to iodate (Thomas and Hager. 1968) form. nitroso -
; compounds from amino groups (Corbett et al 1880) and the dlsmutauon of chlorme dioxide

(Shahanglan and Hager  81). It will also 0X1dlZC primary alcohols to aldehydes (Gexgert et al
1983b) DMSO to Jdimeg. y1 sulfone (Gelgert etal 1983c) and alkenes to epoxides (Ge:gert etal .
1986) Other than the amylase inactivation, all of these reactions are umque to CPO among the
-haloperox:l)dases. Recently CPO has begn used for the b_10e1ectrosynthes1s of hal‘ogenated
barbiturates (aane er al 1986). o h

-

‘Ithas been reported that the heme portibn of the enzyme l\not-absolutely r"equired for CPO .

= _acnvny (Geigert and Neldleman 1985; Liu etal 1987).: Other heme-less perox1dases isolated

,

~ include non-heme bromoperoxxdase d lactoperoxidase and glutathlone peroxidase (Dumontet

1983; Neidleman and Geigert. 19 ) Enzymes containing manganese and van’adlum have been
vfound and a variety of metal an‘ 'orphyrin subs’ti'tuted ’Symhetic' haloperOxidases have been
' prepared and studied (Neldlem d Gelgert 1986)
Recently, CPO cDNA has dn»clor{ed and sequenced The pnmary sequence codbs fora .
32 974 dalton, 300 amino acid mature protem and a 21 amino ac1d sxgnal pepnde (Fang et al
1986) which undergoes a number of post- -translational modlﬁcauons The modlﬁcauons include

'deammatlons at Asni12, Asni198, and Gln183, two N-glycosylatlon sites, and the cychzmg ofa

o glutamic a01d 1nto pyroglutamic a01d (Kenigsberg et al 1987,).

———
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1.5 Potential Applications of Cells and Enzymes i
- Throughout history man had taken advantage of the meta'bolic strength and diversity of free -

_microbes and immobi}j.ze& cells to 1mprove thexr quallty of life (e.g. bread beer and wine
'makmg) Wlth the advent of the concept of cell 1mmob111zatxon and the use of unmoblhzed cells A’

in ccll dependent processes (Tosa et‘el 1979) and all tbe de.vc10pments necessary for the many ~ |
prospective applications of novel mjicrobial processes, man 's microbial 1mprov1satlon has grown
. into industrial mlcrobiology, a prevalent part of the world cconomyacéounting for tens of
, ‘oillions of dollars annually in the U.S. alone (Demain and Solomon 1981). . v
Dunng the last 15 years, many 1mmob1hzed cell techmques and apphcatlons foétena
and then fungi have been explored and presented by researchers Inmally expenments were
7 _confmed to the use of immobilized cells as biocatalysts fot the vproductlon of low molecular
weight compounds. In many instances this involved the immobilization of non-viable whole
cells. The enzymes, still }active inside are used to carry out simple biotransformatidns such as
ammo acid productlon (Sato er al 1979) which, requlred no cofactors. The next stage in research
‘ involved the use of viable immobilized cells, Wthh carry out multlstep reactions that utthzed a
number of enzymes and cofactors, to synthe51ze low molecular weight compounds hke ethanol.
Finally, the productlon of macromolecules (enzymes) by 1mmobthzed cells was attempted ona
lnmxte@me examples 1nclude the use of acrylamxde entrapped Baczllus subults and
Streptomyces fradiae for the productxon of amylase (Kokubu et al 1978), and protease (Kokubu
etal 1981) respecuvely, Tnchoderma reesei 1mmoblllzed in carrageenan (Frem eral 1982) for
cellulase production and’ agarose 1mmob111zed Phanerochaete chrysosportum for the‘contmuous
productton of li gmn perox1dase (Linko et al 1986). However, despxte all the effort and
| optlmlsm very few 1mmoblllzed cell systems have been applled on an industrial scale
(Anderson 1983). ' |

Today, thére are two major commercial applications for m1crob1a1 cells as a source of

protein and as a blocatalyst in chem1cal transformatlons Enzymes have only been used in
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commercial processes that are primarily degradative in nature (Lambert 1983). The recent
successful exploitation of enzymes-has resulted in competition and conflict in the race to find -
new applications for microbial cells and enzymes. For instance, the use of immobilized viable

- . : e . W " R
and permeabllrzed cells has been suggested as an alternative to 1mm0bdize(d'enzyme systems

because the costly need for purification would be eliminated. Yet enzymes are ulnmately

responsrble for all bxotransformanons and therefore the potentlal‘l?ypassrng of mrcrobes exists

v’

for processes requu’rng specific brochemlcal conversions.’ ‘ : A

y
!

Thus, in the 1960's and 1970's, there was excitement and optimism- assoctated with

research ori 'enzyme technology', which exploited the knowledge and methodolpgy of many

’ branches of s¢ience. Commercial scale enzyme production facilities eventually arose from this

research and by 1985 the. world market for bulk mdu&nal enzymes was estlmated to be 500

mlllron dollars U.sS. (Lambert 1983) ThlS research a.lso resulted ina y/?fe vanety of potential

app lrcatrons proposed’ for enzymes 1nvolv1ng many methods of preparanon of free or

immobilized enzymes. A few examples of these uses are the coimmobilization of .
[N

lactoperoxidase and glucose oxidase by entrapment in k- carrageenan m order to produee

continuously alkene halohydrms (Kawakaml 1986) and the use of parnally pun'l’%d enzymes for

‘the synthesis of p-lactam annbloncs (Jensen ‘et al 1984) However as was the case wnth -

: §
1mmoblllzed cells, screntlﬁc optimism has not led diggctly to many 1ndustnal apphcatlons for

enzymes Only afew enzymes have been 1mplemented in large-scale processes (e g. glucose
isomerase for high fructose syrup producnon protéases in detergents, ammo-aeylase in
penicillin derivative producnon) Desplte their potentrtzret/tzymes have some important

limitations, such as their relative fragrhty when compared to/other industrial catalysts ﬁ/rtholt et

al 1985), which has slowed thelr acc_eptance and use in industry. Yet problems such as enzyme

instability may be overcome in the near future if advances in ptotein gngineering lead tg:the B

production of modified, stabilized enzymes (Witholt et al 1985);and semi-synthetic catal St

(Lee 1984).
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Research into the potential use of macromolecules and microorganisms in industry ofteh
assumes there uu;ill be a.large demand for theluse of enzymes (Wolfe'et al _1984; Alberti_an_d
Klibanov- 1981; Geigert and Neidleman 1985) or microbes (Livemoche et al 1983; Messing -
1982) or their metabohtes (Chibata etal 1983). For mstance, the eluoldanon of the requ1rements
for the large scale production of lngmnases (Jager et al 1985) and cellulases (Frein et al 1982,
Wase et al 1985) would allow for the development of ‘waste conversion techniques in the pulp.

-and paper industry. These assumpiio;s pt;e’;"uppose the idea that industrial firms are.op’en to
changing existing methods of production, which' are often complex and delicate, or that there are
entrep'reneurs who will fund the d'evelopfnent of new industries. Neither is likely to occur based
solely on 'just a -good‘ide,a' but ra}th-er‘ on what is practical and n?akes sound economical sense
(Bucke 1983; G’adenl 198 1). However, this belief in future demand does allow‘the researcher to
undertake applied res‘earcli and solve specific problems or investigate alternative methods for

s ?

existing processes.

1.5.1 Wastewater Treatment
¥ This concepi of applied research forms the rationale for this thesis, which is concerned with
the productlon and use of chloroperoxidase for phenolic compound transformations. It was the
dlscovery of the abllity of haloperoxidases to OXIdlZC and prempitate a widg variety of phenolic.
compound compounds present in mdusmal wastewaters along w1th the developments in
: cell/enzyme technology that set the direction of thls thesis prOJect It was decided that 1f CPO
- wastobea potemial candidate for industrial use it wo;ld have to be produce__d‘efticiently in large
quantities and be cost-effective when compared to existing systems. '
Since the production and use of a fungal enzyme is the essence of this prgject it would be .
. important an‘d rele\;ant to discuss why enzymes are being considered for wastewater treatment
and the concerns of fungal enzyme pr‘oduction and application to industrial processes. The

interest in developing alternative methods of wastewater treatment is due to the increasing
. N i . Y . . / :
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industrial demands placed on conventronal systems of treatment and their sometimes apparent
_ 1nabrlrty to prevent the drscharge of toxic mdustnal products into the biosphere. In the past,
practices such as the reliance on the dilution and natural treatment capacmes of rivers and the use,
of aerobic biological methods have been acceptable but new industries have created new
‘s treatment challenges and the formation of specrahzed treatment techmques (Manner 1977 van
den Heuval et al 1981; Demain and Solomon 1981). ‘ B ¢
In particular the problems presented by phenohc wastewaters have been of much concern.
In 1983, it has been est_imated that 2.6 billion tons of phenol were produced in the U.S. from
synthetic chemical ‘processes (Webber' 1984) and natura._lk sources. Petroleutrt refineries, coke
operations and coal conversion processes produce effluents with high concentrations of phenolic _
compound compounds (Fedorak and Hrudey 1986) which, if released untreated, would pose a
. serious envrronmental hazard (Babich and Davis 1981) Convennonal treatment syster;s in use
today mclude many aerobic microbial processes whrch are both rapid and efﬁcxent Much is
- known about the 11m1tatrons of these systems (Neufeld 1984) and the brochemlstry invelved has
‘ been exten}ively revrewcd (Chapman 1972). |
In order to meetspeeral and specific problems presented by new mdustnes researchers are
“developmg alternative wastewater treatment systems, An example would be the treatment of
coal cormersmn plant efﬂuent contarmng hi gh concentranons f phenolic compound compOunds :
by anaerobic bacterial ‘cultures (Fedorak and Hrudey 1984b). Thus, in addition to the proposed_
enzyme system, sc1entrsts have looked at 4 variéty of altematlve methods such as anaerobic
treatment (Fedorak 1984, Fedorak and Hrudey 1984a; Fedorak and. Hrudey 1984b) resulnng in
;methane production (Fedorak and Hrudey 1986) modlﬁed anaerobrc methods including
4act1vated carbon reactors (Khan er al 1981), and immebilized cells (Anselmo et al 1985) i in -
_broreactors (Edeline et al 1986; Westmeier and Rehm 19‘87) Pollution control by enzymes is

" just one of many alternative methods being considered. The differences between proposcd

alternative treatment systems has not been evaluated
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- 1.5.2 Enzyme Catal}zed' Phenol Oxidation
The application of enzymes to mdusmal processes has shown partlcular pr& mise where.
'degrad&nve, blologrcal systems are already in use (Klerstan and Bucke 1‘)77 Messing 1982).
Conventtonal wastewater treatment systems are relatxvely simple in nature, and therefore become 3
a potenttal candldate for replacement oy enzyme mediated systems (Chapsal et al 1986). A
Enzymic treatment offers many advantages over existing systems "including wider temperature
spectrum and rapxdrty of treatment. The potential for enzyme 1mmoblllzatlon by one of many
techmques would allow for the recovery and reuse ‘of the catalyst In tlte case of
haloperoxidases, there is also the advantage of broad sybstrate spectrum and‘.stability (Geigert
and Neidleman 1985). ' |
~ The en‘zymic- treatment of high strength industrial wastewaters has been propoSed‘using
HRP (Alberti and Klibanov 19813 Klibanov and Morris 1981):; .polyphen‘ol oxidase ‘(l‘)PO) :
"(Kli(l;anov et al 1983), CPO (this thesis), haemoglobin (Chapsal ‘evt. ;l 1986)‘, and fungal laccase
(FL)(Shuttleworth and Bollag‘ 1986). Enzymes have been used to oxidize a wide variety of
| aromatic compounds including phenohc compound compounds, halogenated phenols and‘
~ aromatic amines. Also the use of enzymes has been put forward for the decolourization of pulp
.efil’uents (Paice and Jura;sek 1984) and the transformatlon of trace organics from drinking. water
',_(Maloney et al 1986). However before the latter could be put into effect the nature of the
reaction products must be thoroughly understood. Even though HRP and CPO have long been
known to oxidize phenolic compound compounds such as p-cresol and tyrosire (W esterfeld and
Lowe 1942; Hager et al 1966), the extent of this activity had not been considered until recentlj
(Alberti.and Klibanov 1981). ° |
A major consideration for the suécessful application of any enzymes to industrial processes
is the scale up of their production (Linko and Linlto 1984; Jager et al 1985). This includes
studies or? the deuelopment of efficient fertnentations resulting in the}_production of large

_quantities of active enzyme. These studies would be based op three criteria: (1) the choice of rich
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VAR ) .
‘gonditions (3) the choice-of a ch;ap, defined medium that will cut costs

enzyme source ~suitqi to growth in fermenters (2) the determirl\ution of op:ifnuni ‘growth
d

develoPment of a }Jmputer mod:ljb; fermentation momtormg and control. These studies will
result in the development of a microbial process which maximizes product yield, product

concentratlon ang the rate of product formatlon (Pirt 1975). Many such stidies have been

19

aid in the

: camed out over the last 20 yéars especially in the areas of cell 1mmobthzatron (Linko arid Linko

v

1984) and extracellulaxcnzyrge/producnon (Kubu.ku et al 1981; Frein ez al 1982). -

Wasterwater treatment apphcauons wrl] require purified enzyme in kilogram quantities.
1

Regardless of the activity and longevity of

/

facilities, the production and purification of the enxyme would likely be the most expensive

component of su/ch research or industrial.process (Mesiing 1982; Neidleman and Geigert 1986). '

Thus any method of producing cheaper enzyme would ke advantageous. Succes.sful' npmicaﬁon

of enzymes to mdustmal processes requires that the enz compete economicall)f with the

me and apart{rom the capital investmént on

| : system that is cﬁrrently operatronal In the case of the proposed HRP treatment it has been ,

shown to gompare favourably w1th existing methods of removmg phenohc compound

7
~ compounds from wastewaterp- it gave comparable removal efficiencies and was cost-effectrve

(Alberti and Klibanov 1981). CPO‘eost-effectiVeness will be dealt with later in the discussion -

S y . . ,;' . “ i .
section of this thesis. -

1.5.3 Mycelial Pellets and Immobilized Hyphae -

The physical characteristics of fiuu! =tirred tank and stationary cultures are different from

those of baeteria and yeast (B&%‘L“‘nnia; g ~nnott 1945). This is due to the morphology of

N

molds, and to the non-Newtorn:ar - ope <=+ “ineven mixing) the culture exhibits in the

filamentous form.'f,_The high viscesity < f the filarnentous fungal cultures results in mass transfery

mixing and heat transfer problems, wiicf; .« be overcome by changing engineering var‘iables :

(van Suijdem and Metz$981). For instance, an increate in power input to the impeller would
’ . ' a -



- ’ | )
lead to reduccd hyphal length, thereby reducing viscosity. However the amount of energy input

would be dependent on the tensile strength and age of the hyphae and would obey the law of
] ‘ Q

-

.diminishing retums

Industrial procedures for furtgal enzyme production vary to a degree (i.e.bioreactor design)
but all "can be classified as either solid-statc or submerged termentation. In the case of the latter -
both batch and fed-batch processes are the most widely used. Also, as n;emioned earlier, (
semi-continuous and continuous culture have peén used,*as in the Sl;ccessftrl production of

" proteases (Jensen 1972), but these procedures have yet to be tried”{n a commeréial system
(Lambert 1983). | | }

v In the form of mycelial pellets or 1mmobrlxzed hyphae, fungal cultures offer several
ativantag_es over loose mycelial cultures, the most important being a decrease in viscosity.
Others include improved activity yield and biocatalyst stability, potentially easier.downstreamﬁ

* processing and rtranipulation of the immobilized cells. However_the use of fungal pellets for

fermentations can cause problems by decreasing effective oxygeo diffusibility and hamper

sampling during growth studies. | |
The use of mycelial pellets in stxrred tank and airlift cultures has been reported (Martm and

Waters 1952 Steel et al 1954; Clark 1962 Konig et al 1982 Kloosterman and L111y 1985

) Martm and Bailey 1985; Wase-et al 1985) and much is known about the factors affecting pellet

formatlon (Ward and Colotelo, 1960; Whitaker and Long 1973 van Smjdam et al 1980;

Schurgerl et al 1983). Some of the factors are agitation, growth medium, pH, oxygen tensxon

polymer additives, and growth rate. The size of inoculum, has been recognized as of great

" importance in pellet formation. High inocula generally result in filamentous growth while low

¥

inocula produce mycelial pellets (Metz and Kossen 1977). .
* Mycelial pellets have also been exanﬁned for oxygen mass transfer (Ho etal 1984) to show .
that oxygen depletion in the pellet or bead center will cause autolysis of the fungus resulting in a

hollow center: (Metz and Kossen 1977). Also immobilized hyphae have been examined

20, .
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micrdscopically to show that the degree of mycelial growth inside the beads was affcéted by the
K-carrageenan concentration (Deo et al 1983). A coqpcnmdon of 4% X-carrageenan resulted in

¥
L] ]

peripheral growth. )

- Directed pelletizations or immobilized fungal cells have been reported in the literature for a
wide variety of apphglons including the production of citric acid (Tsay and. To 1987), cnzymcb .
(Kobuku et al 1978; Kobuku et al 1981; Frem etal 1982, Wase et al 1985; Suter ef al 1986; )
Kirk et al 1986), ethanol (Lmko et al 198‘1, AlresBarrqs. et al 1987; Godia et al 1987)1
gibberellic acid (Kahlon and Malhotra 1986), gluconate (Heinrich and Rehm 1982), glutathione
(Murata et al 1981), glycerol (Bisping and Rehm }982), itaconic acid ¢Horitsu et al 1983; ) u and
Wang 1986), and the cholourization'of mill effluents (Livernoche er al 1983), ltaconic acid (Ju
and Wang 1986), and ethanol (ngla et al 1987) have been produced contmuously More -
reccntly researchers have begun usm; geneucally modlﬁcd bactcnal and fungal cells to produce

a

" extracellular foreign proteins (Das and Shultz 1987; Younes et al 1987).

