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1.1 Motivation

Various types of oils are used today to fry foodhwiThese include edible oils such as
sunflower oil, soybean oil, palm oil, etc. Durimyifig, usually at temperatures between 190
°C and 200 °C, various changes occur in the oiks&hinclude the removal of antioxidants
from the frying oil (Frankel 1998), hydrolysis, deition and polymerization (Warner 2002;

Lalas 2008). These reactions are responsible f@riaty of physical and chemical changes
that may be observed in the oil during frying anattmay eventually lead to the formation of
oil breakdown products which include polar compai(fICs) and polymerized triglycerides

(PTGSs) (Kock 2001).

According to South African regulations, oil thatntains 16% and more PTGs and 25% and
more PCs is considered harmful to human healtls €@ihtaining breakdown products above
these limits have been shown to cause cancer amchdea in humans and animals (STOA
Report 2000). In addition, a possible link suggestthese oils have adverse effects on
HIV/AIDS progression especially in poor communitidgs been reported (Kock 2006).

Other studies have implicated reactive oxygen gse(lROS), also present in these oils, as
inhibitors of mitochondrial function which may alaffect health negatively (Costantini et al.

2000; Lin et al. 2008).

Little is however known regarding the effect of dixed oil on microorganisms although
some studies have been carried out applying usaadgfioil as a growth substrate. These
studies have focused on isolation of lipase-sewdiacteria (Haba et al. 1999) and also on

the production of bio-surfactants iBseudomonas spp. (Mercade et al. 199Fjeurackers



2006. Other studies have indicated that repeatedlyl diséng oils are mutagenic towards

Salmonella (Taylor et al. 1983; Saleh et al. 1986; Hagemaal.et988).

In fungi, PTGs from oxidized oils were shown to @athe ability to decrease riboflavin
production byAshbya (Eremothecium) gossypii (Park and Ming 2003). Furthermore, studies
on oleaginous fungi concentrated on high valuedljmioduction inMucor circinelloides as
well as citric acid production bYarrowia lipolytica from fresh and oxidized sunflower oil
(Venter et al. 2004; Joseph et al. 2005). In thiglys the oleaginous fundCryptococcus
curvatus and M. circinelloides were grown on saturated palm oil with differentdis of
oxidative breakdown. The influence of these oilsswaen assessed on fungal growth, oil
utilization and morphology. In addition the antitadhondrial activity of oxidized palm oil
breakdown products on these fungi was assessesde Tasults were also compared to known

anti-mitochondrial antifungals.

1.2 Fatsand oils

Edible fats and oils (hereafter referred to as)odlee produced by plants, animals and
microorganisms as bulk storage materials (Franl@8). They are lipids that contain

different types of long chain fatty acids and amsoluble in water and soluble in organic
solvents such as chloroform, alcohols and etheatl¢Bge and Wilkinson 1988a). They can
be saturated (containing fatty acids without doudemds), mono-unsaturated (containing
fatty acids with one double bond) or polyunsatwtgt®ntaining fatty acids with two or more

double bonds) (Ratledge and Wilkinson 1988b). Timalver of double bonds present in fatty

acids of oils determines their stability duringifry i.e. the more unsaturated the oil, the less
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stable it will be during frying. Long-chain fattgids are characterized by a carbon chain with
a methyl group at thev-end and a carboxylic acid group at theend (Ratledge and
Wilkinson 1988b). They are mainly found esterifiea a glycerol molecule, as part of
glycolipids, phospholipids and neutral lipids. Theutral lipids consist of monoglycerides,

diglycerides, triglycerides as well as long-chageffatty acids (Ratledge 1994).

The fatty acid composition of some major sourcesibis shown in Table 1 (Shukla 1994).
Here, oils are grouped according to the predomimamdé saturated, mono- and
polyunsaturated fatty acids. The majority of ediplant crop oils contain large amounts of
mono- and polyunsaturated fatty acids whereas drfais consist mainly of saturated oils
(e.g. butterfat, beef tallow and lard). In this dise emphasis will be placed on saturated
frying oils i.e. those that are used for the frymfgvarious foods and derived from the plant

Elaeis guineensis.

1.3 Types of edible oils

A number of plants are at present utilized for pineduction of edible oils. Forty different
oilseed crops have been described, however, theremainly 10 edible oil crops of
commercial value. From this number, seven of theisecrops are seed crops and the
remaining three are tree crops. Edible oil derifrech oilseeds accounts for about 80% of the
world’s edible oil production. The remaining 20% asimal fat which include fish oils
(Metzger and Bornscheuer 2006). Approximately 80% tleese oils are for human

consumptionca. 6% is for animal feed armh. 14% for the oleochemical industry.
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Table 1. Fatty acid composition of the major oil sourcesw) (Shukla 1994).

Oill fat 4:0 6:0 8:0 10:0 12:0 14:0 16:0 18:0 20:0 16:1 18:1 20:1 18:2 18:3 S M_ P
Saturated

Beef tallow 3 24 19 4 43 3 1 46 47 4
Butterfat 4 2 1 3 3 11 27 12 2 29 2 1 63 31 3
Cocoa butter 26 35 1 35 3 62 35 3
Coconut oil 1 8 6 47 18 9 3 6 2 92 6 2
Lard 2 26 14 3 44 1 10 42 48 10
Palm-kernel oil 1 3 4 48 16 8 3 15 2 83 15 2
Palm oil 1 45 4 40 10 50 40 10
Mono-

unsaturated

Olive ol 13 3 1 1 71 10 1 17 72 11
Peanut oil 11 2 1 48 2 32 14 50 32
Rapeseed oil 4 2 62 22 10 6 62 32
Poly-

unsaturated

Corn ol 11 2 28 58 1 13 28 59
Cottonseed oil 1 22 3 1 19 54 1 26 20
Safflower oil 7 2 13 78 9 13 78
Soybean oil 11 4 24 54 7 15 24 61
Sunflower oil 7 5 19 68 1 12 19 69

4:0=butyric acid; 6:0=caproic acid; 8:0= caprylidda 10:0=capric acid; 12:0=dodecanoic acid; 14:Qrstic acid;
16:0=palmitic acid; 16:1=palmitoleic acid; 18:0=agtie acid; 18:1=oleic acid; 18:2=linoleic acid; 38alpha-linolenic
acid; 20:0=arachidic acid; 20:1=eicosenoic acid;t&al saturated fatty acids; M= total monounsdaddatty acids;
P= total polyunsaturated fatty acids.
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However, these ratios are expected to change thrdbg increasing use of oils for
oleochemical purposes, especially for biodiesetipction (Gunstone 2005; Gunstone et al.
2007). In South Africa the local supply of oilsusable to meet the demand due to limited
crop sizes. Sunflower oil is mainly used in thedandustry for frying and is consumed in
large quantities followed by palm oil. Imported maloil accounts for around 50% of
imported oil followed by sunflower oil. The consutigm of palm oil is at 26% and is second

to first placed sunflower oil with consumption Ié&vef 37% (Minal et al. 2003).

Plant crop oils are mainly preferred for frying base they are considered healthy in
comparison to saturated oils of animal origin. Hegreas a result of heat treatmeuits are
broken down easily. Here unsaturated oils are raosteptible followed by saturated oils
which are more stableTherefore, when choosing oil for frying, thermaldaoxidative
stability is important, as these not only affea tjuality of the oil but of the product as well
(Matthaus 2007)Palm oil has been shown as one of the most stalsl¢éMinal et al. 2003).
Studies by Fauziah and co-workers (2000) showedpihlan oil was even more stable than

high oleic sunflower oil during frying.

1.4 Palm oil

Palm oil is an edible vegetable oil which origirafeom the fruitElaeis guineensis (which
plays a major role in the commercial manufactur@alfn oil) andElaeis oleifera or Elaeis
odora which constitute a minor pafBerger 2001;Matthaus 200) It has been used for
preparing food for over five thousand yeavkukherjee and Mitra 20Q91t consists mainly

of triglycerides of palmitic (16:0) and oleic (18:hcids and is a semisolid at room
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temperature. It has a characteristic fatty acid mpmsition quite different from other edible

oils; it contains almost equal amounts of saturated unsaturated fatty acids. Palm oil has
been previously classified as highly saturatedaail it was believed that its consumption
raised blood cholesterol (Ebong et al. 1999). Hmwevthere is scientific evidence that
suggests that palm oil raises blood cholestergt wlen an excess of dietary cholesterol is

presented in the diet (Mukherjee and Mitra 2009).