1.6 Thésis. Objective and Rationale *

CPO, an ex;racellular ;ungal enzyme, can be readily derived from the deuterom c;c '
' Caldariomyces fumago whcn grown in a dcﬁx;ed medium th;t-suppo'rts good growth and
enzyme pro‘ductlon (Plckard 1981). In view Of the recent iﬁcrease and ad\"éntage;s in the use of
1mmob1hzed CClls for thc produ ion of low molecular weight cos npounds (Lmko and Linko
1984)1 enzymes (Freift'er al 1982) and antibiotics.(Jones et a! 1}983.)‘, it was of,;nterest to

) detérmine if CPO, wh_ich:c_ah be routinely produced by free mycelia in shake flask cultures,

mobilized hyphae in a semi-continuous or

continuous process in small sCale ferménters. O
L}

This thesis describes some of the cxf)erimcnts carried out on the’{s_cmi-continuous

could also be produced by mycelial pellets or\

N < . _
production of CPO by C. fumago immobilized in x-carrageenan and continuous production of
_ X " A

CPO by, free pellets and immobilized cells in a tower:loop airlift fermenter. Also investigated
3 | N ,
A .
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was the ability of free pcll'cts of C afumago to produce CPO in a pilot plant scale 50 L fermenter.

Ullimatclyupuriﬁcd enzyme was used to oxidizg a variety of phenolic compound compounds and
. » 4T

immobilized by entrapment in x-carrageenan for the freatment of synthetic phenolic wastewaters.

£

)



4 METHODS AND MATERIALS

2.1 Microbiological - ' -
Caldariomyces fumago ATCC 16373 and C. fumago ATCC 11925 were obtained from the
American Type Culture Collection, Rockville, MD., U.S.A. and C. fumago CMI 89362 was

obtained from the Commonwealth Mycologlcal Institute, Kew. Surrey, England., The

Biosystematics Research Institute, Agmulture Canada, Ottawa supplied the following cultums C

Sumago DOAM 145537, .Caldarzomyces sp. strains DOAM 138163, DOAM 119795, DAOM

: 137632, Leptoxyphih?'% axillatum DOAM 167770, and Leptoxyphitim sp. strains DOAR 166438

and DOAM 165359. The strains were mamtamed on potato dextrose agar plates at 4 °C and were
1

transferred to fresh plates every 6, months The six DOAM strains have been depos“red in the

— -

UAMH under the care of L. Sigler. !

A

2.2 Stock Culture Preparation

4
Since C. fumago does not readily sporulate, stock cultures were initiated by excising a I cm?

piece of mycelia mat from an agar plate into 50 mL of phytone-fructose salts medium (PFS),
containing (¢/L): phytone (BBL Phytone peptone), 20; fructose, 40; NaNO,, 2; KCl, 2; KH,PO,,

2;. MgS.()4 'Mzb, 1 and Fe5O,-7H,0, 0.02. The mycelium w;s homogenizea for‘15v s at full
speed in a Sorveillbmnimixer and the resultihg 'fragmentsgrowh ina 125 mL Erlenmeyer flask for
S days at 27 °C on emtary shaker at 200 rpm. The resuf\iu.ggrowth was streaked onto cereal agar
(MeadJohnson Bristol-Myers) or PDA (Difco) and mcubated at 27 °C until good growth had
occurred These plates were used as working stocks for future growth expenments

Starter cultures also were begun by excising mycelium from the stock agar plate into 50 mL or
200 mL of PFS. The mycelium and 50 mL of PFS medium were homogenized and the resulting -

fragments were grown as above. Fructose salts (FS) medium, the same as PFS but without the

- phytone (Pickard 1981), wa$ also used for growth of the fungus and enzyme production (200

23
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mL/S00mL. Erlenmyer flask).
Y

2.3 Inoculum Preparation
Some degree of inoculum standardization was achieved by dgtermining the appropriate wet
weight of mycelium, which would give the best enzyme production wheg inoculated into 200 mL

4
mycelium, from a mycelial mat or starter culture. gave reproducn{)ly hngh levels of enzyme

PFS medium in a 5()0 mL Erlef}mcyer flask It was found that 400 mg wet weight homogenized

{

production after 7-10 days growth,

)

2.4 Pell,et Formation - ' : \
i Control of the inoculum cpncentration in inoculum cultures of C. fumago, 50-100 mg wet

weight homogenized mycelium in 200 mL PFS, resulted in the formation of small- (gf)proxxmatcly 3

mm diameter) fungal pellets after 1 week incubation at 28 °C and 200 rpm in a 500 mL flask.

e B » }

2.5 Immobilization

After 5 days of growth of an inoculum culture, th/cé'fuﬁ)roperoxiéasc lcv-el in the medium
approached valu'es of 50 - 100 mg/L, depending cy(c strain of C. fumago emp10yed (Hashimoto
and Pickard 1984). Culturcs were usually pamculatc and required a further homogcmzanon step, |
as described above. Hyphal fragments had to be small enough to pass ‘through a 20 gauge syringe
as described below. The homogemzed mycelium was itnmobilized i in 4% x-carrageenan (NJAL
798, Marine Colloids D1v1510n FMC COrpOl‘atIOn Inc., Rockland Maine) as descnbed previously

in

(Tosa et al 1979): homogemzed cultpre CI\O mL, approximately 100 mg wet weight mycelium) was

.added to sterile SM/V). aqueous

_carfageenan (40 mL) and the mixture stirred-until the dark
\ mycelial particles were £vénty distributed. The mixture was then extruded dropwise from a sterile

50 mL plastic syringe fitted with a 20-gauge needle into 200 volumes of sterile hardening solution

03 M vl(bl +0.01 M §aCl,) at4 °C. The resﬁltant gel beads (S'mm diameter) were gently

\
4 4

A
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stirred for 1 h then washed three times by aspiration with 1 L sterile distilled water. Aspiration was

»
o

carried out with a wide-mouthed 10 mL pipette on a vacuurh line. o

} ’ .
\
2.6 Semi-Continuous )Production of Enzyme

About 20 mL of beads (3 mm diameter), prepared as described above, were transferred to 200

mL PFS in a 500 mL Erlenmcycr flask and incubated a further 5 days ‘with shaking at é7°C. By
this pomt th; beads had turned black due to v1gorgps mycelial growth and high levels of enzyme o
were present in the culture supernatant. The complex {ncdlum was removed by aspmmon the
- beads washed with 20 mM potassium phosphate buffer, pH 5.5, and the medium ch.mg,cd to the
' defined FS formulation (pH 4.0). Semi-contingious enzyme production by imlnobilizcd C. fumago
was achieved b‘y repeated transfers of\the f‘un% beads to fresh FS medium after washing with the

buffef described above.” Cultures were transferred prior to the pH rising above 6.0, which caused

irreversible enzyme dpnatugtion.

2.7 Airlift Fermenté:g\Culture

The moculum for fermenter cultures was C. fum&go CMI 89362 grown either in the form of
pellets for <1 week (pellet sm;- 1-3 mm dlame i PFS or FS medium or immobilized in-
k-carrageenan as described garher. Growth» and enzyme production was carried out in an airlift
fermenter (height/diameter ratio = ll)/l, operating volume 1.0 L, sintered glass sparger) with an_

external loop as shown in Fig. 1. A BRL model,)ZZOOAF airlift fermenter (1.8 L working volume)
- with an,intefnal baffle loSp (3.5" 0.D. x 3.12" L.D.x 3/16" wall) equipped for air, RH, temperature

- "and foaming control was alsd used for some experiments. Cultures were incub ted at 22 °C and

sparged with enough air tW pellets or beads circula(ling (0.6-1.0 L/r\rlin, 0.2 um filter
| sterilized qir). The air was prescrubbed with glass wool and calcium chloride. ’Samplcs were taken
from a silicone tubing line which protrucled into the downcomer loop of the fermenter.

J
/
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Figure 1.  Tower external loop airlift fermenter. -
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2.8 Continuous Produ'ctio‘n of Enzyme
Continuous production of CPO was c'arriedﬁout in the a‘irlift fermenter with an extemnal loop as
described aoo;'e. Later studies used a modified wersion of the above described tower external loop
‘airlift fermeuter wlth a foam break ‘and short coil corldenser (dimensions same as ahove..)._
\Fermenters' u&erednocdated with a meaSured settled volume of immobilized hyphae or pellets
(usually 30 50 mL or approx1mately 300 pellets/fermenter) Thes medium in the fermenter was
‘varied and the pellets were circulated (pellet circulation time = S, aeratlon rate = 0.6 L/min)
- without addition or removal of medium until the CPOr level in the culture supematant had reached *
“an elevated level At thls point, spent medium was removed and fresh medxum added at the same -
. rate usmg a 21Lhannel penstaltlc pump As the pellets grew, some were removed in order to
mamtam the ﬂuldrty of the culture in the fermenter while the remaining pellets were saved for the
‘next run. The moculum for the continuously-fed airlift fermenter cultures could be c,:ontmually
transferred and used as long as it produced high enzyme levels (>250 EU/mL) In one case the
pellets were used in 6 fermenter cultures ' |
Samples were centrifuged- (3000xg, 10 min) and supematants were storedat 20 °C. Enzyme,
pH, sugarb nitrate and pigment concen_trattons _were determined on the supernatants. | k
2.9 Large Scale Productlon Of CPO .
Large scale productlon of CPO by C. fumago pellets was accompllshed using a LH 2000

Series g:ennenter w1th temperature and pH PID (proportxonal mtergral denvatwe) type controllers
it and with a pO proportlonal type controller. Thc fermenter has a herght/dxameter ratio of 3/1 and an_
operating volume of 50 L. Aerauon was set at 30 L/min. Temperature ‘was mamtamed at 27 + 0 5

°C and the agitation speed was 100 rpm A three step moculum preparatmn procedure was used to
/
bring about pellet. formitlon Starter and sub-cultures were initiated afS’descrlbed earher The small

pellets obtained from the subculture were homogemzed and 60 mg each was transferred into 5 '

-flasks of 200 mL PFS and grown for 8 days at 27 °C. The medium was then decanted and the

-
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_ mycelium was homogenized in 50 mL FS medium. From this third suhculttxre 22 g &'et weight

mycelium was used to inoculate the fermenter contammg SOLFS medium Samples were tiken
and assayed for enzyme and pigment concentranok After 26 days, as CPO levels mcreased she

supernatant was separated from the fungal pellets b filtration through nylon stocklngs and‘frozcn' )

' - ' s N~ N
before enzyme purification. Harvesting was forced at this time due to a steam shutdown. f‘z,
| p

-~ ' .%9

2.10 CPO Purification .
~ CPO was purified from-Caldari__omyces Jumago CMI 89362 as described by Pickard and ’

Hashimoto (1982) except that the ,initial concentration of the fungal 'gro th me iur&and dialysis

was carncd out usmg a Millipore Pellicon tangennal flow cassette system (1.0%2 10K cutoff).

After ethanol precipitation and column chromatography through DE-52 and Sept adex P- 6() the

\

preparation, used for later phenolic oxidation studles, had aRz >1 4 (qus and l;ager 1966). -

. | \
2.11 Enzy

ssay

Enzymmty was determined kinetically by measurin the chforinating activity of CPO, as

’-';;:describe,d previously (Pickard 1981). Enzyme activities are expresyed as mg/L. based on a specific

activity of crystalline CPO of 1660 umoles/min/ mg (Morris and Hager 1966; Hashimoto and

Pickard 1984). Reactions were performed with approximatéiy 3 ng of CPO in a 1 mL reaction

" mixture. ) o _ . T : g

"2.12 Phenolic. Oxidation

‘Halide-independent peroxidation of phenolic com;\)ounds. was determined by following the

removal of test compounds from fhe reaction mixture by gas "ch,romatographic analysis. In the

survey studies,.reaction mixtu;és initi'ally comtained 200 ug phenolic and 0.2 umol H,0, in 2 @L

0.1 M potassmm phosphafe H PO4 buffe’ré at pH 3 and 5.5. Inexperiments employing phenol, .
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molecular ‘we'ight of 94 g/mol, this corresponded to approximately 1 umol substrate in each 1 mL

reaction. Reacttons were started by the addmon of 5 ug purified CPO to one- half of the mixtures.

All the reactions were carried out at 22 °C. For the survey expenments 3 further addmons of CPO

+H,0, (experimental) and H202'. alone were made at 30 mrn intervals.

Sarnple.s (&) pL) were taken from.the\reaction and no enzyme control mixtures before each
peroxide addition and at’the end of 2 h and injected directly (injecto‘r temperature= 230°C)intoa
Hewlett- Packard model 5790 gas chromatograph (GC) equipped with a flame ionization detector
(set at 250 °C). The stamless steel column (2m X 2mm) wag packed with Tenax- GC; (60-80 mesh)

coated with polyphenyl ether (5%). Samples were run 1so>\ermally at 2?)0 °C using a mtrogen

 carrier gas (39 mL/tnin). Peak areas were determined usiné' a Hewlett-Packard model 3390A

 integrator and compared with standard curves.

.13 Phenolic Wastewaters |

" Two wastewaters were obtained from Dr P. M Fedorak, Dept. of Mlcroblology, U. of ‘A, |
and treated with C’PO and hydrogen peroxide. The coal coking wastewater was from a steel plant
- -and contained 410 mg[L phenolics (i?edorak and Hrudey 1987). The other wastewater (7600 mg/L

phenolics) was from a H-coal conversion pilot plant prooe,ss (Fedorak and Hrudey 1984b). '
o : . Ty ‘ \

2, 14 Estlmatlon of Enzyme Stablhty
The enzyme is most active as a chlorinating enzyn}e at pH 3 and thus the spectrophotometnc

monochlorodemldone assay method of Morrts and Hager (1966) was used to monitor any chan ges
in enzyme stabr_hty, Enzyme plu,s substrate were mcubated in 0.1 M potassium phosphate—H3PO4 _‘
‘buffer pH 5..5 and 1-50uL aliquots weré removed di-luted with 0.1M potassium, .
phosphate -H,;PO, buffer, pH 2.75 and assayed for chlormatlng actrvrty The effect of pH on

phenol oxidation was tested over arange from 2 0-9.5 using 0.1 M phosphate buffers
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2.15 Enzyme I'mmohilization‘ r{J
Purified- CPO (Rz.l.4, Specific activity=1600EU/mg) was immobilized by using a 5%
glutaraldehyde aggregation step at 4 °C followed by entrapment in 5% «- vcarrzrgeenan Puriﬁed
enzyme (4 mg in 480 uL) was pretreated with 70% glutaraldehyde (20 pL) for 30 min and then
mixed with 9 5 mL of 5% x-carrageenan. Immobilization resulted in the formation of 8 mL ‘
volume. of iettled immobilized enzyme gel. The &el-entrapment method used Was the same as, y.he
"ceil immobilization protoeol descrrbea earlier, except that the hardehing solution contained 3.5 % |
glutaraldehyde. The immobilized enzyme re‘actor used was a modified version of ﬁre one described
by Jensen et al (1984), where a pasteur pipette was substituted for the tuberulin syringe and a 50
mL beaker was used as a reaction mixture vessel instead of a test tube. .
1 2.16 Analyti\cal- Methods ’ A3
Samples were.cehtx'ifuged (3000xg, lb min) prior to determining pH \rélue‘s and sugar content.
Measurements of pH were carried out usiﬁg>a Fisher Accpmé_t model 230 meter and Fieher (Ingold)

combination probe calibrated to pH 4.0. l?igment levels were monitored at 575 nm. Potassium .
phosphate-H;PO, buffer (20 mM, pH 5.5) was used as diluent and blank. Fructose levels

" remaining in the culture supernatant were determined using a total carbohydréte assay (Dubois et al

1956).

13

Nitrate levels were determined analytically by reduction to nitric oxide. The nitric oxide was

measured through its chemiluminescence reaction with ozone using a Chemiluminescent NO,

?‘»',;Analyzer (Yoshizumi et al 1985) courtesy of Dr. Momca Palcx( Dept. of Food Science, U. of A.

Spectra were obtamed usmg a PyeeUmcam model SP8-100 ultravxolet spectophotometer usmg

0.1 M potassmm phosphate -H PO4 buffer, pH 340 as dlluem and blank. ' ' \\

!

The wet weight of the homogemzed mycelium used for moculanqns was determmed rapidly

using vacuum ﬁltratlon (10 min) through Whatm_an No. 1 filter | paper. 4

-
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Fungal density (dry weight/unit volume) v'vas determined by vasuum filtration of the culture

medium through Sehleleher and Schuell #520B 15 cp filter circles and measurement of the culture

[}

" filtrate volume. The collected mycelia were washed with distilled water and the mycelia were dned ot

to-a constant weight at 110 °C (approximately 12 h). In most cases the total number of fungal
pellets/culture were determined by a direct count and the dry weight of fungus in a pellet was

calculated using the total biomass recovered from the fermenter.,

2.17 Chemlcals ' . e S ' \

L d ‘o,

Hydrogen peroxxde was obtained from Amachem (30% solut{(;n) and peracetic acid from
,jl%rochem—z40% solution). x-Carrageenan was a gift from FMC Marine Colloxds Division under
the name of Gelcarin c/c 798. p-ﬁ(-)Fru’ctose was from Sigma and 'BBL#Phytone’ peptone (papaic

| digest of soybean meal) wae ffom,Bec‘tdn Dickinson and Company. The pherfolic compounds used
i this study were made by Aldrich Chemical "CompAany, Inc. and ‘were ldndly supplied by Dr.

- P.M. Fedorak. All inorganic chemicals used were of reagent grade; \

!



3, RESULTS - . o
. L4 o

The results sectlon of this thesrs is divided i mto two parts The ﬁrst part (3 Dis coneerned
RY

with chloroperoxrdase production in shake flask and fermenter cultures by rmmobrlrzed hyphae

and pellets of C. fumago Tl\e second section (3.2) is devoted to the phenolic transfommnons

“catalyzed by the halrde1ﬁdependent peromacnvrty of chloroperoxrdase

. -

* Pickard and workers have been able to devrse the methodology for the preparatron of CPO
 from'shake flask culture for the productron of gram quantities of enzyme. However this method
is somewhat unsatisfflctory due to the amount of labor required to grow the fungus on a large

Iscale. ', Also, from tirrre toi time, a batch cultyre of C. fumago failed to produce the expected
levels of CPO and this farlurq was assocrated with the deterioration of the culture to a highly

“viscous fungal slurry whreh severely hampered enzyme purification. Therefore experrments

were designed to investigate alsematrvexmethods_ of culture with the hope of improving the

consistency and cost effectiveness of enzyme production and at the same time gain some insight

into the physiology of tl__re fungus. ,
3.1.1 " Strain Selection o -
The first experiments carried out were designed to select high CPO producing strains of

- Caldariomyces ot Leptoxyphium suitable for later immobilization studies. Tible 1 shows the

maximum enzyme levels achieved by 10 strains of Caldariomyces sp.and Leptoxyphium sp. and

} «the morphology: they exhibited in two successive PFS cultures. Two cultures, ATCC 11925
and CMI 89362, were chosen for 1mmobrllzat10n for their high enzyme production (>100 mg/L)
and 'convenient morphology while a third strain (DOAM 137632) was selected to determme if

immobilization would have a posmv,e effect on a low enzyme producing strain. - | 7
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'DOAM 138163
DOAM 165359
DOAM 166438
DOAM 145537
DOAM 137632

DOAM 167770

DOAM 119795
ATCC 11925
ATCC 16373
CMI 89362

\.
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Strain Survey for Enzg'me Production and Culture Morphology in’
_ Phiytone Fructose Salts Medium.

14
11
© 30
16
40
24
33
170
8.4
130

&

. ‘ L3 I E ]

25
[ 40

53
62
8.4
59
160
13

180~ -

N

»

mycelial slurry, very wscthlgh pigment.
mycelial slurry, very viscous, hlgh plgment

small pellets, slightly viscous, high plgment

large pellets, slightly- wscous high plgment
large pellets, shghtly wscous, high plgmem
large pellets, low viscosity, high pigment

" mycelial slurry, very viscous, high plgment

small pellets, low v1scosny, low pigment
mycelial slurry, high v1sc051ty, high pigment
large pellets, low, viscosity,\medium pigment

C. fumago strains were excised from PDA plates and homogenized in growth medium. A 2% inoculum of

cach strain was transferred to 50 mL PFS and grown as described the methods section. Cultures were monitored

for culture¢ morphology.

A}

Bt 4
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Cultures were considered convenient if they gréw in large firm pellets, with little hyphal
shedding, produced little plgment and mamtamed low viscosity. Note that condmons for the

formation of pellets were not opnmrzed for each sm}in
. I
3.1.2 Effect of Free Hyphal Inoculum Size on Culture Morpholgy and Enzyme
Production \ e ‘
Throughout this study it was apparent that the method of preparation of the inocula for
shake ﬂask and fermenter cultures was of some 1mportance The effect of inoculum size on .
enzyme production levels and the time taken to reach maximum enzyme levels were studiéd
using shake flask cultures of C. fumago CMI 89362 in PFS medium (see Fig.\4). Large
inocula resulted in a more rapid accumulation of CPO in the cultur'e supernatant. However the
final levels attained (120 mg CPO/L) were the same as low inoculum cultures. At the same time
the mycehal morphology was observed and later experiments showed that small inocula (<100

mg/200 mL PFS) gave rise to pellets whereas high inocula (>200 mg/200 mL PFS) resulted i in

ick mycelial slurries after 1 week's growth at 28 oC and 250 rpm‘.LThcse pellets were uscq for .
9 . .
r comparison with the immobilized hyphae system. '
©3.1.3 CPO Production by Im\mobilized C. fumago - :
A\ ‘ ' '
Experiments were carried out'te-determine the effectiveness of enzyme production by

immobilized hyphae in semi-continuous-shake flask, batch fermenter and continuously-fed .

fermenter culture. The results are presented in the following sub sections.

3

- '
3.1.3.1 Growth and Chloroperoxidase Production by Immobilized C. fumago

Once mycelial fragments had been immobilized in k-carrageenan, the characteristics of CPO
| production in FS medium were followed. and compared to the known CPO produétion profile of
* free mycelium (Piekar(ﬁ 1981). The three strains chosen for immobilization were CMI 89362, (



Figure 4.  Effect of free hyphae inoculum size on CPO production levels.
-C. fumago CMI 89362 was precultured for 11 days in PFS medium, then
L washed and homogenized in 4% FS. A measured wet weight of myeelium was
used to inocaulate 200 mL 4% FS in 500 mL Erlénmeycg flasks, as shown in
the fi gure legend. The culture supernatant was assayed periodically for enzyme

activity. .
. o o \
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ATEC 11925 and DOAM 137632 based on the reasons stated previously.

The characteristics of CPO production by immobilized C.y fumago strain CMI 89362 in FS
medium in shake flask culture are shown in Fig. §. Initiall;' the enzyme level was low but it
rése to a m‘aximum of 110 mg CPO/L after 10 days. The pH of the medium dropped from an
original value of 5.0 to 4.2 and rgmair:ed at that level for 7 days. While the pH remained stable

enzyme production increased, however after 11 days the enzyme level fell due to irreversible.

denaturation, and was coincident with a pH rise t0 6.0. The profiles of pigment production,
2

pH change and fructose ytiliZation for the immobilized cells wepé found to be very,similar to

those reported previously fof free cells (Pickard, 1981). -Howeger, the enzyme levels achieved

. in immdﬂized hyphae shake flask cultures were about 70%(of levels reached in free hyphal

shake flask cultures (120 as opposed t0180 mg CPO / L). The increase in bead size diameter
over a single transfer was approximately 1 mm and was independent of the initial bead fiamcter

(3 mm). Fructose was not limiting and much remains in the medium after enzy oduction
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has stopped. Pigment production continued throughout the period of the experiment and its

formation is believed to involve chloroperoxidase.

3.1.3.2 Effect of Different Washing Procedures™

Culture in PFS medium dccelérates growth and enzyme production compared to growth in

FS medium. However, the carry over of complex nutrient components from the inoculum

- culture, either ih’t}Tc. medium or the cells maybe responsible for pigmentation development or the

sloughing of myceiium at the bead surface. To investigate these above pbssibilitics a van'ety of

washmg&occdures were evaluat (see Table2) aska means of depleting the carrageenan
A
immobilized mycelium of nutrients accumulated in the complcx medium and to leach out

| num¢nts inside the beads. The washmg procedure also served to remove any hyphal fragments

sloughed off from the fungal beads .

Thc CPO levels produced by thcse culturcs were found to vary between 84-1 11% of the

A o _



Figure 5.

Culture profile of immobilized hypha¢ in shake flask.

C. fumago CMI 89362 was immobilized in 4%ﬁx—carragccnan as described in "

the Methods section. Five hundred mL Erlenmeyer flasks containing 200 tL -

FS medium were inoculated with 20 mL settled volume of immobflizcdjd ‘i

hyphae. Supernatant ‘samfples were taken and anwcd for fructose, CMH.

[

and pigment levels over 15 days. 3

&

4

L
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Effet of Different Washing Procedures on Subsequent Enzy‘r_nc Production.

Table 2.
Typeof Wash Max, Enzyme Cone.  After 16 days
" PFS (no wash) 93 - .74
PFS 90 T 90
FS | 90 L%
K Phosphate pH 5.5 100 - & 94
K Phosphate pH 5.5 (2h) 81 : 64
K Phosphate pH 5.5 (18h) 83 . 83
10 mM CaCl, - 92 92
10 mM CaCl, (2h) 92 81
S , | \ -
10 mM CaCl, (18h) g 100 74

~
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Beads comammg immobilized C. fumago ATCC 89362 grown in complex medium were suspended in one of -

four washing media: the complex phylone -fructose salts medium, the defined fructose snlts mediuri, 20 mM
potassium phosphate buffer pH 5 and 10 mM calcium chloride. After washing twice in Lhesc media by decantation
and aspiration, the four groups of beads were divided into three subgroups which were shaken for 0, 2 and 18 ’h in
the wash medium before transfer to fructose salts.

followed over the next 16 days.
: <A

The enzyme concentration in the flasks (in duplicate) was -



3

* characteristics of a flu1dized bed. . The pH levels seen were nearly identical

: The setup and appearance of the experiment was photographed near th

L _chloroperoxldase could be produced in a semi-cox

“capable of prolonged enzyme production and
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eontrol values (PFS -no wash) on a random basis, and showed that no treatment was obviously . -

<«

preferable to- any other. Also the type of treatment had no long term effect on the’ culture
stability as shown by the high CPO levels after 16 days. Three washes with phosphate buffer
were thereforé chosen as a sta'ndard method of removing free mycelial fragments from cultures
between passages. '

3.1.3.3 Effect of Immobilized Inoculum Size on CPO Levels in Fermenter

Culture : —

A}

The best size of the immobilized hyphae inoculum was evaluated using 5 different loadings

of airlift fermenters and the results are presentcd in Fig. 6. Larger loadmgs resulted in the faster

production of higher lcvels of CPO but this also resulted in the production of hrgher pigment

levels (Fig. 7a) and in the case of the highest loading (90 mL) the culture ey,
sizes until day 15 when the pH in the two highest moculum fermente Fig. 7bj.

(Day 25) and can l%e seen in Fig. 8.

*
o

3.1:3.4 Semi- Continuous CPO Production in Shake

In the nexf study, the immobilized hyphae were used- repeatedly to dctermme lf'
iluous manner, If 1mmobrlized hypha were
t repeated use-in serial transfers th1s would J;;ypass
the need to‘s_tart precultures from stogks. To achieve this, the beads were transferred to fresh

medium when the pH began to 1js¢é sharply, i.e. after enzyme production had ceased. Thus the

o immobilized hyphaeshake flask study was extended to follow the long-term senii-continuous _

.production of CPO by immobilized mycelium of three strams of C. fumago . These results are



3,
g

Figure 6. .  Effect of immobilized hyphae inoculum size on CPO production in*

fermenter culture,

3

Freshly immobilized C. lem'ag0 CMI. 89362 'vx;crc prc.parcd as described in
~ the Methods section and washed with 4% FS. Di'ffcrentﬂs;éttlcd volumes of
, the béads,wcrc used to inoculﬂatc the fer'r'nent“ 3 ld th, 20 mL, 40 mL, 70
mL, and 90 mL. The beads wgéréeg-dispeﬁsled "nto air_lift tower fermenters
‘conta-ining 1L 4% FS and grown as déscribed in the Methods section.:

Supernatant samples were taken periodically and assayed for CPQ activity.
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Figure 7.

| _Effect of 1mmob1hzcd hyphac inoculum size on pxgmcnt production (a) and

pH (b) in fermenter culture.

Freshly immobilized C. fumago CMI 89362 were prepa:ed as described in

the Methods section and washed wifh 4% FS. Different settled volumes of
the beads were uscd to inoculate the fermenters; 10 L, 20 mls 40 mL, 70

. mL, and 90 mL. The beads were dispensed into airlift tower fermcntcrs

| contammg 1L 4% FS and grown as descnbcd in thc Methods scctlon

- Supematant samples were taken pcnodlcally and assaycd for pigment and

pH levels.
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Figure 8.

Appearan_cc of immobilized hyphae inoculum size experiment after 25 days.

Freshly immobilized C. fumago CMI 89362 were prcﬁéfc_:—d as described in
the Methods section and washed with 4% FS. Different settled volumes of

the beads were used to inoculate § airlift fer;nenters; 10 mL, 20 mL, 40 mL, |

+ 70 mL, and 90 mL, from right to left. The beads were dispensed into airlift

tower fermenters containing 1L 4% FS and grown as described in the

Methods section and the photdgraph was taken-on day 26.
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Figure 9.

Semi-continuous production of CPO.by immobilizéd C. fumago in shake ﬂa,ek
culture. T

C. fuMago strains CMI 89362, ATCC 11925 and DOAM 137632 wérc
immobilized and washed between transfers with 20 mM phoshate buffc; pH'
5.5 as described in the Methods section. After immobgiﬂl.ization, 20 mL settled
volume of beads were used to inoculate 200 mL of PFS medium. After 2
passages in PFS, the beads were transferred to 200 mL 4% FS medium for 10
passages. Supernatant saﬁnplcs were obtainc‘:d and assayed for enzyme activity.

The effect of rcpcaied transfers of immobilized C. fumago strains CMI 89362,
ATCC 11925 and DOAM 137632 was dctermincd for the maximum enzyme

levels (o), the length of time for each passage in dayg (yz—axis) (@), and the

increase in bead size (O).



50

[4

(ww) Jelewelp peeq-:

Huummmm.a / SAep) |eAae| OdD wnuwixew zoa.oh 0} ueye) sAep

o o : o Q
o~ - cOl : o - N hans Q N o
Y Y Y v v M v M o~ M
- N (Vo) 4 N
© 1 ; 1 @ v
) o . ~
o 1 - 1 1" » .
[+ 0] clv ] L ad o
- C @ b v—
S . ‘ ;Z
9 (@] 17
o © Yo
h < h (o) @©
h 1
« - ©
s o s~ - - -
M 12 4
4 H 4 H o~
< < J
@ o
> - n>v It A A I A1 - o
o oo o Ne) : o
el o v v ] v Ow o :0..
mJ_\OEu wnipew o0 Jusiuod 0sSepIX01edoIoiyd

number of bead passages



The initial two passagcs were in PFS but thereafter in FS medium. In plac;c of a direct

timé se}m the ordinate is the number of passagQ the length of which were not constant but

varied depending on the length of time taken to reach maximum enzyme levels before the

5t

medium pH rose above 6. This paragmeter, recorded on the left abscissa, ranged from 8-18 days

’n‘y:‘!

' with a mean of 12 days over.the firs ages: -~

The three suaips tested behaved differently. With strain CMI 89362, the activity remained
hxgh for approx1mately 96 days or 8 successive transfers in defined medlum after initial grgwth
~ in complex medlum The levels were lower than those attained when free cell batch culzl;ek
weré used but CMI 89362 was able to produce enzyme concentrations with a mean of 96 mg
CPO/L during six producnon penods There was variability in the length of time to rcach a
maximum enzyme level and the increase in bead dlameter was almost linear. CPO producnon

by strain ATCC 11925 declined with increasing passage number but appeared to be less vanablc

in the amount of time to reach maximum e
L

levels and bead size remained very capstant.
The bead size did not increase because litt“e wth occurred on the, bead surface. New érowth
" came in the form of fine grains which arose from ‘'shed hyphal fragments. Strain DOAM
137632 sh?wed an immediate reduction in its production levels after transfcf to defined medium
on passage 3 where it remained for the rest of the experimen/t, yet the culture"continued to groW

indicated by the bead diameter increase.™In summary, on transfer from complex to defined

medium there was little change in enzyme productlon by C. fumago CMI 89362 over ghe first 8

,passages (mean 96 mg CPO/L). In strain ATCC 11925 enzyme producuon declined gradually
over t\h;s period (mean: 69 mg CPO/L) while in the third culture DOAM 137632, production
fell suddenly (sheans 23 mg CPOL). ' |

The time at which the supernatant was harvested was important as enzyme activity is lost
when the medium pH rise} above 6.5. However exposu;e of the immobilized cultures to these
higher pH values did notfaffect subsequent enzyme production in later pes;isvages, ihdicating that

the stability of the enzyme producing system was not affected.



During cach passage, the fresh fructose salts medium stimulated new mycelial growth on

the bead surface. gycelial fragments were sloughed o.ff i‘r:to the medium and these were

52

removed during the washing procedure. The surface growth also caused an increase-in bead -

' size from an initial diameter of 0.3 cm to up to 1 cm. Two of the cultures, CMI 89362 and

£ DOAM 137632, showed an aldbost linear increase in bead dimension while the intermediate

producer ATCC 11925 showed virtually none. This increase became a problel'n when beads
reached 1 cmi diameter as they were then in constant oontact with each other, causing’ physieal

breakdown, probable decreased okygén transfer and eventually lower enzyme production levels.

- No problems were encountered with bacterial or yeast contamination even though the beads

were extensively manipulated over the S months of the experiment.
N f_& B ‘

3.1.3.5 Contiuuous Produotion by Immobillzed Hyphae

Immoblllzed C. fumago CMI 89362 was used Yor contmuous producuon of

‘chloroperoxldase in an external loop alrlet tower fermenter in defined, medium. "The fungal

-l'

beads were mrculated unul tﬁe onzyme level in the meduﬁ) reapgled >100 mg/L before medmm
C ot o

replacement began The e'fflué"fi‘t froit; i

sé" leve‘l liowed the

of a fermenter may, 'how cha*racxensncs of acomﬁlel’ m};ﬁmenter system In a complete mix

SR o (i
system the concahtrafon of an mert compound at any "time in the fermenter follows a

mathematxcally dergigy equatwg, fox‘ the Compounds washout assumlng it is not being

contmuously pro&fé&l og trausfo;rned In Fxg 11 the eomplete mmix charactensncs of the airlift

- fermenter i§ ﬂlustmé'ﬁ %y the washout of methylene blue from a methylenk blue/distilled water

solutxon by contf _sbci';sulled water addltlon 5 ) '

‘ samplea} Eﬁer l9,g,g¥svand a plot of the



Figure 10. Continuous CPO production by repeatedly used immobilized hyphae.