Palm oil is also different from other vegetables@k it has a high amount of tocopherols and
tocotrienols as well as beta-carotene and vitaminhich are potent antioxidants (Ebong et
al. 1999). This increased content of natural amd@mts and moderate content of
polyunsaturated fatty acids, gives palm oil moreédative stability at high temperatures
(Minal et al. 2005) which makes it a preferred foit frying. It is also used for producing
margarines and shortenings without applying hydnagen, a process that may transfais
double bonds in unsaturated fatty acids to the altinetrans form. The presence dfans
fatty acids in dietary oils have been reportedriorease levels of total cholesterol (low
density lipoprotein cholesterol and apolipoproteéd and also decrease high density

lipoprotein cholesterol concentrations (Ebong e1889).

Consumption of palm oil can be in a fresh state/@ndt various levels of oxidation. The
beneficial role of fresh palm oil on animals andrtans has been shown in various studies
(Ebong et al. 1999). These include reduction in tiek of arterial thrombosis and
atherosclerosis, inhibition of cholesterol biosytis and platelet aggregation and reduction
in blood pressure. On the other hand, when useshimxidized state, palm oil has been

shown to affect physiological and biochemical fumes of the body. It has been revealed
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that consumption of oxidized palm oil induces rejuctive toxicity and organ toxicity
specifically of the lungs, kidneys, heart and li¢jebong et al. 1999; Mukherjee and Mitra
2009). Furthermore, repeatedlyeated palm oil can cause oxidative damdlereby

prompting atherosclerosis (Adam et al. 2008).

When compared to other commercial oils such as esnybgroundnut, sunflower and
rapeseed oil, palm oiperformed most satisfactorily during frying (Mattisd2007). In
addition, palm oil demonstrated a lower increaspaymers, viscosity and foam formation
than most of the other oilsThe benefits of using palm oil for frying overshaddts
shortcomings. In the harvest year 2004-2005, thedwsupply of palm oil increased to equal
that of soybean oil at 33 million tonnes (Gunstaned Harwood 2007) making it one of the

most popular oils used for frying.

1.5 Production of oxidized oilsduring frying

During frying (Fig. 1), food is immersed in fryingl at temperatures as high as 200 °C,
leading to several deteriorative chemical processed as; hydrolysis (caused by moisture
from the food), oxidation (due to oxygen enterihg bil from the surface of the frying pan)
and thermal alteration caused by high temperatWarifer 2002; Lalas 2008). These
reactions are responsible for a variety of physacal chemical changes that may be observed

in the oil during frying (Wanasundara and Shahgp3).
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One of the first reactions that take place duriying is hydrolysis. Moisture from the food
hydrolyzes the ester bonds of the triglyceridesdlpoing mono- and diglycerides, free fatty
acids and glycerol. Glycerol is volatile at 150002C and is partially lost by evaporation.
Free fatty acids and mono-glycerides emulsify tlleaod this enhances oil hydrolysis
(Wanasundara and Shahidi 1995; Choe and Min 2a8&avy metals from the food and
added spices, cause the free fatty acids to transiitto soap compounds and this leads to
foaming on the surface of the frying oil. Increagedming raises the level of aeration and
this result in an increase in oxidation (Kock anoe@ee 1998). Thermal oxidation follows
the mechanism of autoxidation however the thermalatdion rate is faster than autoxidation
(Choe and Min 2007). Chemical reactions that ocktuing frying result in the formation of
hydroperoxides. These are the primary productspad bxidation and are very unstable at
frying temperatures. Their breakdown is also catdyby the presence of transition metals

such as iron and copper that enter foods via vaatspices used in food preparation.

Copper and iron metals aid radical formation inbgilremoving hydrogen protons from oil to

form alkyl radicals by oxidation-reduction mechanssof metals even at low temperatures
(Choe and Min 2007). Oxidation reactions take platean increased speed at high
temperatures (Anelich 2000; Choe and Min 2007halt also been reported that prolonged
exposure of oils to high temperatures in the preseof oxygen and moisture leads to
polymerization (Gurr and Harwood 1991; Chow and @u®94; Stauffer 1996). The rate of

hydroperoxide formation and decomposition has bisen shown to increase during thermal
oxidation. Breakdown of hydroperoxides is a congikd process that produces large
amounts of materials that may have adverse biadbgiffects. This breakdown proceeds by

homolytic cleavage of hydroperoxides to form alkoaglicals.
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Fig. 1 Changes that occur during deep oil frying (Frit4&81; Frankel 1998)

These radicals can undergo carbon-carbon cleawaderm aldehydes, ketones, alcohols,
hydrocarbons, esters, furans and lactones. Hydogjukss can also condense into dimers and
polymers that can also break down to produce Velatompounds (Frankel 1998).

Furthermore, free radicals have been reportedttasamtermediates during the formation of
secondary oxidation products (Kochhar and Gertz120bhese free radicals ultimately form

polymers, non-volatile oxy- and cyclic acids andatite products such as saturated and
unsaturated aldehydes, ketones, hydrocarbons, @f;otcids and esters which eventually

influence the quality of the heated oil (AnelichOB).
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Gupta (2005) suggested that products of oil oxiaatire strong catalysts that cause further
degradation of the oil during storage especiallgmwthe oil is abused during frying. It is also
important to note that, when oil is extremely bnoldown, more of the oil will be absorbed
by the food being fried than when fresh cookingisilised. This will lead to more of this
unhealthy broken down oxidized oil being consum€thafv and Gupta 1994). In 2000,
Anelich reported that as much as 40% (w/w) of broewn oil can be absorbed by specific

food stuffs.

1.6 Biological activity of oxidized oils

The biological activity of oxidized oils has bedndied comprehensively and various authors
are in agreement that undesirable or harmful nageaire formed during prolonged oxidation
or high-temperature treatment. But, there is dmsagrent concerning the biological
significance of such materials formed during expental studies. This is because each study
has its own experimental design and approach,cpéatly the extent of oxidation of oils
used. An important aspect to consider when conaggtiich studies is the extent at which the
oil has been heated and used, as this will playaarele in establishing its biological activity
i.e. if the oil has been extensively oxidized ahdréfore, abused or if it has been prepared

under conditions similar to normal cooking practi¢€how 2007).

Oils that are extensively oxidized (thermally) solated fractions containing oxidation and
degradation compounds such as hydroperoxides t¢aradh with proteins, membranes and
enzymes (Frankel 1998). These reactions with bickdgomponents are of concern as they

affect vital cell functions. It has been reportdattthese oils can cause severe biological
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effects such as growth retardation, diarrhoea agadhdin laboratory animals (Frankel 1998;
Kock et al. 2002). Peroxidation of membranes asgli lipids has been reported to have the
ability to destroy the integrity of the cell membeathus leading to leakage of cytoplasmic
substances (Wu and Yen 2004). Furthermore intenrastiof oil breakdown products
(especially free radicals) with proteins and DNAdeto damage of both these cellular
components (Padney and Das 2006). This damagafiésxs the natural biological activities

of proteins leading to toxicity of biological syste (Matsushita 1975).

Brandsch and co-workers (2009) further reported dietary oxidized oils lowered activities
of lipogenic enzymes in the liver leading to a @ase in the triglyceride content. This was
also observed in the mammary glands. Furthermats,fed with heated oil developed liver
damage and this was attributed to volatile compseustdl found in the oil (Totani et al.
2008). Oxidized oils have been reported to pronootitiate carcinogenesis or mutagenesis
(Chow 2007). In addition, vitamin E has been shawnpartially protect cells against
laboratory induced carcinogenesis which suggesislijhid peroxidation may play a role in
carcinogenesis by damaging genetic material. Tweetgent polar compounds (i.e. total
breakdown products) from oils used for normal fgyivas shown to cause a small but
significant reduction in growth and slight liverrdage when included in diets of animals

(Frankel 1998).

Non-volatile compounds produced during the fryinggess are of more concern as they
remain in the frying oil and promote further degrtioin of the oil. They are also absorbed by

the food to eventually affect public health (Gagbezlu et al. 2007). Cyclic fatty acid
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monomers produced during deep frying are considerdmk toxic as they remain in the oil
and are readily absorbed by the intestinal mucdabddio and Grandgirard 1989).
Additionally, aldehydes (volatile compounds) stidns-trans-2,4-decadienalt{t-2,4-DDE),
4-hydroxynonenal (4-HNE) and malondialdehyde (MD#&) considered to be high in
toxicity, while t-t-2,4-DDE has been reported to damage DNA which tigbult in cancer
(Wu et al. 2001; Wu and Yen 2004). 4-Hydroxynone@aHNE) and malondialdehyde
(MDA) are well recognized and found to be relatw&dxic. Furthermord-t-2,4-DDE was
reported to induce oxidative stress and increasetive® oxygen species production in a dose

dependent manner in cultured human bronchial dtlells (Chang et al. 2005)

In addition a possible link suggesting these oilveh adverse effects on HIV/AIDS
progression, especially in poor communities, hasnbeeported (Kock 2006). In 2002 the
Kock group hypothesized that oxidized oils may asely affect HIV-infected subjects in the
black South African population and may lead to axick stress and the progression of HIV-
AIDS. Other studies have implicated ROS, also prese these oils, as inhibitors of
mitochondrial function which may also affect heairgatively (Costantini et al. 2000; Lin et

al. 2008).