.

£ Immobilized C. fumago CMI 89362 was incubated in PFS and 4% FS medium

before the inoculation of SOmL settled volume into a fermenter containing 1L

.

4% FS medium. Fermenter parameters were:. room temperature, 0.6 L

air/min, bead cfrculation time= 35 s, &low rate=23 mL/h (HRT=43 h).

L4

The fcrmcnter was operated as abatch system (condmomng phase) for 9 days
to allow CPO levels tﬁ rise abovc 100 m,g/L prior to medium addition. Efﬂucnt
from the fermenter was assayed for CPO activity and compared to a theoretical

washout curve*,

-

H

»* see Fig. 9 for washout out curve calculation.



"54 @

*

0O .50 .100  150. 200 250 - "300.
. Y Time (hy

~

@ Continuou's, CPO Production 0~ Theore_ticaqu\/as'ho'ut Curve

1

a



V\_‘—:E::;J«‘

.//Fi/gure 11. Fermenter design analysis. Determination of a complete mix system.

Methylene blue was washed out of the fermenter by simultaneous distilled -
water addition and effluent removal. The flow rdte was 180 mL/h (HRT=5.5

h) and the aeration rate was 0.6 L air/min. The concentration of’methylc‘nc blue:
in the fermenter effluent was followed by spe&rdphdtomctric- assay

(\max=668 nm). The nitial concentration of methylene blue (M.B.) in the

ATy .
fermenter was then used to calculate a theoretical washout curve using the

formula for a complete mix system: C,=C, e'/lo, where C, = the

.

concentration of M.B. at time t, C, = the concentration of M.B. at time = 0, t =

-

' time, and t ;= hydraulic rctehtipn time (HRT = system volume/flow rate). -

L
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'3 1.3.6 Comparison of Immoblhzed Mycehum wnth Free Mycellal Pellets
The results obtained wrth immobilized hyphae were encouraging but the nuTber of
.mampulatlons and the t1me taken to prepare the inocula for each fermenter Tun was a' \major

drsadvantage to usmg 1mmob1hzed hyphae For this reason, compansons were made w1th
\\

mycehal pellets in airlift fermentations. The pellets were generated by manlpulatlonx\of

~conditions for inoculum preparation mentioned earher. . . s
IR ) ’ N .. . - . . ' »o Q

L3

Pellet formation directed by immobilizing homogenized mycelia in x-carrageenan and by
 controlled inoculum preparation were compared in Fig. 12. Using a different inoculum but "~

under the same growth conditions the free pellets showed the similar levels of continuous CPO

production (30-50 mg CPO/L) as the x-carrageenan beads. These immobilized mycelium results

' are those reported in Fig. 10.

~

3.1.4 Contmuous Productlon by Mycelial Pellets ’

A number of ferienter cultures were 1nvest1gated using mycehal pellets mstead of « &
~ immobilized hyphae to determine the effect of varying expenmental parameters. C. fumago

CMI 89362 pellets were grovvn in 4% FS medium in an airlift fermenter, as desCribed for the

immobilized hyphae, ‘and were 'mo‘mtored for medmm levels of en zyme producnon

carbohydrate and mtrate, pH and p}gment produc{rgn | ‘ ?
The biomass level in the fermenter could not be determmed at anyparncular txme during an
expenment but- the ;noculum 31ze, the pellet size 1ncrease and the ﬁnal bromass yreld from the

fermenter were determmed for each expenment A culture profile of a typlcal contmuous CPO

T
'

'productlon fermenter run is shown in Fig. 13. Enzyme levels followed the washout c11rve for

thefrrst 2 retennon times, when enzyme levels were allowed to nse initially above lOO mg/L
_ (condmomng) The culture produced CPO at 30 50 mg/L for >4 retention times. After
. wg@mnmg, the pigment levels were htgh and the sugar and nitrate levels were low. Over

- time, tetal carbohydrate and mtrate levels r8se almost to the levels in the feed, while pigment



Figﬁrc 12. Comparison’ of continuous production by immobilized hyphae h’ﬁ‘d"'mycelial

—

e

pellets.

The fermenter was inoculated with a measured settled volume of mycelial

pellets of C. fumago CMI"8_V'§362 érown in'a shake»ﬂask. The pellets were

circulated (pellet circul é)n time = 5 s, aeration rate = 0.6 L/min) without

' \
addition or removal of medium until- the medium CPO level had reached an

elevated level (fc'rm'cntcr'y conditioning), aBove 60 mg CPO/L: Then

simultaneous medium (4% FS) addition and removal began (HRT= 43 h).The
» B - . . Lo
effluent was sampled for at least 4 retention times.

]
K\

i
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Figure 13. Fermenter culture profile of mycelial pellets continuously-fed with 4% FS.

1

CALL fcxmcnicr was .inoculated with 50 mL settled volﬁmc of C. fumago CMI |
89362 mycelial pellets grown in a shake ﬂask. The pellets wcré circulated
once every 5 s »:vith an aeration '.rat;: of 0.6 L/min without addition or
removal of xﬁcdium until the medium CPO level "had_ reached an elevated level
(fermenter c'oné@tiohirig), above 90 mg CPO/L. Then sirﬁuitqncqu_s medium
addition of 4% FS and removal of culture ﬂuxdb”egan at a flow rate of 28 mL/h

3 , (HRT=36 h). The effluent was sampled fér 4 retentio;x ﬁmeg and z;ssaycd for o

CPO, ni&'aze, pH, pigment and total carbohydrate (CHO) levels.

1
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3
levels remained fairly constant throughout However pigment levels did.decrease to I/ﬂf the

6

starting level in other fermenter cultures at flow rates above 65 mL/h (dta not shown) The pH

l

of the effluent fluctus.ted between 3.5 and 4.5. Pellet diameter size increased linearly over time,
from less than 3 mm diametes to anproximately 10 mm and the final biomass levels were found
to be 15-20 g dry weigh*7..." ~m an in tial inoculum of 0.1 gdry wetght/L.

The effect of nutrient feed (4% FS) rate on the levels of CPO found in‘-_'the effluent is shown
in Fig.14. Several flow rates were tested; slow '(30mL/h), moderate (40;60 mL/h), and fast
(120 mL/h). Increasing the flow rate of the nutrient feed from moderate to fa;t succeeded only
in reducing the levels of CPO found in the effluent from 30-50 mg CPO/L to < 10 mg CPO /L.

- Enzyme washout was almost complete at the high flow rate whereas at low flow rates (15 mL/h)

the enzyme levels in the effluent were very close to control run batch levels

The carbohydrate levels in the effluent were still high when using a 4% FS feeql In order

toobserve the effect of lowered fructose concentration in the numen’t/feed on CPO levels found

4n the effluent, experiments were conducted using a 2% FS feed solution, since half the fructose

remained in the batch cultures. The profiles of enzyme concentration found in the effluent using
2% FS at three different flow rates (Fig.15) showed that 2% FS feed-solution was 'eapable of
supportmg contmuous enzyme productlon However there was a slight lowering in CPO

productron levels when compared with, 4% fructose-salts medium (Fig 14) Variation in the'
CPO levels could be explained by the ﬁ?gh% drfferences in the flow rates at each level and
inoculum variation. Thus a 2% FS feed seemed to be adequate for the maintenance of-the
culture durmg continuous enzyme production. The mycelial pellets used repeatedly in these

contmuous -fed fermeme( cultures can be viewed in Flg 16.

It was also dete r&k&l that the starting time of nutrient feed addition had no effect on the

o

final level of CPO "

uced (Fxg 17 and 18) When simultaneous addition and removal of

medium (4% FS“%low flow rate) was initiated at the time of moculatlon the enzyme

&a

W’



Figure 14. Effect of 4% FS feeds on effluent CPO levels from airlift fermenter cultur.
C. fumago CMI 89362 pellets were used for all three cxpcrim#nts. Fermenter
-culture conditions were the same for all.three experiments and were the same as
those described in the methods section. CPO levels were momtorcd in the
culture cfﬂucnt and plottcd agamst the retention time. |

.V

Fungal pellets were generated as described in the methods section. In the first
experiment 60 mg of pellets (0.1cm diameter, 10 mL settled volume) were
inoculated into a fermenter’containing 1L 4% FS medium. After conditioning,
4% FS mcdlum was added and culture supernatant was removed at a slow flow
rate (28 mL/h, HRT=36h). The same pellets were reused in the next

experiment.

Moderate Flow Rate

The pellets (1.2 cm diameter, 106 mL settled volume, 5 g dry wt.) obtained
from the slow feed expcnmcnt were washed with 0.1 M phosphate buffer pH
'5.5 and returned to a sterilized fermenter containing fresh 4% FS medium.
After conditioning simultaneous medium addition and supernatant removal was
carried out 2 moderate flow rate (46 mL/h, HRT=22h).

Fast Flow Rate
For this experiment fresh pellets were produced as previously described. The

fermenter was inoculated with a measured settled volume (30 mL)-of pellets

‘ (0.5. cm diameter, 1.2 g dry wf.‘). Again after conditioning, the 4% FS
medium feed and supernatant sampling took place. at a fast flow rate (114
mL/k, HRT=8.8h). ' o
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Figure 15. Effect of 2% FS feeds on effluf:;nr CpPO ?;vcls from airiift fermenter culture.

Fast Flow Rate

Fermenter culture conditions were the same for all three experiments, as

" described in the methods section. C. fumago CMI 89362 pellets were used for

all three experiments.

?

In this experiment previously used pellets (1.3 cm diameter, 250 mL settled
volume, 27 g dry wt.) were waghed with 0.1 M phosphate buffer and
inoculated into a fermenter containing 1L 2% FS medium. After conditioning,
2% FS medium was added and culture supernatant was removed at a fast flow
rate (120 mL/h, HRT=8.6 h). The same pellets were reused in the next

experiment. ' *

- Moderate Flow Rate

The pellets (1.4 cm dianmér. 350 mL settled volume, 30 g dry wt.) obtained
from the above fast feed experiment were washed with 0.1 M phosphate buffer
pH 5.5 and returned to a_vcleaned qu resterilized fermenter containing fresh 2%
FS medium. After conditioning, simultaneous medium addition (2% FS) and
supernatant removal was carried out a moderate flow rate (65 mL/h,
HRT=15.3 h). | o |

+

Slow Flow Rgtg q

- For this expcnmcnt pellets were saved: from the prev1ous fermenter run. The

¢
fermenter containing 2% FS was inoculated with a measured settled volume

. (300 mL) of pellets (1.6 cm diameter, 30 g dry wt.). Again after

conditioning, the 2% FS medium feed and supernatant sampling took place at a
slow flow rate (33 mL/h, HRT=30.4 h).

- CPO lcvels were monitored in the culture effluent and plottcd against the_} ‘

©

~ retention time.
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Figure 16. Photograph of mycelial pellets used for continuous CPO production.

After 4 fermenter cultures, the mycelial pellets wcr',ﬁrrﬁ and spherical in shape |,

with a highly convoluted surface. The black ‘pcllcis ranged in size from .

1.3-1.5 cm in diameter.
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", .Figure 17. Fermenter culture proﬁle and effect of culture fe;d time on subsequg@t CPO
| Productlon levels o - o | ‘\\”
N » . . . . ’ N | /’/

A 50 mL seétled volume 2.5 g'dry wt.) of C. mnago CMI 89362 fungal
1)

pellets were transferred to each of two airlift fermenters each contammg 1L

4% FS medium. At moculatton time, one fermenter was glven a 4% FS feed

oo p, A A slow flou“ate (26 mL/h,. HRT= 38.5 h) while the other fef'ﬂtenter was

' operated as a batch culture. CPO, carbohydrate (CHO) pxgmentﬁy pH
" levels were momtored from both fermemers and were plotted asa funchon of

- the time. . .
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concentrauon cltmbed and eventually stabilized at 30-50 mg CPO/L (Fig. 17). ThlS result is
very ‘similar to the conditioning expenments where the enzyme levels were ﬁrs! allowed to chmb&
. above 100 mg CPO/L before sxmultaneous medtum addition and removal began (see Fig. 14).
Figure 17 also shows that the pH and the ptgment levels remain very constant and the_total
carbohydrate levels never fall below 10 mg/mL in the batch or the contmu0usly fed fermenter.
At a slow flow rate (fermenter condmomng expertment not done) enzyme | vels could be
elevated to approxxmately 100 mg CPO/L, and closel')bfollowed the batch cfro producuon
profile (Fig. 18). ' . |
In a compos1te graph contammg the pooled data from all continuous C% product : ;
_ experrments Fig. 19 relates the average level: of enzyme produced in contmuously fed cultm |
®to the flow rate of the nument feed. Slow flow rates (<25 mL/h) were found to be the best for
., high levels of contmuous enzyme productron At flow rates below approx1mately 65 mL/h, as
shown in Frg 20, the rate of enzyme production in the contmuously fed culture was I. 19;t 09
mg CPO/. At flow rates above 65 mL/h, the rate of production dropped . ' B
| The use of PFS medlurh'gs a growth medlum was mvesugated (data not presented). It. was
drscontlnued when the 1mmob1hzed hypha grew in 10 days to a size >2 cm, and e'ventuallyy
plugged the downcomer tube of the fegmenter (Fig. 21). Dunng growth the fermenter culture
foamed excessively and the aerat10n rat hyd to be lowered Usmg the same size of moculurhhn
2% FS and 4% FS (data not shown) re lted in‘a more manageable yréld of fungal biomass.
When 2% fructose-salts was usd to support fungal growth 1t resulted in sltghtly lower enzyme
levels (Pickard, 1981) so 4% FS was used for enzyme productlon. _‘ Also when usmg the -
deﬁned medlum, little (0.01%-0.1%) or no antxfoam was requrred
| Blomass deterrmnattons were attemptedl harvestmg whole fermenters to obtain single value.
This relatlonshtp is presented in F1g 22. Fungal dry welght was. %grrelated to the settled pellet'
.. volume and the pellet diameter. For the glven mﬁ!ﬂum sxze, the dry welght was directly®

”\.shown) but both the dry

proportlonal to the settled volume of pellets in the fermenter ( day
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Figure 18,

4 i .
ferménter bcgan to recelvc a 4‘{0@78 feéd at avery. slow flow rate (15 mL/h,

”

Comparison of _enzyme r’p‘t_&luction under batch. and slow-feed rate «___

2

continuous conditions in airlift fermenters.

' & VSO ‘ .
Frcshly‘prepared C. fumggo CMI 89362 pcllcts (see Methods section) were
inoculated (10 mL settlcd vol/fermehter 0. 37 g dry wt ) mtd cacl’%

a

auhﬁ, fcrmcnters contammg 4% FS- mtdlum At moculatxon time one -

HRT= 66 h) whxle tl}lg other fenngntcr was opcrated as a batch culture. CPO

and pH lcvcls were momtored ftom both fermcnters and were plottcd as a

-

funcuonofthenme T B ‘_ y oy

-~
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" Figurepl9.  Effect of flow rate on continuous CPO production from airlift fermenter .~
. cultures. o P . _ ‘
i’_’ "
‘ | . »
¢ " Thc‘a from the previous continuously fed fermenter cultures are
R summarized and presented in this graph. The mg”CPO/L value was

calculated by averaging the CPO levels found in the effluent after 3 retention -

times. ” o : g ‘w” o * | ,
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Figure 20.
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. n

Effect of flow rate on continuous CPO production from airlift fermenter

Y
cultures. '
L 4

[E

R

The rate of CPO produ.ction'irﬂu mg per hour as a function of the flow rate of-

the feed was plotted. The production rate was determined by dividing the

average CPO level after 3 retention times by the flow rate.

]

' . -



&

20 t

~(mg/h)

—
1

0.0 += + —t —4
0O - 20 .. 40 60 .80
Flow Rate (mL/h)

;100

120

7



[

¥

Figure 21, Photog;aph of irﬁmobilizcd C. fumago CMI 89362 hyphae after 10 days

'\PFS medium. o .

- 8 . - g . paaaat
After immobilization, 20mL’ settled volume of immobilized hyphae (0.3 cm.

diaxnci;r) wc;é%fﬁbwlateg Nt PES r?‘]“éd’ium cor;it‘zii}ling antifoam A. With 10
days culture the beads had grown to 2 cm diameter and-had plugged.the
do},vncomér of‘the fcrmentcr.\ For‘ the‘ photograph, the fermenier yas emptied
and a small number of the beads were. suspended irvg;;lﬁ:d water inside

: -

*: the fermenter.






Figure 22.

wd

Settled volume of pellets versus biomass in airlift fermenter culture.

I}

!

Four airlift tower fermenters cbnfaining 4% FS medium were inoculated with
C. fumago CMI 89362 pMlets (0.1 cm diameter, 4 mL settled volume, 60 mg
dry wt.) anc:i‘opcratcd as batch cultures. The culture Was Thoniwred for
biomass increase by following the ‘increasc in settled volume of pe}lits' inside

the fermenter and haswgsting whole fermenters.

B
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' .agrtatlon speeds the fungls grew, very welliut d1d ot produce high CPO levels Under B

~ form of pellets,. aryl hlgh enzyme levels were achieved (approximately 60 n‘lg/L) after 26 days

N .
\’"/_ . An attempt to grow the fungus ina2 L 1nternal loop a1r11ft fermcnter (BR,L) fatled due to .

~.

: pellets

| c . \ - .\ ‘ - R . -,

N

-

wetght and the settled volume were not linear over an extended period of time. -
I . » - “‘\s_ ' S E N

! ‘ ~

3.1.5 Large Scale CPO Produetlon ' / \ ‘.
$.
- C. fumag‘o CM1 89362 CPO productron m the 56 L LH enter was’ camed out: with -

N . e N

' computer momtormg of tempe"ature pH and p02 In earller runs at high aeratron ratcs and

moderate aeratlon (0.6 v/v) and low agitation speed (IO%rpm) the fungus grew slowly, in the

®

~ - . .‘r\..

2

3.1.6 Other Fungal Fermentatlons N LT

' fungal pellet adherence to th ls‘lde andupartmonmg walls in the ferment&(th 24) caused by thc

1ncubatxon (‘Elg 23). Fmal bxomass yleld was approxrmately 300 gof C. fumago CMI 89362_ B

unusgal rheology dlsplayed ‘by the fermenter at operatlonal aeratlon rates (<1 L arr/mln) Also '

thé same problem eventually occurred when a LH 2 L mtemal loop fermenter was 1nocu1ated
. 4

{ t .
w1th mycellal pellets.. - IR

Y - i
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_ y
Figu‘rgf'23 Fcrmentcr proflle of largc scale CPO producnon in a 50 L stirred tank'

fermenter batch culr/ v ; "

/ B - : ]
| C fumago CMI 89362 pellcts were preparcd as descnbcd in the Methods
4 sccuon (2‘9) The fermenter was set up and medium prepared the same day j
of ingculation. The fructose was auto::laved separately apd added to'the salts
medium pn_or to inoculation. The fermenter parameters were as follows: no
- baffles, 100 % D.O. (<100 rpm & 30 L aiw/min), 28 C, pH control to 41, -
| usi‘ng &N HC] and 6N NaOH, for the first 5 days a.nd'to 3. 5 for thc lilst 5 “
e >~;~"’days No pH control was uscd for the remamdcr of the fermentanon

Samples were obtalncd aseptically and assayed for CPO levelg
& a
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Flgure 24 Photograph of C: fumago CMI 89362 pellets in a BRL 2L airlift fermenter after

21 days culture in FS medium. ‘ M

& . e . o -
»

After pellet folmation in PFS precultur'e,‘ 10 mL settled volume of fungal pellets
(0.1 cm dia'n’ieterv 60 mg: tiry woight) were inoculated into PFS medx&p
' contammg anufoam A. Wxthm 2 days the fluid dynarmcs of the fexmenter had

trapped the pellets along theemtemal loop partitioning wall where the pellets "

then continued to grow for the remainder of the experiment.

-
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Peroxrdases have been proposed for the. treatment of phenolic contarnmg wastewaters and :
tﬂe spectrum of phenolrc ox:drzmg acttvrty has been deterrmned for HRP (Albem and Kllbanov
'1981). During the HRP study, CPO was also tested for phenol oxldatlon and was found o be

—

responsrble for only low efﬁcrency enzymatic oxrdatlon of phenolic compounds, although no
‘ data was presented (Albertl and Khbanov, 1981) However in Dr.,Fedorak's lab, it was found -
i thht in the presence of CPO and hydrogen perox1de and in the absence of“l{alrdes, a phenol

Ly

solutxon turned-quickly from colorless toa yellow color This observatmn indicated that CPO

was capable of catalyzmg a rap1d peroxidase type reaction. The‘refore, ~the following

experiments were carried out to determine (1) if CPO was capable of oxidizi,rtg"a Iwide variety of

phenohc (‘ompounds, (2) the optlmum conditions for maximum oxrdatlons, and 3) whether or

[}

not it has any practical use in the treatment of phenohc wastewaters

- e ey
* ' v . ) ’ J ‘.

1 . B ¢ ) “
3.2.1 Survey of Phenols for Suscgptlblllty to CPO o

Table 3 shows the relative susceptxbrhtles ofa vanety of phenolic compounds to oxtdatlon B
by multiple additions of chloroperoxldase@nd perox1de at pH 3 and 5.5 under cogdmons similar
to those used by Alberu and Khbanov (1981). In the studres by Kllbanov and Morns (1981)
and Albert1 and Kllbanov (1981), the peroxrdase concentratron was vaned to maxmuze the
“oxidation of the test compound In this study, the amount of CPO used was kept constant in
order to carry out a companson of thé susceptxblhttes of the phenolic compoxinds However thlS |
resulted in the choice of an enzyme concentrauon whxch was in excess of the amount required to

N AR
carry out classical enzyme kinetic studles Therefore few attempts were made to mterpret the .

1; 4

/'\ ! . .
data in terms of the reaction rate. - - T {

The substrates were found to fall into 4 groups based on the amount of oxrdatron (1) The



o
' t
§
Table 3. Oxidition of phendlic‘compbhnds'; ’

v e Total . Enzymic* . Erss;mnm:_Ean:d
Substrate . | ﬁH_l.Q pHSS pH30 nH.ii pH 3.0 D.H_S..i
~ phenol N 81 70 , 10. 62 . - ) / -
“o-cresol 8§ 91 - 52 60 - - -
- m-cresol * >95. - >95 . 72 . 82 o "

" peresol .92 T >95 79 64 Y = .
" 23-dimethylphenol 64 68 2t 50 + +
2,4-dimethylphenol . 72 71 56 54 - -
- 2,5-dimethylphenol, 73 77 41 53 + +
' 2,6-dimethylphenol © 62 68 43 .52 + +
3,4-diméthylphenol  ,>95 295 .80 63 + +
3,5<dimethylpheriol 64 \ 38 5T & 25 - -

4-ethylphenol , =~ 395 >95 . 75 90 + +

2- chlorophenol ~>95 80 - 82 . 75 - -

3- chlorophenol >95 90 90- 85~ , - -

4-chlorophenol >95 ) " 595 - 88 93 + +

 cyclohexandl ¢ 14 3 107 0 ; -

2-methylcyclohexanol 0 " Jo 0 0 : -

3- methylcyclohexanol 9- 7 0 1 - E

" 4—mcthylcyclohexanol 0 .0 0 0 - -
\ -

. Phenohé reaction mlxtures (100 mg/L, pH 275, 5 5) were prepi nneLsample'd as dcsdibed in lhe Methods
sectjon. CPO.(5 Hg) and H202 (0 2 1mol) were added at time 0 and at\30 min mlervals thereafter. Standard curves
for each phenol were prepared and were linear in lhe concentrauon range tested. _(* enzymic=total - peroxide

7

control.)

oy - - - &
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ehlorophenols were found to be readily oxxdlzed (>95%) (2) Next in susceptlblhtx were

. phenol and the monoalkyl phenols (3) The dnmethylphenols were found to be substrates of
\mtermedlate suscepnbnhty and (4) the cyclohexanols were found to be poor substrates for th1s
reaction. The low reactivity of the cyclohexanols 1nfers that the aro‘atxc nucleus is a

reqmrement for oxidation. Enzymlc oxxdauon refers to the total phenohc OdelZCd minus the

Was duelo presence of excess
i

enzymeu.n the reactlon mxxture which would mask any effect of pH would have on enzyme

have no pbwious effect on the amount of phenohc oxidized. Thxs

‘ acuvxty : s

Like HRP chloroperox1dase catalyzed ox1dat10n can result in the formatlon of prempxtates )

- —

as seen with 7 of the 14 phenolic compounds tested The formation of prec1p1tates is important
A the use_of ¢ enzymes in wastewater treatment because this will allow the oxidized phenohc
| ~c”ompounds to be removed by 51mple sedimentation or- ﬂltranon Precipitates were not formed in
| all cases but the reaction condmons were standardized to determme tflefelauve suscepubllmes of

© the subgtrates, not opumlzed for substrate removal. If reacuon conditions, were changed so that

fhock loading ¢ concentratlons of phenol (>250 mg/L rather than 100 mg/L) were used (see later ..

expenment) the percent phienolic o oxidized remained hlgh anda precipitate was formed

~ 3

In the survey experiment with various phenohc compounds (Table 3), muluple enzyme and’

hydrogen peroxide additions were used in an attempt to maximize the oxidation of the phenolic

 substrate according to thé logic used by Klibanov et al (1983). As shown in the time course of

]

89

e

phenol removal (Fig. 25), each addition (4 in all) resulted in a rela;ively constant amount of .

oxidation (20% oxidized) suggesting the enzyme is being inactivated durmg the reaction. The.

amount of phenol oxidation catalyzed by peroxide alone was found to vary between expenments
but it always remamed small (<10%):. .

Subscquent studles showed that sequenual addmons of ;ffzyme (Flg 26a) and the delay
. e .



" Figure 25.  Phenol oxidation qsing multiple enzyme additions.

A4 .

Four additiolpé of enzyme (5 pg) and hydrogen peroxide (0.2 umol)
were made at time 0 and every 30 min thereafter to ! pmol phenéi at pH
' 2.75 or at pH 5.5, as described iﬁ the Methods sectioﬁ The amount Qf
. phenol remammg at any time -was detemnncd by GC analysis and
' companson of peak areas to standar(f phenol solutlons as described in the

“Methods section.

~
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e
Figurd 26.

" between agditions. Samples were taken every m

a) Phenol oxidation using a single addition of C‘PO and slow additions of

-peroxide. .

Reaction mi;(tures contained a single 5 ug enzyme addition, S additions of
0.2 ymol hydrogen peroxide ,’and 1 umol phcnél at pH/IfJS or at pH 5.5,
w@th 30 min between pcrqxiae additions. Samples wcirewtal(cn and injcétcd
into the GC every _30"min to Qctcrmine thé a‘rjnoum of phenol oxidized.
Controls (no CPO) were assayed to determine non-enzymatic oxid?:t‘idh al_ Ehc
same times. The time O sample,' bcforc enzyme and péroxidc dddilié)n,

served as a 0% oxidized sample.

b‘)_Phcnol oxidation using a single addition of CPO and rapid additions of
peroxide. .

A single énzymc addition (5 ug), and 7 hydrogenn peroxide additions were-

_added to 1mL of phenol reaction mixture as dcserib?bove but with 1 min

in as described in the

~ Methods section and the amount of phenol remaining was determined by

N .
comparing peak areas with a time 0 (100% phenol remaining) sample.

*
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- between additions (Fig. 26b) were not ‘crucial for high phenol Oxiflation. Both graphs showsl
thé results of chloroperoxidase catalyzed oxidation of phenol at pH 2.75 and 6; A single
addition of cnzyhe and § additions of ,hy(irogt;n peroxide, resulted in >85% of tﬁc phenol

" oxidation at'pH 2.75 and pH 5.5 over 3 h. With one addition of enzgme and 7 additio_ns of .

_peroxide (Fig. 26b), total oxidation of phenol was achieved after 7.min. This was achieved

with a molar addition ;atio of 'H'202:phcnol équal to 1.3: 1. Alsoa precipitate was, fc\)(nncd that
was readily filtered. l')cspitc/énzymc inactivation, wilich >wi‘ll b'.c“d‘iscusscd_ later, enough C.PO
was present to catalyze the total rempval o{ 1he pilcné'i ar;a the 'siraight‘ line résponse at lo“WJ"
phenol conéeﬁtrations furihcr suggests zero order kinefcs. Further studies showed that the
B ‘catalyzed reaction was cornplcted within 30 s after hydrogen peroxide addition (Fig. 27a) and

that 90% of the phenol could be oxidiz@:d with a single addition of-enzyme an péroxidc (Fig.

274), For this reason the following studies show the percent phenol oxidizcci as a’fun‘ction of
: _;addition'numbcr rather than time. From the data shown in Fig. f7l?,.a tum.over number of

ap roximately ‘2 x 10% mol phcx%’bl/mc;l CPO/min was calculated for $the phenol oxidation

' rZ;tion. However, this is likely dconscrvativc estimate since the réaction contained a 1argc
excess of enzyme f:fhé?}hmrbeing enzyne limited. |
5_.2.2 Oxidation at ¥High Phenol Conc'entratiz;ls )

The conccntratfon of phenol in phenolic wastéwaters can often be in excess of 4. g/L
(Fedorak and Hrudey 1984i)). CPO was also able fo catalyze phenol oxidations at these shock
l(oading concentrations and lhc;e results are showh in Fig. 28. The enzyme was active at high
pher;ol concentrations and was still very effective at oxidiging >70% of the phenol, at phenol

\ G

concentrations up to 1 g/L. Based on a'molecular weight of 42,000 for CPO, the addition of 10
e , ‘

ug of CPO, and assvming 70% oxidation of phenol at 1.0 g/L, the catalytic longevity for CPO

was. determined to be 3.1 x 10"moles phenol/moles €PO. Doubling the amount of CPO added
did not proportionally increase (approximately 10%) the amount of phenol bxidized (Fig. 29),

@
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~ Figure 27. . a) Single enzyme and small peroxide addition..’
. : , . \/ * . . . | “ .
The initial rate othe oxidation reaction was examinéd after a single addi;ion

L

=3

S of 5 pg of CPO and 0.2 pmol HZO to 1 pmol phenol Samples were taken -

and subjected to GC analysxs at 30% s and att=5, 10 and 15 mm-and compared o

o time 0 phenol peak areas to determme the amdunt of phenol remaining,
S | ~ \

. l)) Single enZ);me and large peroxide addition. '

To detemnne if the addmon of equxmolar amounts of peroxnde and phenol to

the reag:non mlxture w1ll result in the same amount of oxldatlon as multlple
.:“év'\ .

3

iaddmons of peroxlde 5 pg of CPO/ﬁnd 14 pmol H202 were added to

s
1 pmol phenol at pHS.S5 i mL and samples were taken and analysed hv

GC as descnbed in the fethods section.” - o : i
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' phcnol A sxngle addmon of CPO (5 pg) and multiple additions of

propomonall&ngher amounts of hydrogcn peroxide were added to 1 mL of '

. reaction mixtur¢ as described in the Methods-section. Samples were taken
~ before each addition, diluted with dlstxllcd water ‘when necessary and

analyzed by GC for the arpount of *nol remaining.
, »

.
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Figuke 29. Comparison of elevated o}z&mg levels on phenol oxidation at shock loadihg

concentrations .’ RPN

;l"o determine if incrga‘sing_ the amount of CPO addéd at highér phenol
o éoncéntra‘tioné inc-;e'ased ihe amount of oxidation, reaction mixtures were .
prepared wit}j 5 umol and 10 pmol phenolJ(pH 5.5). A sinale _éddition of
CPO (10 pg) and multiple additions of p:oportional}y higher amounts of
hydrogen peroxide (1 pmol and 2 pmol respccti?élsl-) wére added to 1 mL

reaction mixtures. Samples were taken before each addition, and analyzed as

4
1)

. described in Fig. 28.
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~ again -indieating that a large excess ,Of enzyme was present.
3.23 Further Charactenzatnon of Phenolic Transformatlons
Hydrogen peroxrde is not the only co- substrate sultable for CPO catalyzed phenol
~ oxidation. An altemanve electron donor, peracetlc acid, was found to be a better co-substrate N
than hydrogen peroxlde for the oxndanon of phenol (F1g 30). After 4 additions of peracetxc acid
<10% of the phenol remained compared to, 30% phenol remammg thh hydrogen peroxide '
under similar condmons Peracetic amd is not a substrate for ‘the catalase activity of CPO which .
~ removes hydrogen peroxrde from the reae*tton _ ) ., |
An attempt to determine the effect o\”\p&)ver the range from pH 2.0 to pH 9 5 on the
hahde mdependent peroxidase reaction was hmdered by the fact the reacuon mixture contained
excess enzyme. Reaction mixtures contained 1 pmol phenol and 5 ME CRO and were prepared
with 0.1M phosphate buffer at vanous pH values The reaction was initiated by the addition'of ,
1.0 pmol hydrogen peroxide and sampled at 3, 8 and 12 min. The peak areas obtamed from the -
GC 1ntemtor were averaged and compared to peak areas at zero time (average of three values) :
‘ to dcten'iune the amount of phenol remammg Reactron condmons were adjusted so that aftcr a
smgle addition of CPO and hydrogen peroxide, approxtmately 80% of the phenol was removed.
At lower pH.values (2.75—5.0) the amount of phenol remaining was constant (15-20%).
Between pH 5.5 and pH 8.5 the amount of phenol remaining after treatment fose steadily to
40%. Ahove pH 8.5 the enzyrne vva,s markedly inactivated. These results are difficult to -
' xnterpret and the experiment needs to be repeated at lower enzyme concentrations.

The problem of excess CPO was apparent again when a comparison of phenol oxidation

was attempted at two temperatures 21°and 4 °C: A single addmon of enzyme (5 ug) and |
'mulnple additions of 0. 2 umol hydrogen peroxrde were added to reaction mixtures contammg 1
umol phenol (pH 2.75) at the two temperatures Samples were taken at 30 nlqmute intervals and

ana_lyzed as described in the Methods section. Usmg'a singlé-addition of enzyme and multiple

—~ o — . - -~
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Figure 30.  Comparison of -peracetic acid and hydrq;;en peroxide as co-substrates for

CPO catalyzed phenol oxidation. o

L E

. Reaction mixtures contained 1 umol phenol and 5 ug CPO at pH“rZ.?S or
5.5. Reactions were initiated by the-addition of either 0.2 umol hydrogen '

. " 3 3 .« . . y ° v
peroxide or 0.2 umol peracetic acid'at 20 min intervals. Samples were taken -

prior to each addition, and analyzed ds described in the Methods section.