1.7 Biological effectson other organisms

The Ames test is widely used for testing genotdyiof used cooking oil. This is a screening
test that is used to assist in identifying chensighht influence the structure of DNA. The
test exposeSalmonella to chemicals and visualizes changes in their droweghaviour. A

mutated strain oBalmonella that requires histidine for growth is used in tbstt The ability
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of this strainto grow in the absence of histidine indicates thatmutation has been reversed.
Several researchers (Taylor et al. 1983; Saleh @986; Hageman et al. 1988) showed that
repeatedly used frying oils were mutagenic usirgAlmes test. Even though the Ames test
has been extensively used as a screening methber éoests such as the bacterial
bioluminescence test (or mutatox test) have beeeldeed for genotoxicity testing. Here,

dark mutants of luminous bacteria are used to ater the ability of a tested compound to
restore luminescence by inducing a mutation (Sumletl998). Studies by Sun and co-

workers demonstrated that heated soybean oil dglilgienotoxicity in the mutatox test.

Studies by Gamage et al. (1971) reported that tixelalamage of biomembranes may be
induced by dietary oxidized oils. They reportedt thaM linoleate hydroperoxides added at
the initial stage or early logarithmic phase cortadieinhibited growth oEscherichia coli. In

addition, Park and Ming (2003) reported that theGPdontent of rape seed oil (used as

substrate) decreased riboflavin productiorEbgmothecium gossypii.

There have been different studies carried out loppua authors using oxidized oils as carbon
source for fungi and bacteria. However in thesedisti emphasis was placed on the
production of high value lipids, isolation of ligasecreting bacteria and bio-surfactant
production. Pelesane and co-workers (2001) andpbose al. (2005) showed that gamma
linolenic acid (GLA) could be successfully produdgdMucor circinelloides using oxidized
sunflower oil (with PTGs above the South Africargukatory limit) as carbon source.
However, they showed that PTGs influenced biomask GLA production as well as oil

utilization and accumulation negatively. Other stgdrevealed that oxidized oils can be
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successfully used to isolate lipase-secreting bacfelaba et al. 1999). In 2006 Fleurackers
reported that oxidized oils can be successfullyduiee the production of bio-surfactants.

Here the author showed that PTGs did not affecshbifactant production.

1.8 Utilization of oils by fungi

Oil utilization by fungi has been widely reportedliterature by numerous authors (Mercade
et al. 1993; Jeffery et al. 1997, Pelesane et@l12Venter et al. 2004, Joseph et al. 2005;
Fleurackers 2006Sarubbo et al. 2006; Szsna-Antczak et al. 2006; Papanikolaou et al.
2007; Marsudi et al. 2008). Microorganisms requexeral modifications before they can
utilize oils. These include uptake mechanisms dbsagespecific metabolic pathways for the
breakdown of the oily substrate. Warrowia lipolytica and Candida tropicalis, cells were
found to respond by releasing surface-active comgswand chemicals (such as lipases and
bio-surfactants), changing the structure of thell surface to transport water insoluble
compounds (Kéapelli et al. 1984). Papanikolaou aodvorkers (2007) reported that the
presence of fatty acids in culture medium stimuldigase production iiY. lipolytica and the

same phenomenon has been observed with other snggni

Protrusions were found on the surface of cells grawthe presence of fatty acids and were
implicated to play a role in the uptake of thesepounds from the medium (Kapelli et al.

1984). These protrusions probably maximize celkgabe contact by adhering to

hydrophobic droplets in the medium and therebylitating uptake of hydrophobic substrates
by the cell. Such cell surface protrusions in fungve been reported @ tropicalis andY.

lipolytica (K&pelli et al. 1984). According to Beopoulos arwworkers (2009), once taken
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up by cells, fatty acids can remain unchanged or lwa modified. Finally, fatty acids are
incorporated in triglycerides and stored in inttadar compartments known as lipid bodies

or they can be utilized for energy production psgmby the cell (Mékova et al. 2004).

External oil utilization by fungi begins when trygerides are hydrolysed to yield free fatty
acids (that can be easily utilized to produce bsshaThis hydrolysis is catalysed by lipases
(Shukla et al. 2007) which in fungi are classifieato three main types according to the
specific reaction they catalyze. Non-specific lgmscatalyze the total hydrolysis of

triglycerides to free fatty acids and glycerol, ighil,3-regiospecific lipases catalyze the
hydrolysis reaction at the C-1 and C-3 positiongrigiycerides resulting in amongst others
2,3-diacylglycerol and 2-monoacylglycerol. The fitgpe comprises of acyl-group specific

lipases able to catalyze the removal of a speédity acid from a triglyceride (Ratledge

1989). In other studies, Loo and co-workers (206Efjorted on the specificity of these
lipases, when they demonstrated that lipases fi@gsotrichum candidum preferred

unsaturated oleic acid above saturated palmitit dering hydrolysis of palm olein.

Following hydrolysis of triglycerides by lipaseseé fatty acids are taken up by the cell
through simple diffusion at high concentrations affatilitated diffusion at low
concentrations. In the latter case, fatty acidpdemslly long-chain fatty acids) bind to a
protein carrier in the cytoplasmic membrane to liiaté transport across the membrane.
Once inside the cytoplasm, fatty acids are changedcyl-CoA esters by acyl-CoA
synthetase. This minimizes the inhibitory effectdree fatty acids in the cytoplasm. Here,

free fatty acids are converted back to triglycesiflar storage in the cell, resulting in the fed
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oil having a similar composition to the intracedlullipid formed. In some organisms
intracellular lipids can also be elongated and weated (Finnety 1989; Ratledge 2004) to
produce fatty acids with different chain lengthsl @esaturation. It was shown by Wynn and
Ratledge (2000) thate novo fatty acid synthesis in certain fungi does notusaghen cells

are grown on oils since fatty acid biosynthesiemessed.

Free fatty acids from fed oils can also be metaedliby fungi in the mitochondria to provide
energy. This process is termpexidation since it occurs through the sequengahaoval of
2-carbon units by oxidation at tiffecarbon position of the fatty acyl-CoA moleculen&:
fatty acids in the form of acyl-CoA ester cannasgpéhrough the mitochondrial membrane, a
transport system as well Asoxidation enzymes (i.e. epimerase and isomerase)eeded to

initiate the pathway (Wynn and Ratledge 2000).

1.9 Purpose of research

With this information as background the aims ofstlstudy became, to assessMt
circindloides and C. curvatus can utilize palm oil characterized by differenvdés of
oxidative breakdown. Special attention will be giv® lipid turnover, cell growth and the
effects of breakdown products on cell morphologhe Tinfluence of these oils was then
assessed on fungal growth, oil utilization and rhotpgy. In addition the anti-mitochondrial
activity of oxidized palm oil breakdown products these fungi was assessed. These results

were also compared to known anti-mitochondrialfangals.
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2.1 Abstract

The oleaginous fungiCryptococcus curvatus and Mucor circinelloides were used to
determine the effect of palm oil breakdown produnteasured as polymerised triglycerides
(PTGs) on lipid turnover, growth and morphology.Ntcor circinelloides we found after
seven days of growth, a decrease in biomass, Uiflidation and accumulation at increased
PTG levels, both at low and neutral pH. An increaseTG concentration also influenced the
morphology ofM. circinelloides. Here, protrusions were observed on the surfatdbeo
fungal cell walls when grown on oil with 45% PTGQsdanot when the fungus was grown on
fresh oil with 0.4% PTGs. IiC. curvatus there was also a decrease in oil utilization and
biomass production at increased PTG levels, at losthand neutral pH. Here an increase in
oil accumulation was observed at low pH while meened similar at neutral pH for all PTG
levels tested. Hairy and warty protuberances onctie surface were observed whén
curvatus was grown on oils with 15% and 45% PTGs respegtivdle conclude that the
changes observed in lipid turnover as well as malggdy in both fungi are due to the

presence of palm oil breakdown products.