L,
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additions\ of oeroxidc at 4 °C, no differe

—

the phenol ‘oxidation reaction; For a dxff é‘-e

”- pper Sl ".

' 1
Khbanov experiments (A]berﬁ and Khbanbv r@@gﬁ that under excess enzyme conditions phenol

&ver this eXpenment demonstrates, like the

removal is unaffected by pH over a wide range. . ,
. ] . 1 .

The stability of CPO to phenol and hydrogen peroxide together and to phenol and hydrogen

peroxide separately were tested and the results are shown in Fig. 31. This was determined by

assaying CPO halogenating activity remaining 3Q min after exposure to each additions of

could be detected from a room temperature control.

14

peroxide, phenol and both substrates together. 'Neither phenol or peroxide alone 'affected.the :

amount of halogenating activity but upon addition of both substrat¢ and cosubstmte the amount“

of activity dropped 50% (pH\,S 5) and 80% ( }H 2. 75) aftexs 120 min.

' 3.2.4 Copolymerization of Phenolic Compounds

One reason put forward for the use of an enzyme-based treatment of phenolic wastewaters

was based on the observation that easily oxidized and precipitated phenolic compounds aided’in

" the ‘removal' of less reactive aromatic compounds by coprecipitation (Alberti and Kl}banov,
1981), A . ) : oo I
A prehmmary study designed to detect. copolymenzanon of phenolic compounds was

earried out by treatlng a solution containing both phenol and benzidine. Ncnherﬁphenol nor

-

benzidifie alone, under the conditions used, S ug CPO,"‘I urjq,ol H,0,, 20 pmoi phosphbate’

buffer, pH 2.75, and 1 umol phenol in 1.0 _mL,. formed a visible precipitate but when treated

together they formed a macroscopic reddish-brown substance that was readily removed from

“.
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- .
Figure 31.  Stability of CPO in the presence of hydrogen peroxide or phenol, and to the

Y

presence of both substrates.
i L
i

] s : -

Reaction m)ixtﬁres.c\mained 1 umol phenol and 5 ug CPO at pH 2.75

x

-

or 5.5. Five peroxide (0.2 umol) additions were made at 30 min intervals.
Separate control reaction mixtures, one coptaining only 100 ug phenol, pH
5.5 and the other only 20 mM hydrogen peroxide, pH 5.5, but with 5 1ig

enzyme were run as controls. Saimpﬁliss were takeii at t=30, 60, 90, and 120
i . R -

* min and assayed for chlorinating activity as described in the- Methods section.

s
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s’olution by centrifugation. Analysis showed that the amount of unreacted phenol remaining was
thc same as in the no-benzidine phenol control (15-20%). However the UV absorp n at 247

nm, the Amax of benzidine, of the mixture containing both substrates mcrcascd akztcr ‘CPO

-

‘treatment. In thg,) bbnzjdine’ control them was & 4 fold decrease in the A247 nm aftcr CPO

107

treatment. In a similar experiment, 4-chlorophenol (50 myf) was used to aid in the oxidatioh

) and preupnanon of 2,6-dimethylphenal (50 mg/L) a less reactive phenolic. After a single

A A

" addition of 5 ug CPO and 0.8 pmol H,0,, 30% of the 2,6-dimethylphenol remained and nq,

chlorophentl was detected.

3.2.5 Wastewater Treatment Studies
Two inddstrial wastewaters, H-coal effluent and coal coking wastewater, were tested to
determine if CPQ could oxidize phenolic compounds in the preserice of potential mh1b1tors such

o (s

as cyanide (Table 4),

In the first expcnment 1 mL of clarified 2% H-coal effluent (adjusted to pH 5 5) containing

4.2 pg/L cyamde final concentration (Fedorak and Hrudey, 1984) and 76 pmol phenolxc was

. subjected to the addition of 15 ug CPO and 120 pmol H,0,. The amount of enzyme catalyzed

oxidation observed for phenol, o-cresol, m/p-cresol were M0%; 28%, 58% rcspcctii/ely. These

results indicate a markedly lowered activity if they are compared to the amount of phenolic

oxidation (>§O%) obtained during the pheénolic survey for each of the above phenols even’

though proportionally increased amounts of CPO and pcrcgdde were added during the peatmént.

Thus it is possible that some dcgreo of enzyme inhibition has occurred although the exact nature

of the inhibitor was not determined. ’ ' !

In thc second experiment, free enzyme was uscd to treat 20 mL of full strength Coal Coking

cfﬂuent contammg 8.3 mg/L: total cyanide (Fedorak and Hrudey, 1987). Aftcr adjustlng the pH -

to 5.5, the addition of enzyme (500 ng) and 100 pmolhydrogen peroxide resulted ir the
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4
'
)
i . A : o) :
Table 4. Compositions! Phenolic Wastewaters Treated with CPO) .
R Concentration (mg/l) -
Chemical Constituent H-Coal Efflyent’ Coual Coking?
Organic gigrbon 7600 , 524
Phenolic compounds 7600 410
Nitrite Nitrogen s tW; 0.1 -
Nitrate Nitrogen : 0.8 -
Ammonia Nitrogen 6.4 210
Total Cyanide 0.21 - 8.3 ,
_ pH T, ' 7.4 ' 11.8

1 n, 1-fi rom Fedorak and Hrudey, 1984,

) 2-from Fedorak and Hrudey, 1987,
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,oxidation of >90%of the phenol and 80% Of,pl and m-'cresol in. 30 s. “After treatment the
'v solunon was yellow in color and contamed a large amount of brOWn precxpnate In this case the.
' hig ;,her cyamde concentranon did not seem to inhibit the enzyme catalyzed oxldatlon of phenol to
~.the same extent as in the H- coal treatment o | - ' '
Fma]ly, Flg 32 shows the.results of an experiment where a recir_culating reaction mixture“
' contammg phenol and perox1de was exposed to unrpobxhzed enzyme By using .k~ carrageenan
entr‘{pped enzyme in thlS rec1rculat1ng reactor system 30% of the phenol had reacted ”atfter 180
ﬂmm of phenol solution mrculauon The beads were observed to slowly tumed yejélow in color |
: _espectally on the surface where the color eventually went dark brown. The color, conld not be
‘Washed»o‘ut of the bead"s‘ These were the best resnlts obtained to date but .th'ey leaye much room’
for 1mprovement In order to match batch free enzyme treatment results, other methods of

enzyme 1mmob1hzatton w111 hkely nrove more sultable toa continuous treatment process

-



Figure 32.

»

" Phenol treatment by Lnumet ized CPO. | | _ P

CPO was glu‘taraldchydc crosslinked and cnrrapped in 5% K-carrageenan as* -

described in the M_éthods section. ‘The resﬁltiqg" beads were placed into a
. T ' - -~ o

pasteur pipeite reactor and cquilibrated-with'a phenol containing solution (25

. mL, 25 umol, pH 5. \) which was crrculatcd at 200 mL/h. The hydrogen

peroxide (1.0 umol) was added at 30 min downstream from the rt’:actc\ﬁr and

_ .e«ery 10 min thereafter Samples were takerperiodically and assay(,d by

“GC for the amount of unreacted phenol still remaining in SQlUthﬂ_.
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- 4 DISCUSSION

12

In this project, alternative methods of production to traditiorfal batch culture have bheen .

investig’atecl With the hope of developing effective and reliable procedures for the scaleup of

CpPO production;\ Also, preliminary studies have been carried out on the potentia‘l use of 'GEO N 7

for phenol oxidation and wastewater treatment. The results obtained are discussed under the
next tWo headings which are followed by a cost analysis of the production and treatrment Costs

" for CPO production and phenolic wastewater treatment. .
ok

4 1 Fungal Growth and Enzyme Productlon : -
, . ,

In the past CPO has been obtained from two strains of C. fumago, strain AG 92 (ATCC

16373) by Raistrick (Clutterbuck et al 1940) and Hager and co®orkers (Hager et al 1966a) and -

“strain CMI 89362 by chkard and coworkers Thls stud)c focused on three strams of C.
~ fumago, DOAM 137632, ATCC 11925 and CMI 89362. Strain DOAM 137632 was of i mterest

" because it was a recent addition to our cultire collection and it had shown medlum CPO -

production levels (60 mg/L) in shake flask culture. St_rain ATCC 11925 was used due to the

high levels of CPO produced‘ in shake flask cultures and unllke the two other strains, it formed
jﬁrm pellets whlch readily shed new growth. -Also strain ATCC 11925 is' bellevefi to be used by
- Sigma for- commercral productton of CPO since the enzyme from this source gives a snmllar
isoenzyme pa@n to lab prepared samples from this strain (Hashimoto and Pickard 1 984)
" Stram CMI 89362 proved to.be the preferred fungas as it produced consxstently hr her CPO
levels, readily formed pellets and formed less pigment and v1scosnty in culture. Attempts to
grow strain ATCC 16373 did not indicate it as the orgamsm of choice. ’
Some lmutatlons have been placed on developmg a standardxzed inoculum procedure for.C.

fumago culture because the fungus a hyphomycete does not readtly form asexual spores

Smce fun‘gal morphology, growth rate, mycelial yield and substrate utlltzatlon rates are

gt

Y
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dependent 'on the inoculum size (Ward and Colotelo 1960; Cunningham and Pickard 1985)
many aspects of the growth of the.fungus may be controlled by uSing‘a standardized spore‘ )

a

o moculum The use of spores as source of moculum would eliminate much of the vanablhty
encountered when working with these fungal cultures and to that end Pickard and Hash1moto
(unpublished data) ‘have recently developed condmons for the sporulanon of stram ATCC .
- 11925. Unfortunately C. fumago CMI 89362 still do‘es_ not redjti’:ily sporulate and experiments
have only begun on modifying the sporulatton medium,
| .Since C. fumago CMI 89362 was chosen for use in these productlon studtes there was
' ‘consxderable importance associated with developmg a metho}l of inoculation using homogemzed
myceltum It was decided that working w1th 1mrnob1hzed hyphae or mycelial pellets, gcnerated
from homogemzed mycehum would also be desn‘able because the morphologlcal state of the
b.f: fungus affects the culture rheolegy, an important variable controllmg mass transfer, which then
may; affect the final enzyme yield (Anderson 19@). The irnfnobili'zation of fungal hyphae can
be viewed as-a form of dlrected pellet formatibn . {0 theimrnol)ilizing matﬁx acts as a nucleus -
for fungal growth, . | . »
| Once in 4 bead or pellet form in shake ﬂask (:u.ture, the fungus could be mamtamed in that
C morphology for extended periods as long as: extreme overcrowdmg was prevented low shear |
forces ‘were used in culture, and the fungus was eqused to nutrient depletlon for limited lengths
of time. However in alrhft fermenter culture with continuous-feed, hxgher pellet inoculum su.es
) 10- 30% v/v, were used in 4 consecutive’ fermenter cultures over a period of two months with
little shedding and no s1gn of reduced CPO synthesls At the end of each/experxment the
cultures had nearly taken on the characteristics of afluidized bed and it was necessary to remove
| |  some of the mycelial pellets before startmg the next fermentation. |
Pellet stability may have been 'affected by the'.fermenter culture conditions used, which '

resulted in low shear forces yet provided better mixing compared to shake ﬂask culture, or by.

the fact that new growth was constantly stimulated, mmally Eonnmg a fuzzy layer on the surface ' (
v . ' o S . -~ 7 . . . : | -/



. of the pellet which later filled in thereby keeping the‘pellet:ﬁnn It should be noted that no

" which fias been shown to be an important factor in microbial metaboltte productlon (Chten and

Sofer 1985) In any event the ortgmal pellet moculum was ultrmately responsible for the
producnon of appropumately 800 mg CPO over the four airlift fermenter culture expenments and
was discarded only because the diameter of the pellets had increased to a size where physical
limitations prevailed.- | '
The growth of mycelial pellets has be¢n shown to follow the cube root law closely for many

doubhngs of the blomass where M1B=kt + M 113 where M= total mass of n pellets M= total

5

mass at time_ 0, t= time, and k= constant proportional to the growth rate, the size of the growth

- Zone and pellet density (Pirt 1975). The diameter of submerged C.fumago pellets was found

+

2

14

attempt was made to opumxze the snze/dlameter of the initial pellet or 1mmobrhzed hyphae mocula ’

to obey this observation'as they increased linearly with time. In all cases the pellets eventually .

grew to macrosGmic size. In this event the packing of the hyphae may be so compact as to limit
substrate permeation‘except by d1f£u )on (Pirt 1975) )
Condmon;.zused for the generation of pellets (low 1noculum 51ze) were found to be
h

coincident with{the development of less pigment and lower vrscosxty, and easﬂy separated

bromass, culture charactenstxcs suited to downstream purification process. The same quld be

-said for 1mmoblhzed cells. However the use of the 1mmob1hzatlon technique was found to

1Y

o prov1de a more consistent moculum because the size range of the beads formed was smaller than

o

the pellets formed by low inoculum. Even though pellets were used primarily. throughout thls
A

' projectfffhe use of mycehal pellets suffers from the followmg dlsadvantages slightly lower

enzymje levels ach1eved by the small 1noculum cultures mcreased vanablhty, and the extended -

culture time needed to obtain maxlmum CPO productlon Also, despltc all attempts to use the

same fungal stocks and inoculum preparatron technique, it was observed that a few experiments

using pellets towards the end of this project were still-plagued by a sudden shift toa low CPO
. . 5 .

a

producing morphology characterized by rapid growth, a loose, soft pellet formation, abundant
« s 4 ’ : . ) * : o

e}
) 4



shedding of hyphal fragiments, high polysaccharlde-high viscosity and 'foaming. This could be

due to the age of the stock. inoculum plate and time period psed to initial grow the pellets.

However pellet formauon induced by low fungal inocula has been shown to cause culture '

- variability (Ward and Colotelo 1960). These drsadvantages offset the advantage of the
simplicity of pellet inoculum preparation to a degree. Experiments till need to be carried.out in
order to answer these questions concerning pellet mocula preparatlon and resultant growth,

The CPO levels obtained in semr-contmuous culture, by the three immobilized strains of
C fumago were at best only half the values for free mycellum in batch eulture and Nthe
productron period was considerably longer. “With repeated transférs, a shake flask culture
—producing CPO at a constant, albeit suboptimal level, was maintalned thereby eliminating the
need 'to prepare fresh moculum whlch may result i m batch culture fallure for the reasons stated

AEN

above Thus by 1mmob111zmg,C fumago one can extend the llfenme of the blocatalyst The

115

»

. ’

. use of 1mmobrllzed cells has already been shown to 1mprove brocatalyst stability (Linko and

Lmko 1984) as evrdenced,})y prolonged patulin producnon by immobilized Penicillium urticae
(Gauoher eral1981). Sy . :
Dun'ng the course of the semi-continuous culture experiment, mycelial fragments were

being continually sloughed off from the surface of,the beads and then removed by the washing

procedure used between transfers. The shedding was-especially evident with strain ATCC

11925 and to a much lesser extent with strain DOAM 137632 and strain CMI 89362. This |

obsewatioweeunts for the lower increase in bead diameter seen for strain ATCC 11925 and _

’ explams why no attempt was made to determine the increase-in blomass during the experrment
It also raises the question of the contribution, by 1mmobrhzed or free sloughed mycellum to
each new round of enzyme production in each passage. No attempt was made to differentiate
- between the two fungal morphologlis present in the culture. However it was belleved that the
: ma]onty of growth was restricted to the beads. ‘

Due to thetr stnctly aerobrc nature, the entrapped fungi 1mt1ally grew towards tHe surface
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and eventually covered the surface of the matrix' with a dense mycelial layer. A similar pattern '

of growth has been observed for Penicillium urticae growing in K-carrageenan (Deo etal 1983;
Deo and Gaucher 1985). &éctions-of the 3'fnonth old C. fum@ beads also revealed multiple,

. . . ~ \ . . ) . . . J
dense layers of mycelium exterior to the k-carrageenan.” This was the most likely reason for the

eventual decline- in.CPO levels observed in the semi-c'ontinuous culture experiment (Fig. 9)

- where the i increase in bead diameter resulted in reducecf xygen availability, decreased substrate -

: permeanon and increased abrasion between ‘beads

No contamination problems were cncountered during the 6 months of semi-contifuous -

culture studies even though the 1mmoblhzed hyphae were extensively #arti

duc to the low pH dUrmg groth The resrstance of 1mmobnlrzed cells to co tamingtion in

repeate(l culture has also been reported _for'bacterlal cells (Joshi and Yamazak1 198 ).
-Ther'e were many types of ferrnenter culture available for the next stage in thesy, production
studles but alrhft%rmenter culture was chosen because of its recent widespread use ¥nd many

) advantages For instance, 1mmobrhzed cell stabrlxty in stirred tank reactors has been reportod as

. poor (Kloosterman and Lilly 1985) whrle cellulase productlon by mycelxa of Asperglllus

fungatus was lower in agrtated culture due to shear dangge whlle arr-llft cultures avorded shear
effects (Wase et al 1985) - \ | ,
In batch airlift fermenter culture using mycelral pellets and rmmobrhzed hyphae, the levels of
- CPO were 1mt1ally 60-80% and eventually surpassed those obtamed in shake flask usrng free

cells (Fig. 6). Batch fermenter profiles were very srmrlar to both the immobilized and free

mycelium cultures. It was observei'd that enzyrne pr-luction stopped after 15-20°days in |

fermenter culture. This is apparently not due to carb~~. o1 +¢en linitation and is not restored

by a salts feed containing nitrogen, phosphorou: -ré:#siuir v iron (data-not shown).