Key words: Cryptococcus curvatus, Lipid turnover, Morphology,Mucor circinelloides,

Polymerized triglycerides.
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2.2 Introduction

When edible oils such as sunflower and palm oiés wged repeatedly in frying processes,
they break down to form various compounds suchress fatty acids, peroxides, aldehydes,
free radicals and eventually, polymerised triglydes (PTGs; Frankel 1998). PTG levels are
used as indicator to assess the extent of oil dmak (STOA Report 2000). According to

South African and other international regulatioos,that contains 16% and more PTGs is
considered harmful to human health since it wilbatontain toxic levels of other breakdown
products (Kock et al. 1999; STOA Report 2000). Aalinstudies have shown that oils

containing PTGs above these limits may cause, astastbers, growth retardation, cancer
and diarrhoea (STOA Report 2000). In addition, asgde link suggesting that these oils
have adverse effects on HIV/AIDS progression, egfigcn poor communities, has been

reported (Kock 2006).

Adverse effects of oil breakdown products on fuhgve also been reported. When the
oleaginous fungudMucor circinelloides was grown on unsaturated sunflower oil with
increased levels of PTGs, biomass production a$ ageloil utilization and accumulation
decreased at neutral and low pH levels (Joseph @085). PTGs in oxidized unsaturated
rapeseed oil were also shown to decrease riboflavoduction by the fungug#shbya
(Eremothecium) gossypii (Park and Ming 2003) and are therefore also cens@tito be anti-

mitochondrial (Kock et al. 2009).

Until now, no work has been done on the effectadfiated palm oil breakdown products on

fungi. Consequently, the aim of this study becamassess the effects of these oils on fungal
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growth as well as oil utilisation and accumulatidhis is also the first time that the effect of

edible oil breakdown products on fungal cell morphy is assessed.

2.3 Materialsand methods

Preparation of edible oils with varying amount$aiGs

Fresh palm oil (PTG = 0.4% wlywas heated to 200 while being stirred and aerated (air
flow: 7 L min?, oil volume: 1 L) to reach PTGs levels of 15% %6 (w w") respectively.

The levels of PTG were assessed by using the meath@ekljaars (1993). Here, oils were
dissolved in tetrahydrofuran (THF; Honeywell, Bukliand Jackson, Muskegon, Ml, USA)
and the polymers were determined by gel permeatimomatography using a Hewlett
Packard HP 1047A liquid chromatograihSA) equipped with a RD 1 detect@P 1047

Refractive Index Detector, USAPTGs are formed by carbon to carbon and/or catbon
oxygen linkages between mono-, di and triglycetideind fatty acids as well as free fatty

acids to produce dimeric or higher polymeric compisi

Microor ganisms and cultivation

Cryptococcus curvatus UOFS Y-0818T and\. circinelloides UOFS Y-2803were first grown

on YM (yeast malt agar) plates at 30 for four days and then transferred to 100 mLilster
growth media (pH 5.8) in 1 L conical flasks. Thediuen consisted of the following in g't
fresh palm oil with PTG level of 0.4% (w; 30; sodium acetate, 10; yeast extract, 0.1;

MgSQ,.7H,0, 0.25; KHPQ,, 10.0; CaCl2H,0O, 0.05; NHCI, 1.28. Trace elements were
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added to a final concentration (¢')Las follows: FeS@7H,0, 0.035; MnSQ4H,0, 0.0007;
ZnSQ,.7H,O, 0.011; CuS@5H,0, 0.001; CoCl6H,O, 0.002; NaMo0O,4.2H,O, 0.0013;

H3BOs, 0.002; KI, 0.00035; A[SOy)s, 0.0005.

These cultures were then grown at°80for seven days while being shaken at 160 rev'min
C. curvatus cultures were harvested by centrifugation (1)&nhdM. circinelloides cultures

by filtration (Whatman no. 1) at different time entals (i.e. after 0 h, 24 h, 48 h, 72 h, 96 h,
120 h, 144 h, 168 h). All experiments were perfainretriplicate. These experiments were
repeated with palm oil containing 15% and 45% PT&pectively. After harvesting, cells

were extensively washed and immediately frozenfesekze-dried. Control experiments were
carried out using the same medium as above with pil(40 g L':; PTG level = 0.4%, 15%

and 45% w W) as the only carbon source.

Lipid extraction

From the supernatant of each flask (pH < 4), ertralar lipids were immediately extracted
with hexane (Radchem, Germiston, South Africa)luri lipids were detected (Kock et al.
(1997). Lipids were also extracted from freezedlells. Here cells from each flask were
subjected to 150 mL chloroform/methanol (2:1 1) yRadchem, Germiston, South Africa]
treatment as described by Folch et al. (1957). Wais followed by two washes with distilled
water and final evaporation of the organic phasdeurvacuum. The lipid fraction was
dissolved in diethyl ether and transferred to pegghved vials. Finally samples were dried to

constant weight in a vacuum oven ove®Pat 55°C.
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Polymerized triglyceride analysis

Both intracellular and extracellular lipids werestlved in THF. Polymers were determined

by gel permeation chromatography as described ljgds (1993).

Acetic acid analyses

Acetic acid present in the supernatants in all Brpents were determined using the method
of Du Preez and Lategan (1978). Here, a Shimadg.clggomatograpfUapan with a flame
ionisation detector and a 30 m x 0.25 mm, ID x O@b film thickness, SolGel column
(USA) was used. The initial oven temperature was 50 ®€ lzeld for 2.5 min and then
increased at a rate of 20 °C fito 150 °C. The inlet temperature was 250 °C. Einger gas
was hydrogen at a flow rate of 1 mL minThe samples and acetic acid standard (1 mL) were

acidified with 0.3 mL of a 25% formic acid solutipnior to analysis.

Scanning electron micr oscopy

Scanning electron microscopy (SEM) was performezbiting to van Wyk and Wingfield
(1991). Fungal cells were first chemically fixed # h using 3% (v V; 1.0 mol L'*) of a
sodium phosphate buffered glutardialdehyde (Sigrahi¢h, St. Louis, Mo., USA) solution
at pH 7.0 and a similarly buffered solution (1% M) wf osmium tetroxide (Sigma-Aldrich)
for 1h. Next, all material was dehydrated in a gahderies of ethanol solutions (50%, 70%,
90%, and 100% for 30 min per solution). These netewere then critical-point dried,
mounted, and coated with gold to make it electiyoadnductive and finally examined with a

Shimadzu SSX550 SEM (Japan).
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Transmission electron micr oscopy

For transmission electron microscopy (TEM; van Warkd Wingfield 1991), fungal cells
were fixed using the same protocol described foMSEfter washing, the material was
dehydrated in a graded acetone (Merck, Darmstagltn@ny) series (50 %, 70 %, 95 %, 2X
100 %). Dehydration lasted 30 min for each stepxtNlee material was embedded in an
expoxy resin (Spurr 1969) and allowed to polymeiisean oven at 70C for 8 h. Thin
sections were made using a LKB Il Ultramicroton&ockholm, Sweden) and stained with
uranyl acetate for 5 min and lead citrate for 1.riimally, these sections were viewed with a
Phillips EM 100 transmission electron microscopen@Boeven, the Netherlands). These

procedures were performed in at least triplicate.

2.4 Results and discussion

The effects of breakdown products on lipid turndwgiboth fungi after seven days of growth
are shown in Tables 1 and 2 respectively. It wasdiathat the pH increased to near neutrality
when both fungi were grown on oil, at different PTg8els, in the presence of acetate and to
below 4 in the absence of acetate. Acetate was shltmmpletely utilised after 24 h of
growth. Similar results were reported by Joseplale(2005) whenM. circinelloides was
grown on sunflower oil under similar conditions. or@equently, acetate may be used to
maintain fungal cultures at neutral pH. Here sodions remain present in the medium while
acetic acid is replaced with hydroxide and simibgns. This eventually leads to a pH increase

since sodium hydroxide is a stronger base tharusodicetate (Ratledge et al. 2001).
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Increased emulsification was also observed aftdr @figrowth in both fungi in the presence
of acetate and not in its absence. This may bdabascto increased lipase activity in the
neutral medium and the resulting fatty acids fognemulsifying soaps. It is interesting to
note that the pH of the acetate-free media in wi@cyptococcus was grown, was lower

compared to media in whicklucor wasgrown. This is probably due to the production of

additional organic acids by the former fungus.

Lipid turnover

Mucor circinelloides (Table 1)

Extracellular lipid (ECL) fraction: This fungus was capable of utilising palm oil &fedent

levels of breakdown - measured as PTGs. Increasedigts of ECL remained in the pH
neutral medium with PTG levels of 15% and 45% respely when compared to fresh oil
(PTG = 0.4%). This indicates decreased oil utiesatwhen compared to fresh oil (0.4%
PTG). A similar trend is observed at low pH (pH)3&hough much less oil was utilised by
the fungus at all PTG levels. This may be ascritmepgoor emulsification and therefore low

lipase activity.

Biomass (BM) production: A significant (P < 0.01) dose dependent decreaseBM
production occurred at increased levels of PTQwo#t neutral and low pH conditions. This
may be ascribed to the decrease in oil utilisatioder these conditions probably caused by

oil breakdown products.

Intracellular lipid (ICL) fraction: The ICL content (oil accumulation) also decreased

significantly (P < 0.01) with increased levels dfteakdown levels at both pH levels.
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Percentage PTGs in ECL fraction: It is interesting to note that the percentage ®ir@reased
significantly (P < 0.01) in the ECL fraction witmancrease in PTG levels in the oil
originally fed to the fungus. This was evident ottbneutral and low pH media. This, points

towards the inability of this fungus to utilize P3G

Percentage PTGs in ICL fraction: The percentage PTGs in the ICL fraction also insgea
with an increase in the PTG levels in the oil oraly fed to this fungus. This may be
ascribed to the uptake of these breakdown prodogtshe fungus or by thab initio
formation of PTG in ICL fraction. Here, significayntmore (P < 0.01) intracellular PTGs
were formed in ICL fraction at a lower pH level wheompared to ICL obtained at neutral

pH. This cannot be explained at present.

Cryptococcus curvatus (Table 2)

Extracellular lipid (ECL) fraction: This fungus was also capable of utilising palm atil
different levels of breakdown. Here, residual EClaswdose dependent in media with
increased levels of PTGs at both neutral and low Ttis indicates decreased oil utilisation
as a result of increased levels of oil breakdownlotv pH, significantly (P < 0.01) more
ECL remained in the medium compared to ECL in redytH media. This may again be

ascribed to poor emulsification and therefore lgpade activity.

Biomass (BM) production: A decrease in BM production was evident at incréd3gG levels
when compared to a PTG level of 0.4% at both neatrd low pH. However a significant
increase (P < 0.01) was observed from PTG levels586 to 45%. This may be ascribed to
the formation of more inhibitory oxidation produets15% PTGs than at 45% PTGs where

(in the latter case) most oxidative intermediatasgformed to PTG@-rankel 1998
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Intracellular lipid (ICL) fraction: Interestingly, the ICL content remained similamautral
pH while a dose dependant increase was found aplewvith an increase in PTG levels in

the original oil fed to the yeast. This cannot kplained at present.

Percentage PTGsin ECL fraction: It is interesting to note that the percentage PinGeased
significantly (P < 0.01) in the ECL fraction in @sk dependent manner at both pH levels.
This point towards selective accumulation of PTG the latter is not favoured for uptake

probably due to toxicity.

Percentage PTGs in ICL fraction: Contrary to the results obtained vh circinelloides, the
percentage PTGs in the ICL fraction remained uradabde at all PTG and pH levels. This
may be ascribed to a lack of uptake or intracellpt@duction of these potentially toxic free

radical induced polymers. This is probably a dedemechanism of this yea@$irankel1998.

M or phology

Mucor circinelloides (Fig. 1a-d)

Electron micrographs (SEM and TEM) clearly show iffecence in hyphal cell wall
morphology in the presence of 45% PTGs (in origyni@d oil; Fig. 1c,d) compared to a PTG
level of 0.4% (in originally oil; Fig. 1a,b) afteseven days of growth. In the latter case the
coenocytic hyphal cell wall surfaces are smootly.(B&a,b) while in the 45% PTG-medium
the surface demonstrated wart-like structures ¢iaae the hyphae a wrinkled appearance
(Fig. 1c,d). This was not observed when the fungas grown in the absence of acetate

where growth ceased after 48 h (see supplememtmmation).
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Cryptococcus curvatus (Fig. 2a-f)

When this yeast was fed with palm oil containing@Tevels of 0.4%, 15% and 45%
respectively in the presence of acetate, againntareisting change in cell wall surface
morphology was observed by SEM and TEM analyses a#iven days of growth. At 0.4%
PTGs (in originally fed oil), the cell walls remaith smooth (Fig. 2a,b) while hairy
protuberances appeared at a 15% PTG level (innaigi fed oil, Fig. 2c,d) and wart-like
protuberances were visible at a PTG level of 45%w(iginally fed oil, Fig. 2e,f). This was

less pronounced when the fungus was grown in therate of acetate.

This is the first time that cell wall protuberandasfungi are reported as a response to the
presence of palm oil breakdown products. Is possibat these structures function in the
uptake of palm oil breakdown products? This is plp similar to the cell wall
protuberances found i@andida tropicalis that may serve as a possible mechanism for the
uptake of hydrophobic substrates (Kapelli et aB4)9In addition the observed cell shrinkage
of Mucor circinelloides, the loss of intracellular structure Gfyptococcus curvatus as well as

the blebb-like protruberances in both organisms nb&y indicators of apoptosis-like
programmed cell death induced by the presence laf pa breakdown products (Granot et

al. 2003).

2.5 Conclusions

From this study it is clear that palm oil breakdopmoducts, expressed as percentage PTGs,
have a significant inhibitory effect on oil utilizan, concomitant biomass production as well
as lipid accumulation. In many cases this patterdose dependent with an increase in PTG

content. Strikingly, interesting protuberances welserved on fungal cell walls of cultures
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grown in the presence of elevated levels of oilakdown. In future the function of these
protuberances should be assessed as well as theedifbreakdown products formed in the

heat treated palm oils.

It was previously reported that the productionibbflavin by the fungug&remothecium may
be used as indicator for the detection of compouwvitts anti-mitochondrial activity (Kock et
al. 2009). Since PTGs also decrease riboflavin ygtbdn by this fungus (Park and Ming
2003), we conclude that these oxidised oil compeundy also be anti-mitochondrial (Kock
et al. 2009). Consequently the effect of PTGs atiterooil breakdown products on
mitochondrial activity should be assessed in thegifilstudied as well as in animals and

humans.
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Table 1. Effects of palm oil breakdown products on lipidrtaver byMucor circinelloides

after seven days of growth

% PTG®
0.4% 15% 45%
pH 6.8 (0.0) 7.0 (0.0) 7.0 (0.1)
3.8 (0.0) 3.8(0.2) 3.8(0.1)
AA?(gL™ 0.1 (0.0) 0.1 (0.0 0.1 (0.0
BM® (gL 16.3 (1.8) 9.6 (0.6) 8.3(0.2)
5.4 (0.6) 4.6 (0.3) 2.6 (0.3)
ECLS(gL™ 11.6 (0.4) 16.0 (1.5) 14.0 (0.4)
29.8 (3.7) 33.3(1.8) 33.9 (0.4)
ICL® (%) 65.0 (1.9) 48.6 (1.7) 43.9 (2.1)
56.0 (2.9) 51.7 (6.7) 19.9 (0.1)
% PTGs® (ECL) 0 (0.0) 2.4 (0.1) 28.1 (0.1)
0 (0.0) 4.3 (0.1) 29.4 (0.1)
% PTGs (ICL) 0 (0.0) 0.3(0.0) 3.2(0.1)
0 (0.0) 9.8 (0.2) 9.7 (0.1)

3AA — acetic acid:"BM — biomass°ECL — extracellular lipid contenfICL — intracellular lipid

content (% w W); ®PTGs — polymerized triglycerides (% w'y + presence of AA; - absence of AA;

() — standard deviation.
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Table 2. Effects of palm oil breakdown products on lipidrtaver byCryptococcus curvatus

after seven days of growth

% PTG®
0.4% 15% 45%

pH + 7.2 (0.1) 7.0 (0.3) 6.8 (0.5)

- 2.9(0.2) 2.8 (0.1) 2.9(0.1)
AA(gL™) + 0.1 (0.0) 0.1 (0.0) 0.1 (0.0)
BM® (gL + 13.1 (1.0) 6.0 (0.7) 10.3 (0.7)

- 8.1 (1.4) 4.1(0.1) 7.1(0.1)
ECL®(gL™) + 1.2 (0.1) 10.6 (0.1) 12.0 (2.0)

- 23.0 (0.2) 24.3 (1.9) 25.4 (0.4)
ICLY (%) + 40.0 (1.4) 40.0 (0.8) 40.0 (2.9)

- 42.0 (2.8) 51.3 (0.8) 53.4 (3.1)
% PTGs® (ECL) + 0 (0.0) 16.5 (0.5) 48.0 (0.7)

- 0 (0.0) 19.5 (0.2) 58.9 (0.1)
% PTGs®(ICL) + 0 (0.0) 0.0 (0.0) 0.0 (0.0)

- 0 (0.0) 0.0 (0.0) 0.0 (0.0)

3AA — acetic acid”BM — biomassECL — extracellular lipid contenfiCL — intracellular

lipid content (% w \W); ®PTGs — polymerized triglycerides (% w'y + presence of AA; -

absence of AA; () — standard deviation.
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2.9 Figures