_Experime'n'ts to determine what is limiting growth anc « nzy:- » production may be answered by
. ‘ ) v /.
carrying out fed-batch fermentations (as described below). ¢ P
\ . . ' 5. ‘ s !
In continuous-feed fermenter culture, low flow rates resulted in-effluent levels of CPO egual

-
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to the batch run control (Fig .15) but at higher flow rates enzyme washout occarred. The
'maximum rate of enzyme production at flow rates below 65 mL/h could be calculated for o
mycclial pellets in defined fructose-salts medium and was found to be 1. 19i0 09 mg CPO/h. \
Based on this rate of production at slow flow rates, the minimum time required for a
conditioned continuously-slow fed culture to .match batch system levels would be a 275 h or
115 days After that length of timé, any)CPO produced can regarded as bpnus enzyme In .
Contmuously -fed culture without condmonxig the CPO produced was fouhd to 1mt1ally follow

)
“the batch CPO ptoduction profile but at higher flow rates production eventually leveled off.

Since the unconditioned continuously-fed culture starts with low enzyme levels, the total amount
of time to produce the same amount of enzyme would be the same (preconditioning a/rid
continuous phase vs continuous phase) but the product would be more diluted and the substrate

. utilization efficiency would initially be. inferior to the. preconditioned culture. Thus -
preconditioning.cultures represents a more effective way of producing CPO by reducing the
waste of nutrients and producing a more concentrated product. |

. Theblarge-scale production of CPO was successfui in that the yield of CPO was good but
the process time was extrernely long, 26 days. Most industrial fermentations last from 20-160°

) | h, depending on the enzyrne t;eing produced (Lamhert 1983). Thus this experiment needs to be

repeated using a htgher inoculum size Wthh would shorten the time required to reach maximum

‘CPO producuon |

~ An alternative method of culture, theafed-batch'-culture system, was not attempted in this
pro?ect. .Fed-batch culwres have already been used for the stabilization of enzyme levels

involved imsecondary metaboiism resuiting in antibiotic production (Vu-Trong itndGray 1986’)_

by allowing additional rounds of RNA and protein synthesis_to take place afté“r nutritional
downshift iiatd occurred due to medium exhaustion. Fed—i)atch processes are also used to keep

nutrient concentrations low and offer a more efficient use of medta than continuously-fed culture

(Lambert 1983; Gray and Vu-Trong 1987). .

e ’
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. Thus the results obtained durihg this thesis indicate that: (1) CPO can be produced in a.

semi-continuous and continuous manner using free pellets or immobilized C. _fumago, (2)

immobilized hyphae and mycelial pellets’behaved similarly in airlift fermenter culture; - growth-

. wasa requireme\ot for en zyme production, (3) t]wtarting time of the feed and the concentration

of fructose in the feed could be varied without affectmg enzyme productlon 4) modcrate flow

118

rates (HRT >50h) were best for moderate levels of enzyme productlon (>30 mg CPO/L)' slow :

ﬂow rates (HRT=65 h) were required to achieve >80% of batch CPO levels (120 mg CPO/L), at

" flow rates < 65mL/h, a fairly constant rate of CPO production (1.1910.09 mg CPO/h) was

observed, and high flow rates (HRT=9 h) resulted in enzyme washout, (5) traditional batch

<9 .

culture, in fermenters usmg immobilized cells, was found to still be the method of choice if one

considers the 51mphcxty of that system compared to the more jnvolved setup and operattonal

demands of a continuously-fed culture. . -

rd

4.2 Comparison With Literaturz Enzyme Production

The semi~continuous enzyme production experimeng can be compared to a similar study on

protease productlon by immobilized Streptomyces fradiae (Kobuku et al 1981). This was

medium composmon gel- concentratxoxf'and stenhzmg tbg gel surface’to limit growth. The

protease activity of the immobilized myceha increased over ten reaction cycles, which contrasts
. ! . o, -

carried out In a semi-continuous batch system and conditions were OptlleCd by altcnng -

with the evcntual decline in CPO activity of immobilized C. fumago cultures and o-amylasé

1

. produced by immobilized B. subtilis seen over a similar number of cycles mal 1981). ‘

Results obtained with 1mmob1112ed C. fumago in coytmuously-fed culturésan | compared

—

‘to a related study on cellulase production by K-carrageenan 1mrno,bxlxzed Trichoderma reesei

(Frem et aI 1982), which was camed out in cqptmuously fed culture over 13 days in an

alrhft-ﬂutdlzed bed fermenter column (250 mL) with a flow rate 6f 2.5 mL/h. Similar to CPO,

1t was demonstrated that extraceﬂhlar enzyme could be proéxced in significant amounts (26
* . .
\

~ .
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IU/L/h) comparcd to batch culturcs Also the -ccllulasc system, which used 1/4 strength

production medium compared to CPO system's 1/2 strength mcdlum (2% FS) resulted in high'

119

specific activities while lowering substrate requirements. Like CPO i contmuous-fed culture,

bl
.cellulase was produced without lag. In the cellulase system, the nitrogen level, in this case the

» gmmonia concentration, was-30% of the level supplied while the reducing sugar content in the

effluent fell off precipitously to < 5 ug/rnL after 4 days growth. In the case of CEO production,

‘both 3 gar and nitrogen levels rose and fluctuated during the continuous-fed culture experiments
thereby suggesung the need for further fine tumn§ of the feed composmon ‘

Two other studies related to this pro;ect wcﬁ: the producuon of llgmnascs by. the white-rot

| fungu§ Phanerochaéte chrysosporium using submerged culture (Jager et al'1985),

semi-continudus and continuous culture (Linko er al 1986). Both groups showed thw¥lignin

perb):}dasés~ could be produced in subrnergcd culture. Linko et al (1986) aiso showed that

'n;;nq?ilizcd mycelium could be uscd rcpeatedly for 12 batch cyacs The carbon limjted deﬁned

-

medium used for the contxnuous }‘)}‘oductlon of enzyme needed further ﬁnc tuning to cycle new -

grd’wth of the fungus w1th enzyme production caused by glucose cxhaustxon A sxmllar

siuation exists in this study where continuous chlyroperoxxdase productlon by 1mmob1hzed
mycehum requwes further feed optimization in order to maximize enzyme pr,oducnon and
increase blocatalyst stablhty | .

The xmmobllizcd cells used in this study were not resting cells. Growth was required t;or

\

4
enzymc producnon In shake flasks dhd batch fermenters, CPO is produced early on in the

’ culturc but peaks near the end of the increase in blomass (Pickard 1981) in complex and defined '

medium. In continuou'sly-fcd fermenter cultures CPO eventually reached 2 fairly. constant level

in the effluent. This could be explained by: (1) The synthesis of the enzyme requires the active

presence of all the complex protein synthesis machinery. Enzyme production would only OCCU‘-'}a

during trophophase when all the necessary precursors are still present in sufficient

concentrations. ‘~(2) The formation of CPO mRNA would be induced constantly, since fructose



. is always present in thc;medium and feed (Axley et al 1986). (3) The growth rate was less than
.maximum (50-80%), wﬁich occurred when C. fumago was grown pnidgfinca. medium.
Secondary meia?olism wc;gld occur coincident with the trophophase (Z;ahner:and Kurth 1982)
and thus the enzymes responsii)le fqr secondéry metabolit_c biosynthesis would be present.

Note that cxjraccllular enzyme synthesis can ‘be associated with either the trophophase or

]

idiophase. In continuous culture, a secreted enzyme would be considered growth associated

. . L]
only if it can be maintained at a constant level in the culture supernatant. The fact the CPO levels

remained constant in the continuously fed culturg¢ gives further support to the requirement for

growthf‘ . 4 o -

. \ . *
In contrast, another fungal system (patulin biosynthesis) has already been used as a

- q\. .
regulation;model for non-growth associated secondary mctaboligprMuctlon.‘ When-

Penicillium urticae was grown on glucose and nitrate or yeast extract, growth cessation was a

.prerequisite for patulin biosynthetic enzyme production (Gaucher et al 1981). Also,

semi-continuous production of patulin by immobilized P. urticae continued in nitrogen-free |

medium which 'suggcsts‘the synthesis of enzymes involved in patulin production are less

stringent, requiring onl& a ?arboq_ and energy source (Deo and Gaucher 1983). The opposite
occurs-'with C. fumago. Growth reductidn- by nutrient limitation causéd a rapid decline’in:
enzyme synthc51s (Carmlchael et al 1986). -

‘ Addmonal speculation on the regulatlon of CPO &oductlon in C. fumago, based on
infqrmatlon which has been published for enzyme synthesxs,. will now be presented.
Extracellular enzy'lmes may be inducible, partially inducible or constitutive. In addition, fypgal
exoenzyme genes may have multiple controls, such as the well-defined protease system from
Neurospora crc;s;va (Priest 1983). Thc‘synthesis of many industriall'y important enzymes are
reglilatcd by catabolite reprcssioﬁ. In particular the choice of carbohydrate has been found to be

" important. For cxample, the synthesxs of a-amylase by Aspergillus oryzae was repressed by

glucose and induced by maltose and the production of cellulase by Trichoderma vmde was

0
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repressed by  glutose and induced by sophorosc (Lambert 1983). Also Streptomyces

violaceoruber fructokinage mRNA was found when cultured in the presence of fructose but not

wﬁh glucose (Martin and ggbater 1981). A similar situation has recently been shown to exist ’

for CPO. Fructose induces the formation of CPO mRNA (Axley et al 1986) whjle glucose
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represses CPO mRNA formation. Thus a regulatory common denominator for extracellular

enzyme synthesis exists although ghe molecular reasons fdr catabolite repression appear to vary

KPricst 198{\ , | 1 |

: C
transcription (Axfcy et (;I 1986). For instance, nutrient deplction' is not the only“growth-limiting
factor able to initiate the synthesis of antibiotic bio§ynthctic cnz;'mes'(Gaucher etal 1\981).
There might be-some other. factor“ttivolvcd which might xplain the observation that growth is
required for cnzymc production. For example, considerable amounts of fructose and nitrate in
the culture supcmatant when CPO biosynthesis reached a plateau and growth ceased, suggestmg
that something else is limiting production. b .’

Little is known about the control of secretory pathways in fungi and.yet it has been
. ‘/—/

detergents

postulated that this may be a rate limiting step in exoenzyme release. For instanc
were found to elevate the level of ligninolytic activi'ty (Jager et al 1985) sugg rtg the cell wall

may play a part in controlling enzyme secretion (Priest 1983). Although it is evident that

secretory pathways vary considerably within the fungi, and if this type of control exists, it may '

be possiblc to increase the yield of CPO by ﬁsing detergents or pleiotropic mutants having .

aberrant ccll walls (Priest 1983). Experiments to determine if this type of control exists in C.
I
fumago were not carried out in this project. 31 \‘

CPO production mtght serve as a mode] for secretory enzymes involved in the blosynthc51s
of. secondary mctabolltes and the enzyme expressi m may become a powerful instrument

for the secretion of foreign gene products (Axley et al'1986). Before this can occur, culture

techniques for the phasing and dephasing of CPO production need to be dcvclopcd, since

%

¢ 4

’v

CPO production may have many controlling elements acting at levels othet than
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phasing of the culture would aid in the stud'y of the secondary metabolism. The use of glucose,
. N\

a repressor of CPO mRNA, as a primary carbon source may serve the purpose of restricting
( -

CPO biosynthesis to the idiophase. The composition of the growth medium can also be altered
%o diminish the classical trophophase-idiophase pattern observed in batch fermentation
(Vu-Trong and Gray 19825. o ' ! | |
p '}'hc eventual control oﬁfindustrial fungél fcnr')entatior{\s will depend on the dcvclopmcnt‘rqf
standardized techniques for the preparation of inocula and measurement ofStulturc variables.
. ,

Some examples would be substrate levels and their rates.of utilization in relation to fungal

biomass and product yield. The information gained from such studies may overcome many of

_the problems that prevent a new enzyme system from being devélo #

successfully compete with existing systems or stand alone in today_'s arkctplace (Witholt et al

d to the point where it will
198?). Production studies must be carried out. ih order\to maximize product yield, product
conccntrgtion and thﬁ*{‘at'c of product fonnatior}z-while -overcoming special problems present in
flmgal fermentat'ions such as filamentous morpholggy and eukaryotic growth kinetics. There
should also be consideration for the cost effectiveness of the proccss: and the scale-up of
enzyme production Will\i;l.volvc the dcvelopfncht of the expertise in the handl . g of the cells ,

responsible fgr the 'synthesis of the enzyme. -
&

4.3 Phenolic Compound Transformations

<5

Enzymic methods have been proposed for the removal of aromatic compounds from high

streri gth industrial wasicwafér. - Many cnz.):mes, including CPO, horseradish peroxidase,
polyphenol oxidase, 9ytocl;romc oxidasc;,, immobilized MCmoglgbin and lactoperoxidase haye = _ j{
been m"portcd to show promise in the oxidation of phcriolic compounds. In all of these stquics it a
~ was importaﬁt to show that the enzyme catalyzed oxidation was (1) effective against a wide '
variety of phenols, (2) the products of the oxidation formed precipitates, (3) the oxidation took

place over a wide range of reaction conditions, (4) actual wastewaters were successfully treated /

4
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. comp0unds mvolved multlple addmons of perox1de and enzyme, which was the method used by ,

. 1983) were selected on the followmg basxs (l) At a phenol conccntratlon of 1 pmo]/rnL 1 unit

and (5) that the'products formed were ?termined a'ndanalyzed for toxicity (Maloney etal
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1986) This analysns protocol has been recently completed forHRP with the results from the .

addressed Co I 'v L s
-

Kllbanov etal (1983) The reacuon condmons used by Khbanov and coworkers (Klibanov et-al

Sy
.I\ * .

" of peroxxdase/mL and 2 mM perox1de were requlred for 99% phenol ox1dat10n 2) Peroxide is

~ first 4 steps gmﬁg promlse, while the 5th step placed hmltanons on the use of an enzymic -

| system (Maloney et al 1986) In th1s pro_}ect the ﬁrst 4 steps in the analysrs protocol were -

In this study, the condmons used to determme the relatlve susceptlblhues of phenohc o

requtred in stoncheometnc amounts. (3) The atiiount of enzyme that would be 1nacuvated by the .

reactlon products would be proportlonal to the 1mual phenol concentratlon Some of the

following observattons also conmbuted to the development of reaction conditions. They found

- the removal efﬁcxency was hlgher when they used multlple addmons of enzyme They

observed that a, decrease 1n enzyme concentratlon resulted in a decrease in substrate -

> (o-dlamsldme) ox1dat10n however tmould be offset by an mcrease in treatment time (Khbanov '

LU RN

and Moms 1981): As a result, Albertl and Kltbanov (1981) chose an enzyme concentrauon that’

would requlre a treatment time of 3 h although it was not made clear when the multlp_le additions

of enzyme" took place“‘during that time. In ‘thi's study, an attempt was made to develop a
f 7

’standard;zed method of estimatin g the\amount‘of phenolic compound oxldauon by usmg a rapld

. GC analysm of samples taken 1rnmedxately before each addition of enzyme and co-substrate.

9.

L Like Albem and Klrbanov (1981), multlple addmons of enzyme and peroxlde were used in

establish the relative susceptxbllmes qf the phenolxc compounds to CPO ox1dat10n

- ‘Thus the mmal survey study, using excess enzyme found that the hahde-mdependent

' acnvnty of chloroperoxldasc catalyzed the oxxdanon of a vanety of substituted phenohc

order tQ. max1mrze the amount of oxldatlon It was hoped that these reaction condluons would '
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compounds. This activity was comparable and in sonle respects superior (Table 5) to the

proposed HRP/H,0, vsyst‘em. The results for HRII" and l’-PO are under optimum conditions
~where the amount of enzyme and peroxide have .be.en adjusted for maximal oxidationb of each
phenol | ' | |

The CPO oxrdatmn efﬁcrencres were determmed from expenments wherc a standardized

‘addition of enzyme and cosubstrate were used to show that CPOQ capable of hi gh oxidation

of a variety of phenols. CPO_was more effectrve than HRP in oving 3-chlorophenol and

2-methylphenol but inferior in the removal of 2,3 and 2 ,6-dimethylphenol. CPO was_n.ot as

effectlve in oxxdrzmg some phenols as PPO or HRP but then the reaction condmons were not .

.’r

optrmrzed for high. efﬁcrency Conditions were standardxzed to determine the relatrve

'susceptlbrlmes of the substrates to enzyrmc oxidation. LPO was largely meffectwe agamst most

phenollc compounds except benzidine. Another enzyme, fungal laccase, has the abrlrty to |

‘ oxidize drmethoxyphenols and 2,6- drmethylphenol (>90% removed) but_phenol (3% removed),

' the cresols (ortho-26%, meta-lO%, para 217% removed) and 2- chlorophenol (8% removed)'

were poor substrates (Shuttleworth and Bollag 1986)

In many respects two of -the enzymrc systems, HRP and CPO were found to be quite

 comparable. Like HRP CPO was unaffected by lowered temperature and it was hrgbly actrve'

~ overa wide pH range (pH 2 -7). However this was due to 'the fact that excess enzyme was used

~in the reactior :«ixture, ‘which then masked any: effect temperature and pH would have on the -

_ enzyme catalyzed reactron The goader temperature range of the enzymic systems has been

. regarded as a advantage since existing outddor microbial treatment processes have temperature

~restrictions (Albertr and Klrbanov 1981). "The pH range of CPO's peroxrdase activity could
comphment HRP if the.two enzymes were used 1&” combmatron thereby extending the enzymlc
‘system's oxrdrzmg act1v1ty into the acid srde of the pH spectrum

| As with HRP (Klrbanov etal 1983) CPO was active at hrgh phenol concentratrons (Flg

27 ) ‘A smgle addmon of enzyme (5 ug) was used for all the expenments at elevated phenol
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Table 5. Comparison of Removal Efficiencies of Selected phenolic compounds.