Fig. 1 Scanning (a) and transmission (b) electron micragsashowing smooth hyphal walls
(SHW) of Mucor circinelloides after seven days of growth on fresh palm oil ia gnesence

of acetate. Scanning (c) and transmission (d) mleamnicrographs showing wart-like (W)
structures on hyphal (H) walls after seven daygrofvth on palm oil with 45% PTGs in the

presence of acetate.
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Fig. 2 Scanning (a) and transmission (b) electron miaplys showing smooth cell walls
(SCW) of Cryptococcus curvatus after seven days of growth on fresh palm oil ingihesence
of acetate. Scanning (c) and transmission (d) mectmicrographs showing hairy
protuberances (P) on celidter seven days of growth on palm oil with 15% BTG the
presence of acetate. Scanning (e) and transmi¢Bi@bectron micrographs showing wart-
like protuberances (WP) on cell surfaaier seven days of growth on palm oil with 45%

PTGs in the presence of acetate.
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2.10 Supplementary I nfor mation

Results obtained from samples drawn after O h,,28H, 72 h, 96 h, 120 h, 144 h, 168 h are
shown in Figs. 1- 10 and summarized in this sectdhexperiments were performed in

triplicate and similar patterns were observed.

Mucor circinelloides (Figs. 1-5)

pH and acetic acid utilization (Figs. 1,2): The pH increased to near neutralitalatPTG
levels in the presence of acetate and decreadesistthan 4 in the absence of acetate (Fig. 1).
Acetic acid was almost completely utilized aftehZ&ig. 2). These results correspond with

those reported by Joseph and co-workers in 2005.

Extracellular lipid (ECL) fraction (Fig. 3): Oil utilization was the highest at a PT&vel of

0.4% in the presence of acetate when compared @ |IBVels of 15% and 45%. This was
also observed in the absence of acetate, whetdilahtion was less at all PTG levels when
compared to cultures grown in the presence of teefhis may be due to decreased
emulsification at low pH which probably affectsdge activity leading to a decrease in oll

utilization.

Biomass (BM) production (Figs. 4a,b): A dose dependent decrease in biomassobserved
with an increase in PTGs at both pH levels (Figsb¥ This may be due to a decrease in oil
utilization as PTGs increase. Interestingly, at A&@@&ls of 45%, in the absence of acetate,

growth ceased after 48 h.

Intracellular lipid (ICL) fraction (Figs. 5a,b): There was ehanced oil accumulati@i (I
content) when fresh oil (PTG = 0.4%) was fedvtocircinelloides than when oils with 15%
and 45% PTGs respectively were fed to the fungubo#tt pH levels (Figs. 5a,b). Dose

dependent effects were observed at both pH levels.
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Cryptococcus curvatus (Figs. 6-10)

pH and acetic acid utilization (Figs. 6,7): The pH increased to near neutralitalatPTG
levels in the presence of acetate and decreadesstthan 3 in the absence of acetate (Fig. 6).
Acetic acid was almost completely utilized aftert24Fig. 7) which was also observed with
M. circinelloides. The pH in the absence of acetate was lower thah dbserved irM.

circindloides indicating production of more organic acids bythingus.

Extracellular lipid (ECL) fraction (Fig. 8): In general, there was enhanced oil wtilan in
the presence of acetate than in its absence, vesh il (PTG = 0.4%) being utilized better
than oxidized oils at PTG levels of 15% and 45%eesively. A dose dependent decrease in

oil utilization was observed with an increase ind&Tat both pH levels.

Biomass (BM) production (Fig. 9a,b) Biomass production increased when fogisivas fed to

C. curvatus in the presence of acetate compared to oils at BV€ls of 15% and 45% (Fig.
9a). This was also observed in the absence of tac@a. 9b). A decrease in biomass was
observed at a PTG level of 15% from 144 h to 16@8 growth in the presence or absence of
acetate. This decrease may be due to the presénctmnediary oxidized oil breakdown
products which may be toxic (Frankel 1998). Thisoashows thaC. curvatus is more

sensitive to these breakdown products at this V&l

Intracellular lipid (ICL) fraction (Figs. 10a,b): The ICL fraction remained at abdiftedat all
PTG levels in the presence of acetate (Fig. 10y 468 h of growth. This phenomenon
cannot be explained at the moment. A PTG dose digmiincrease of the ICL fraction was

observed in the absence of acetate (Fig. 10b).cHniaot be explained at present.
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211 Figures
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Fig. 1 Changes in pH dMucor circinelloides grown in shake flasks for seven days afG0
containing 0.4%, 15% and 45% polymerized triglydes in the presence (solid line) and

absence (broken line) of acetate respectively.
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Fig. 2 Changes in acetic acid concentratiorivafcor circinelloides cultures grown in shake

flasks for seven days at 3@ containing 0.4%, 15% and 45% polymerized trighaes

respectively.
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Fig. 3 Oil utilization by Mucor circinelloides grown in shake flasks for seven days at'G0
containing 0.4%, 15% and 45% polymerized triglydes in the presence (solid line) and

absence (broken line) of acetate respectively. ERtracellular lipid content.
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Fig. 4a Biomass production biucor circinelloides cultures grown in shake flasks for seven

days at 3C°C containing 0.4%, 15% and 45% polymerized trighaes in the presence of

acetate respectively.
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Fig. 4b Biomass production biucor circinelloides cultures grown in shake flasks for seven
days at 3C°C containing 0.4%, 15% and 45% polymerized trighaes in the absence of

acetate respectively.
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Fig. 5a Intracellular lipid (ICL) content oMucor circinelloides cultures grown in shake
flasks for seven days at 3C€ containing 0.4%, 15% and 45% polymerized trighg®s in

the presence of acetate respectively.
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Fig. 5b Intracellular lipid (ICL) content oMucor circinelloides cultures grown in shake
flasks for seven days at 3C€ containing 0.4%, 15% and 45% polymerized trighg®s in

the absence of acetate respectively.
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Fig. 6 Changes in pH ofryptococcus curvatus cultures grown in shake flasks for seven days
at 30°C containing 0.4%, 15% and 45% polymerized trighges in the presence (solid line)

and absence (broken line) of acetate respectively.
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Fig. 7 Changes in acetic acid concentratiorCoyptococcus curvatus cultures grown in shake
flasks for seven days at 3@ containing 0.4%, 15% and 45% polymerized trighaes

respectively.



66

—o—— 0.4% PTG + Acetate
— - — 0.4% PTG - Acetate
® 15% PTG + Acetate
® 15% PTG - Acetate
—— 45% PTG + Acetate
50 — —® — 45% PTG - Acetate

0 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160

Time (h)

Fig. 8 Oil utilization by Cryptococcus curvatus grown in shake flasks for seven days afG0
containing 0.4%, 15% and 45% polymerized triglydes in the presence (solid line) and

absence (broken line) of acetate respectively. ERQtracellular lipid content.
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Fig. 9a Biomass production b¥ryptococcus curvatus cultures grown in shake flasks for
seven days at 3U containing 0.4%, 15% and 45% polymerized trighgdes in the presence

of acetate respectively.
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Fig. 9b Biomass production b¥ryptococcus curvatus cultures grown in shake flasks for
seven days at 30 containing 0.4%, 15% and 45% polymerized trighaes in the absence

of acetate respectively.
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Fig. 10a Intracellular lipid (ICL) content ofryptococcus curvatus cultures grown in shake

flasks for seven days at 3C containing 0.4%, 15% and 45% polymerized trighdes in

the presence of acetate respectively.
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Fig. 10b Intracellular lipid (ICL) content oCryptococcus curvatus cultures grown in shake
flasks for seven days at 3C€ containing 0.4%, 15% and 45% polymerized trighg®s in

the absence of acetate respectively.
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CHAPTER 3

Anti-mitochondmv_
Mgaln.0i b sk down products

Parts of this chapter have been published in theadian Journal of Microbiology (2009)

55(12): 1392-1396.
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3.1 Abstract

Oxidized oil breakdown products such as aldehyaesnaajor sources of reactive oxygen
species (ROS). Studies have shown that ROS hasnéntihondrial action. It was also
reported that acetylsalicylic acid (ASA), an antilhkmmatory and anti-mitochondrial drug,
targets structure development and functions of tgeaseeding elevated levels of
mitochondrial activity. Using antibody probes weevyiously reported that sporangia of
Mucor circinelloides also contain increased mitochondrial activity yietdhigh levels of 3-
hydroxy (OH) oxylipins. This was however not fouimd Mortierella alpina (subgenus
Mortierella). In this study we report that oxidized palm oieékdown products andSA
also targets sporangium developmentMif circinelloides selectively while hyphae, with
lower levels of mitochondrial activity, are moresisgant. Similar results were obtained when
the anti-inflammatory compounds benzoic acid, ilbfgm, indomethacin and salicylic acid
were tested. Here, oxidized oils and anti-inflamongt anti-mitochondrial drugs exerted
similar effects on this dimorphic fungus as foundder oxygen limited conditions.
Interestingly, sporangium developmenthdf alpina was found not to be selectively targeted
by these compound&/ortierella alpina, which could not exhibit dimorphic growth under
oxygen limitation conditions, was also more sewsitio the anti-inflammatory drugs when
compared toM. circinelloides. These results prompt further research to assess the
applicability of these anti-mitochondrial antifuhgao protect plants and animals against

Mucor infections.

Key words: Anti-inflammatory compounds, Anti-mitamidrials, Mitochondrial activity,

Mucor circinelloides, Sporangia.
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3.2 Introduction

During frying, oil undergoes deteriorative changeége to hydrolysis, oxidation and
eventually polymerization (Frankel 1998). Oil oxida breakdown products such as
aldehydes have been reported as major sources@ive oxygen species (ROS) exhibiting
anti-mitochondrial action in biological systems @fantini et al. 2000; Lin et al. 2008).
Action of ROS on the mitochondria was reportedetad| to the opening of the permeability
transition pore (PTP) resulting in a decrease itochiondrion function Ayy) due to an

increased proton influx through the pore (Szewayk Wojtczack 2002).

Furthermore, oxylipin studies exposed a link betwethe anti-inflammatory drug

acetylsalicylic acid (ASA), mitochondrial activignd sexual and asexual reproduction in
respiratory and fermentative yeasts (Kock et aD7)0Here, yeast structure and function,
which are dependent on increased mitochondriavigctiwere found to be more sensitive to
ASA than those parts with less mitochondrial atgiviherefore, ASA probably targets yeast
structures and functions with enhanced mitochohdiévity. It was found that yeasts with

an additional anoxic fermentative energy generatirggabolism are more resistant to ASA
compared to yeasts that are only respiratory drile®uw et al. 2007; Swart et al. 2008).
Here, fermentation probably provides sufficientrggeor cell metabolism. It is therefore not
surprising that ASA addition simulates anoxic grhovebnditions in most of these yeasts.
Oxidized oils are therefore also expected to tasgetctures with increased mitochondrial

activity.
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The association of increased mitochondrial leveth wertain structures of the Mucorales has
been reported. Here, increased mitochondrial agtespressed as 3-OH oxylipin production
has been reported in sporangia of various membérsh@ Mucorales i.e.Absidia,
Actinomucor, Cunninghamella, Mortierella (subgenusMicromucor), Mucor, Pilobolus and
Rhizomucor (Kock et al. 2001; Strauss et al. 2000). Strikgnglo increase in these oxylipins

was found in sporangia Mortierella alpina (subgenudortierella) (Strauss et al. 2000).

In this study the conserved status of the ASA yaalsibition phenomenon was further
assessed i.e. ASA targeting structures with entthngéochondrial activity. Consequently,
the influence of ASA, oxidized oils and other anflammatory drugs -, also known for their
anti-mitochondrial activity in mammalian studiesl{®asser 2000; Costantini et al. 2000;
Norman et al. 2004; Somasundaram et al. 2000; Eamdkal. 2005) -, on sporangium

development itM. circinelloides andM. alpina was researched.

3.3 Materialsand methods

Strains used and cultivation

Mortierella alpina (subgenusMortierella) UOFS 2802 andMucor circinelloides var.
circinelloides UOFS 2803 were used in the study and is preseavatie Department of
Microbial, Biochemical and Food Biotechnologyniversity of the Free State, Bloemfontein,
South Africa. The fungus was streaked out on ye®st (YM) agar (Wickerham 1951) and

cultivated at 25C in Petri dishes until asexual sporulation in spgia was observed.
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Bio-assay preparation and anti-inflammatory drug application

The bio-assay is based on the agar diffusion methlogre activity of anti-inflammatory
drugs is measured along a concentration gradignsache agar plate (i.e. from position of
addition) by observing the growth inhibition-zong §nd changes in density of sporangia

formation towards outside of plate (i.e. towardsdo inhibitor concentrations).

Cells from both fungi were scraped from above YMwagrown cultures and suspended in
sterilized dHO from where 0.2 ml were streaked out on YM-aga%®agar m/v) contained
in Petri dishes to produce a uniform lawn that cletgly covers the agar surface. Next, a
well of 0.5 cm in diameter and depth was constaieseptically in the middle of the agar
plate followed by the addition (46 pl) of the fallimg anti-inflammatory compound solutions
(Mackowiak 2000; Pina-Vaz et al. 2000; Sagone andndy 1987)ASA (aspirin: Sigma,
Steinheim, Germany), ibuprofen (Sigma-Aldrich, Bk&iim, Germany), indomethacin
(Sigma, Steinheim, Germany), salicylic acid (Th&i8n Drug Houses Ltd., Poole, England)
and benzoic acid (The British Drug Houses Ltd.,IPpEngland) — compound concentration:
2 g compound in 25 ml 96% ethanol (Merck, Gautesg,th Africa). In addition, controls
were constructed by the addition of similar amowit86% ethanol to wells. All plates were
incubated at 28C until an inhibition zone (i), cream to yellow zdevoid of sporangia (if
observed) as well as zone with sporangia coulddserved (usually after 48 h). Each zone
was then subjected to microscopic analysis usinigglg microscope (Axioplan, Zeiss,

Gottingen, Germany) coupled to a Colorview Softdgmg System (Munster, Germany).
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Breakdown products extraction

Ethanol was used to extract breakdown products foaidized oil (at PTG levels of 0.4%,
15% and 45%) using the method of Anelich (2000)ef8r, 200 ml ethanol was used to
extract breakdown products from 50 ml of oils dfedent PTG levels. The extract was
evaporated and resuspended in ethanol — compourgkiwation 2 g compound in 25 ml

96% ethanol and applied to bioassays as descridfedeh

Mitochondrion mapping

This was performed according to Ncango et al. (2008short, sporulating cells obtained
from 48 h grown cultures d¥lortierella alpina and Mucor circinelloides var. circinelloides
on YM plates at 28C were washed with PBS in a 2 ml plastic tube torigeof agar and
debris and then treated with 31 Rhodamine 123 (Rh123; Molecular Probes, Invitroge
Detection Technologies, Eugene, Oregon, U.S.A.)lsGeere treated for 1 h in the dark at
room temperature after which cells were washednagéath PBS to remove excess stain.
These were fixed on microscope slides in Dabconf&igldrich) and viewed with a confocal
laser scanning microscope (Nikon TE 2000, Japar)l2R is a cationic lipophilic
mitochondrion stain used to map mitochondrion fiomc{Ayy,) selectively. This is ascribed
to the highly specific attraction of this catiorilaorescing dye to the relative high negative
electric potential across the mitochondrion meméram living cells (Armstrong 2006;
Costantini et al. 2000; Johnson et #280). With this dye, a high mitochondrigny, is
signified by a yellow-green fluorescence (collecegd50 nm), while a low mitochondrion

Ay, is signified by a red fluorescence collected & 6&h.
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Quantitative measur ement of metabolic state

The XTT colorimetric assay was used to determine #ttivity of mitochondrion
dehydrogenases, an indicator of metabolic acti@gchmann et al. 2002; Moss et 2008;
Strauss et al2007), in cells ofM. ciricinelloides scraped from the zone containing both
hyphae and sporangia (H+SP) and zone containinglynlayphae (H), respectively (Fig. 2).
This was only performed favucor since Mortierella did not show selective sporangium
inhibition zones or selective increase in mitochaaldactivity as determined by Rh123
staining. Equal amounts (0.5 g) of cells from retpe zones were suspended in 5 mL
phosphate buffer. Following this, 2.5 ml XTT [2.5X@ T (Sigma Chemicals, St. Louis, Mo.)
in 1 L Ringer’s lactate solution] and 4@Dmenadione (Fluka, 1 mM in acetone) were added
to each of these replicates. The cells were ineabat 37 °C for 3 h in the dark.hundred
and fifty micro liter of the formazan product inetlsupernatant was transferred to wells of a
96-well flat bottom polystyrene microtiter plate i@ing Incorporated, NY, USA). Plates
were analyzed by measuring the formazan produtitersupernatant spectrophotometrically
in terms of optical density at 492 nm using a Labsys iEMS reader (Thermo BioAnalysis,
Helsinki, Finland). This was repeated on cells gramnder oxygen limitation and normal
oxic conditions as described. Experiments wereoperéd in at least triplicate. No growth
was obtained foM. alpina under oxygen limitation conditions and this exp®mt could

therefore not be performed.