%, Phenol Oxidized (Removal Efficiency)

\@}’

- =notdone

Phenl o HRPT LRO' PRQ?  RU
Ii2-fnethoxyphenol . o ‘.88 - 98.0 32 65 92
phenol 81 87.6 00 100 3

" 2-methylphenol - .88 862 - 95 26

3.methylphenol - >95, 953 15 100 10
4-methylphenol - 92 © 985 - - 47
2-chlorophenol >95 998 © 13 94 - g
3-chlorophenol - ~ . >95 =66.9 - 96 7
benzidine ' ' 66 99.9 91 - -

' 2,3:dimethylphenol 7y 997 - 0 -
2,6-dimethylphenol 62" 823" : ~ o5
1- from Albert and Klibz;novl981. ' CPO=chiogopkroxidase’  HRP=horseradish peroxidase
2. from Atlow etal 1984, . LPO=ctoperoxidase, ~ PPO=polyphenol oxidase
3-from Shutlewofth and Bollag 198. Fl=fungal mocase
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levels but the amount of co-substrate added, hydrogen peroxide, was increased proportionally to
the substrate concentration Doubling the amount of CPO added to the reaton mixture did not'

proporuonally increase the amount of phenol oxldxzed (Fig. 29), suggestin that there was an |

v 1ncrease in enzyme mactlvanon by the reaction products, or.the possxblhty of the enzyme

N coprempltatmg w1th the large amount of polymerized &oduct\ formed at hlgher phenol'

'concentratlons.

i

f L4 .
Further experiments confirmed CPO shared the same lack of stability to the reaction

products as HRP. Klibanov.et al (1983) reported that low peroxidase concentrations resulted in

the incomplete oxidation of phenol. Further enzyme additions were required to overcome

enz_yme inactivation. As in this study (see Fig. 31), they ,followcd-the loss of activity by direct ]

‘assay of samples before and after the reaction. CPO was stable to 20 mM peroxide and to 1

umol/mL phenol, pH 5.5, separately but not to a mixture of the two substrates in the reaction

mixture Klibanov et al (1983) postulated that the HRP inactination' was caused by phenoxy .

radlcals mterfenng with the ‘sue, and a similar situation probably exxsts for CPO. Th

7 dlfference Tn enzyme inactivation du¢ to the pH was difficult to mterpret since enzy! was An

iSO

excess. .
: CPO was ahje ;o/i)olymerize and copolymerize.phenolic compounds. This duplicated the
ﬁndings;o:f Alberti and Klibanov (1981), which showed that the products of the”reaction
eventually oolymerized' and could be removed from ’solntion by centrifugation or"ﬁltration.

Like HRP, 'CPO also wags ~shown to be able to copolymen'ze COmpounds, benizidine and phenol.

The copolymerization of the phenollc compounds has beer con51dered an advantage to the

enzyme system (Alberti and Klibanov 1981; Atlow et al 1984)

However unlike- HRP, CPO has a catalytic longev1ty of 1.3x 107mol phenol/mol CPO o

-&

Wthh is three orders of magnitude greater than the one pubhshed for HRP —1 x 104 mol
phenol/mol HRP(Khbanov et al 1983). Another dlffe;ence to note between the HRP and CPO

'systems is the len gth of time for thc treatment. The way the reaction conditions were arran ged

,
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HRP treatment required 3 h or more while it has been shown that with excess enzyme and rapid -

GC analysis of the reaction mixture, total, oxidation of phenol by CPO could occur in less than

10 min. % A

There are some dlsadvantages to the vanous enzymxc \treatments Polyph- ol ox1dase
treatment would have the added cost of cdntxnuous spargmg and rapld mixing in grder to bnng
the relattvely expenswe cosubstrate (oxygen) in contact w1_th the enzyme (Atlow ¢z al 1984). A
dlsadvantage to the CPO system would be the cost, if commercially produced enzyme was used
.(sce cost effectweness of CPO). . The opposite would be true for haemoglobx In its case the

low cost would be an advantage (Chapsal et al 1986). =

Another concern would be the nature «of" the products formed during the enzyme catalyzed

reaction.. As mentioned earlier, there was no attempt made in this project to address the

concerns raised by the 5 step in the analysis protocol (reaction product analysié). Like HRP
(Maloney et al 1986), 'there are different reaction products resulting from CPO treatment.

Depending on the substrate and its concentration, precipitates or soluble colored products are

formed. Also, since CPO has a‘ potent chlorinating ability (Geigert and Neidleman 1986), with -

a maximum near pH 3 and a broad p'erOxidase activity (pH 315) activity competition tnay occur,

espec1ally in wastewaters contammg halide ions at low pH This explains why experiments in
this project were carried out at both pH3 and 5. The results obtaln:d herem indicate that there
could be reason ‘for concern on the appllcablllty of CPO to wastewater treatment. More
€xpenmentauon could determme how much peroxid4se activity would occur in the presence of
halide. It will be 1mportant to dlfferentta'te between the peroxidase and chlormatm g act1v1ty of
the enzyme, especmlly at pH 5.5, because the halogenatln g activity of the enzyme may limit
phenollc oxldauon and result in the formation of hlghly toxic halogenated aromatics (Maloney et
al 1986) Anothér problem may occur at low substrate concentrations. Maloney etal (1986)

found that, dependent on the substrate substituent groups, chlormated phenols are transformed

into dtoxms and chlormated furans. Also 50% or more of the products remained in solution.
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HRP (Khbanov etal 1983) ‘and PPO (Atlow et al 1984) have been used succcssfully to treat
actual wastewaters. In this study, CPO was able to.oxidize greater than 80% of the phenolic

compounds in a coal cokmg wastewater, desplte the presence of a potent inhibitor of

perox1dases, cyanide. HRP also shows low inhibition by cyamde at high concentrations of

phenol possxbly due to competitition for the active site of the enzyme (Klibanov et al 1983).
7

With the coal coking wastewater, a°’more complex situation may exist due to tbe dnfflcu]tly in

measuring free cyanide, and the presence of nitrate. Total cyamd,e was determmed for the
wastewater (Fedorak and Hrudey 1984b). Since cyanide readily forms soluble metal complexes
(Knowles and Bunch 1986), the amount of free cyanide that would be able to interact wuh CPO
maybe much lower than indicated. Also nitrate has been shown to be a competmve inhibitor of
cyam({e binding to CPO (Lambelr et al 1983). Therefor€ no conclusxk n ¢an bc~l_n/ade on the
apparent discrepancy in the effect of cy.jmide on CPO during wastewater treatme'nt; |
Immobilized enzyme systems have been developed for rhe treatment of phenols
(Shuttleworth and Bollag 1986) and as multifunctional halogen::i}g ageqn‘_ts (Itoh et al 1987,
Laane et al 1987). Immobilized CPO was used in this project to treat a recirculating pljenol
solution. However the method chosen for immobilization, gel entrapmcnt, Was found to, be
inadequate for the purpose. In contrast, bromope;@’ias successfully enu_japped ina
. number of matrixes, due td its high moleculur'weight (Mwt.= 790,000). Tlris recent research
also showed the poorest activity occurred when bromoperoxrdase was 1mmob1hzcd in
“R-carrageenan (Itoh et al 1987). Further research should lead to improvement on the rcsults
1 (30% phenpl oxidized in 3 h) obtained with CPO in k-carrageenan and perhaps another type of
matrix or method of imruobiliza'don will l_ead to the development of an effective wastewater

treatment system.

4.4 Cost Effectiveness of CPO

The production*of\ plant enzymes is generally less cost-effective than microbial enzymes

8
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. (Chibata and Tosa 1981; Klibanov et al 1983) although alternative methods like cell culture and
recombinant DNA techniques are now being developed to produce large qu‘antities.of enzyme
(Neidleman and Geigert 1986). “ |

‘A rough estimation of ‘the cost of crude HRP as part of industrial process has‘been
calculated (Alberti and lebanov 1981) and has been shown to be competitive wrth exlstmg

systems of treatment (Neufeld 1984) such as FMC Fenton's reagent or a coal conversion

treatment train (Table 6). For the treatment of 1000 L of wastewater contammg 2mM phenols, '

5 10 g CPO would be requrred Using. crude enzyme, produced in the lab using: 4% FS
medium, the ?a(ment of 1000L qof phenolic wastewater WOuld cost approxxmately $40
This cost estifhate for CPrmust be qualified since the optimal concentratlon of enzyme was not
determined for the oxidation reactlon Excess enzyme was used in the reaction rmxture and
therefore the cost estxmate may be high for CPO. | i |

The cost of using commercial enzyme at todays market cost appears to be rrdrculously high
. but then the cost today has been determined by supply and demand. Should enzymes find a use
in wastewater treatment, CPO, provided by C. fztm_aogo grown in frnctose salts and rented
fermenters, could be a viabie ccon"ony'e alternative ;o HRP, using the techniques of cu}_ttire and

£

. fermentation developed in this project, for the oxidation of phenolic cornpoundsfa
. = Q‘ )

4.5 Concludmg Remarks

In summary, the major concern of this project was to show the fea31b111ty of CPO\

- producno_n ina semr-contmuous and continuous fashron. : Th1s 1nyolved bioreactor redesign and
the deyelopment of immobilization methqods for Caldariomyces sp. and CPb In addition, this
’ pl‘O_]CCt attempts to brmg about some understandmg of the growth and morphologies exhxblted
by Caldarzomyces fumago in shake flask and fermenter culture during CPO productlon The
- use of 1mmob1hzed C. fumago for CPO productlon was found to have rnany advantages

mcludmg ease in inoculurh standardization, biocatalyst stability, mcreased re51stance to -
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Table 6. Cost Comparison of Various Enzymes Proposcd for Phenol Oxidation.

T o
Enzxm: Source Purity . Enz. Cost - Enzyme Enz._Csm
Rz) - Lﬂ&S.mmal LmzlL)‘ ‘ LSLLQQQ.I.‘)2
)
HRP Plant 0.6 46.72 1.25 . 58.40
CPO. Fungi 0.8 +39,090.00 10.0 390,9,00 00
CPO? Lab 14 17,195.00 10.0 171,950.00
cpo? Lab - trude - 20.75 10.0 207.50
cp® Lab °~  crude 4.00 10.0 40.00
PPO - Fungi .= ---- 52300 . 100 52,300.00
LPO Mammal 0.8 1,843.00: 11,000 20 million
Hb . Human cryst. 78 -6 80(1 53,380.00
I_duaml_qcm ¢ Material/Treatment Cost ($/1000L)
FMC Fe*2,H,0, 0.84
Coal Conversion Biooxidation . 57.00
' e Phénol Extraction ©  °© © % 19.00 ,
Whole Treatment Train 26.00-114.00
Activated Carbon . 23.00-45.00
38 00

4

. _Omnation o

: Enzyme costs were taken from the Sigma 1987 product catalogue .The amount of enzyme required to treat onc

liter of wastewater was calculated from published data on horseradish peroxidase, lactoperoxidase (Alberti and
Klibanov 1981), polyphenol oxidase (Klibanov 1983) and hemoglobm (Chapsal et al 1%6) The cost of

treatment,for 1000L of wastewater assumed 100 % efﬁcnency in scale-up.

FMC= Indhstrial Chemical Group, FMC Corporation, Pnnceton, New Jersey.” -~

1 -Amount

2 -1000L waskewater 03:::1
nter hardware, medium and salaries. .
flask experiment.: Includes cgst for media, equipment.and labour.

3-LabCost i
4 -Lab Cost for
5 -only medium cost.
6- from Neufeld (1984).

LY

des fe;

enzyme required to treat 1 L 2 mM.phenols.
ning 2 mM phenols. =

-
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contammatton stabrltzatton of culture rheology. CPO productlon is not hampered by problems

of low productivity encountered by most immobilized whole fungal cells (Deshpande et al 1987)

131

and the immobilized cells require no specral treatment other than the removal of free cells

between fermentations. Techniques for the cost-effective producttor\ of gram quantlties have
bcen developed for laboratory scale fermenters In addttton the exp'acellular nature of CPO and
lower pigment and viscosity levels obtaineflin the 1mmobrlrzed hyphal cult—(r‘e would be in
keeping with industrial process demands for ‘simpliﬁed'reco ry and purification, and further
" lowering the cost of the enzyme. | - Lo \ T @
The potential; for CPO catalyzed phenolic Wastewater t“r;eitment was found to compare
| nfavourably with other proposed enzymic systems, when excess enzyme was used. However
the same~problem, potential formation of extremely toxic products,; exists asffor all enzyme
mediated rémoval systems and' until the safety of this system is assured it will prevent their
rmplementation 'CPO will only be a cost-effective altemative to HRP if methods are scaled :ip
to prlot plant sized fermenters and would be aided by the screening for pigment-less mutants |
‘

Tt was not the intention df this project to detemune the physiology of CPO production but it

‘was hoped that some information could be gained during the course of the production

- experiments towards a better understanding of the conditions required for the accumulation of
. : i ! . .

consistent high levels of CPO in the culture sopematant. ?. This project on CPO production by
ftmmobtlized fungal hyphae may do little to change thg prescnt state of fungal fermentation but
perhaps it represents a small step towards that goal. However this thesis fails to concluswely
show that CPO catalyzed phenol oxidation would be a safe method for the treatment of

wastewatérs while perpetuatmg the concept of the potentlal need of large quantitles of CPO

More work | is required especrally in the area of enzyme 1mmobrlrzabon and actual wastewater

treatment.



4.6 Further Studies

2) Phenol Oxidation with Immebilized CPO. .

Of primary concern should be the determination of the optimufn enzyme concentration

required for complete phenolic compound oxidation.. This would involve altering reaction

conditions so that substrate would be in excess to'the enzyme. .

Other initial experiments could compare different immobilization techniques: e.g.

crosslinking (glutaraldehyde), entrapment (carrageenan), covalent bonding (controlled pore

glass), adsorption (celite), and co—immobilifation with glucose oxidase for in situ cosubstrate

generation. This would involve the development of a suitable assay system for the immobilized

-enzyme, detecting either the chlorinating or peroxidase activity of CPO. This may require the

use of a spe(:tro_photomctric flow cell. The basis for‘&omparison_should include half life of ihc

enzyme and the specific activity immobilized per unit immobilization substrate. An important

feature of enzyme immobilization is ;6 develop a process which increases the half life of the

enzymes. The enzyme's longevity is more important than the initial activity (Bucke 1983). The

“use of crude 'versus pure epzyme could also be invesggated at this time. If crude enzyme, mmus

p1gment could be used it ould increase the-cost effectiveness of the CPO system. Also
/“'*'\_,

‘ vanous protein stablllzanon techniques could be trled mcludmg BSA addmon and

glutaraldehyde crosshnkmg
"Oncea method of 1mmob1hzat10n has been chosen expenmcnts can be done to charactcnzc

the immobilized enzyme system. Immobilized enzyme stability, temperature, pH, longcvny,

~ number of reuses, potential for recharging, effectiveness of phenol oxidation using synthetic

by

-
and actual wastewaters, stability to organic solvents, effect of trace heavy metals and cyanide on

CPO activity, kinetics, etc., are just a few of the vaﬁablc§ that could be determined.

Additional experiments that could be done include ﬁndmg an effective ' reaction stopper

Smd determlmng the biodegradability of the reaction products using Dr. Fedorak's anaerobic

| cultures. 'The observatlon that copolymenz%ﬁon occurs with benzidiné and phenol could be.

a
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c;ramined further with other combinations of pﬁcnols. The nature and toxicity of the reaction
products in each case should be determined. | ‘
| ) Finally, continuous treatment of wastewaters using immobilized CPO should 'be
attempted. This would involve the design of a_small scale benchtop bioreactor (approximaately
1.L), for use in such .an application and the study of an efﬁctent means of co-substrate addition.
b) CPO Production Studies
Many items of interest still remain unexplored in the area of fungal growth and its
relationship to CPO production. First and foremost would be the development of standardized
inoculation technique uaing immobilized spores. By using immobilized spores experirnents
could be designed to determine the effect of the type of growth med“ium. used and the age of the
inocula on subsequent shake flask and fermenter cultures. The size of the immobilized beads
could also be varied thereby optimizing the size and weight of the inoculum. Also studies on

i

blomass accumulauon could be replawd to determine the correlation between dry welght and
A4

| pellet size and settled volume.

Further analysis of fed batch cultures shoiild determine what is limiting CPO production

133

levels. If a feed can be given at the right time to stimulate another round of GPO mRNA -

synthesis and transcription, the ﬂnal CPO yleld may be elevated. Expenments still need to be
carried out to fine tune the continuous feed solution to minimize »ﬂste carbohydrate and
growth yet stabilize the CPO synthesis machinery.

- A possibe procedure for controlhn g enzyme production would 1nvolve »the Jpse a fructose
feedtoa fermenter culture growing on the defined salts medium. Growth f the fungus would

then be dctermmed by the flowrate of the feed solution and the concentrauon Yof the fructose

Alternatively, a nitrate feed to a culture growing on FS (minus nitrate) may give a different form °

of control.

Additional bioreactor redesign for temperature, foaming, pH and p02 monitoring and

v

control would a1d in the experimenter's control of the fermentatlon ThlS environmentally

-~y
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< i
directed control may allqw for improvements in the qualitative and quantitative aspects of the
. - - ¢ t
fermentation. _ .
Another study of interest would involve mi¢roscopic morphology analysis. Light and
electron microscope studies on the morphology of good and poor CRPO producing strains of C. -

fumago and Leptoxyphium sp. may detect ultrastructural differences that could account for

]
variations in CPO production.
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