Oxygen inhibition studies

Bio-assays for both fungi were placed in an Oxaideaobic jar (2.5 L; Oxoid, Cambridge,

UK) and cultivated at 25C for 48 h. The Anaerocult A system (Merck, Darrista
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Germany) was used to remove most oxygen. An arestrégst-strip (Merck, Darmstadt,
Germany) moistened with a drop of water, was inetltb monitor the anaerobic atmosphere

in the sealed jar. Control bio-assays were plagetbimal atmosphere all at 5 for 48 h.

3.4 Results and discussion

Since ASA, also a mitochondrial inhibitor (Kock ef. 2004, 2007), was found to
preferentially inhibit structures (cells within teli.e. asci) with elevated levels of
mitochondrial activity in yeasts, it was decidedassess if the same is true for sporangia
(“cells within cells”) inMucor circinelloides var. circinelloides as well asMortierella alpina

(subgenudMortierella).

Mitochondrion activity mapping

In 1998, we developed 3-OH oxylipin antibody prolfiesn chemically synthesized 3-OH
oxylipins (Bhatt et al. 1998) specific for theseyligins irrespective of carbon chain length
and level of desaturation (Kock et al. 1998). Wlaellded to cultures of differeMucor
species, includingMucor circinelloides var. circinelloides, we found that sporangia of all
strains tested contain elevated levels of 3-OH ipxyd when compared to the asexual cells
(Kock et al. 2001; Strauss et al. 2000). HoweWortierella alpina (subgenudVortierella)
was an exception to this rule showing no incredseels of these oxylipins in sporangia i.e.

hyphae and sporangia contain similar low amountsgfipins.
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Since these oxylipins are produced by mitochon(iacoli et al. 2005; Venter et al. 1997)
we decided to stain sporangia ®fucor circineloides var. circinelloides as well as
Mortierella alpina (subgenusMortierella) with Rh123, a mitochondrion transmembrane
potential Aym) probe (Johnson et al. 1980; Ludovico et al. 200¢ango et al. 2008) to
assess the levels of mitochondrial activity. Withe taid of confocal laser scanning
microscopy we found that the sporangiavaicor indeed showed a much higher affinity for
the stain compared to the hyphae (Fig,bl while sporangia ofMortierella did not
preferentially stain compared to hyphae i.e. hypla® sporangia contain similar

mitochondrial activity (results not shown).

Effect of anti-inflammatory drugs

When the anti-inflammatory drugs ASA, benzoic adidiprofen, indomethacin and salicylic
acid were added to tHducor bio-assays (Figs. 2,3; Table 1), similar inhibitibones were

formed followed by a sporangium inhibition zone ahén followed on the outskirts by
hyphae plus sporangium zone. Similar results weund for all anti-inflammatory drugs
tested. Interestingly, when looking at the platds Mucor macroscopically, different

structured inhibitory patterns (circles) were foufwr the different drugs tested over
concentration gradients while the ethanol contra$wot inhibitory to growth or sporangium
development (Fig. 3; Table 1). However, sporangiewmelopment oMortierella was not

selectively inhibited when these drugs were adékte only an inhibitory zone (no growth)
and growth zone with sporangia already formed @nlbrder of inhibition zone could be

observed (Fig. 4).
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The inhibition of sporangium development by ASA wdtochondrial inhibitionin Mucor
was also reflected in the XTT assay that indicatéschondrial dehydrogenase activity (i.e.
metabolic rate; Fig. 5). Here it is clear that Home containing only hyphae and no sporangia
is characterized by about half the mitochondridivétg when compared to the same amount
of cells consisting of both hyphae and sporangiais TSupports the increased levels of
mitochondrial activity in sporangia found previopuswith Rh123 (Fig. 1). No such
experimentation could be performed btortierella alpina since no selective sporangium

inhibition zone could be observed.

Effect of oxidized oil breakdown products

We found that oxidized oil breakdown products ex@érthe same effects as those observed
for the anti-inflammatory drug ASA (Fig. 2). M. circinelloides selective inhibition of the
sporangia was observed (Figs. 2,3) which was ret#se withM. alpina (similar to ASA

effect Fig. 2).

Oxygen inhibition studies

Since sporangium developmentNucor seems to be dependent on increased mitochondrial
activity, we next decided to perform mitochondriahibition tests by limiting oxygen
(anoxic) supply to cultures dflucor. Here again no sporangia but only hyphae and esing|
cells were observed iMucor when compared to oxic conditions (Fig. @his is in
accordance with results obtained in the anti-infleatory and oxidized oil breakdown

products oxic experiments (Figs. 2, 3). Strikinglymilar experiments oMortierella alpina



81

show that both sporangium and hyphal development tamilar sensitivities towards
oxygen depletion. Here both these growth stages vmibited under anoxic conditions and
no preference towards hyphal and single cell gromdl observed as was the cas#lircor

(results not shown).

3.5 Conclusions

It was found that known anti-mitochondrial and anflammatory compounds such as ASA,
ibuprofen, indomethacin, salicylic- and benzoicdawihibit both hyphal and sporangium
development inMucor circinelloides and Mortierella alpina. Interestingly, similar anti-
mitochondrial activity was also observed when aedi oil breakdown products were used in
the bio-assay. IMucor, sporangium development was most sensitive prgbdiné to its
increased dependence on mitochondrial activity wd@npared to hyphal cells. On the other
hand, hyphae may also be more resistant to thesehondrial inhibitors since they may
also obtain energy through alternative anoxic feraon. InMortierella, sporangia do not
show increased levels of mitochondrial activity @ared to hyphae and are not selectively
inhibited by anti-mitochondrial compounds or oxydenitation. This may be ascribed to
similar susceptibilities of both sporangia and rgghto these mitochondrial inhibitors.
Inhibition zones formed by anti-mitochondrials Mucor (Fig. 3) were much smaller
compared toMortierella (Fig. 4) which may be ascribed to the additionainfentative

metabolism present in the former (Orlowski 1991).

Anti-inflammatory drugs may have a dual action ambating fungi that also cause disease

while at the same time decreasing the host inflatorparesponse. This may be of value
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especially when treatiniglucor infections in humans (lwen et al. 2007; Ribesle2@00). It

is interesting to note that salicylic acid also @mtes postharvest disease resistance in certain
fruit (Cao et al. 2006; Zeng et al. 2006). Is isgible that this anti-inflammatory drug also
has a dual action in plants — combating diseasdewhicreasing the plant’'s disease

resistance?

Oxidized palm oil (45% PTG) extracts exerted simaati-mitochondrial effects compared to
ASA. This supports the results obtained (Chaptefo2)M. circinelloides when fed with

these oils. Here, mitochondria are affected negbtithereby inhibiting energy production
necessary for growth, lipid utilization and accuatidn (Wynn and Ratledge 2000). Is it
possible that heavily oxidized oils may find apgation as anti-mitochondrial antifungal

agents? This should next be assessed.

3.6 Acknowledgements

The authors wish to thartke South African National Research Foundation (NBlee Skies
Research Programme (BS2008092300G0@)the Lipid Biotechnology Research group in South

Africa for financial support.

3.7 References

Al-Nasser, L.LA. 2000. Ibuprofen-induced liver mitmndrial permeability transition.

Toxicology Lett.111: 213-218.



83

Anelich, L.E.C.M. 2000. The abuse of food oils &hd biotransformation of these oils to
high value lipids utilizing fungi. Ph.D. thesis. Warsity of the Free State, Bloemfontein,

South Africa.

Armstrong, J.S. 2006. Mitochondria: a target fanaex therapy. Brit. J. Pharmacd7: 239-

248.

Bachmann, S.P., VandeWalle, K., Ramage, G., PatieisF., Wickes, B.L., Graybill, J.R.,
and Lopez-Ribot, J.L. 2002n vitro activity of capsofungin againstandida albicans

biofilms. Antimicrob. Agents Chemothet6: 3591-3596.

Bhatt, R.K., Falck, J.R., and Nigam, $998. Enantiospecific total synthesis of a novel

arachidonic acid metabolite 3-hydroxyeicosatetraeacid. Tetrahedron LetB9: 249-252.

Cao, J., Zeng, K., and Jiang, W. 2006. Enhancepfgmistharvest disease resistanc¥ari.i
pear Pyrus bretschneideri) fruit by salicylic acid sprays on the trees dgrfruit growth. Eur.

J. Plant Patholl14: 363-370.

Ciccoli, R., Sahi, S., Singh, S., Prakash, H., @@ii M-P., Ishdorj, G., Kock, J.L.F., and
Nigam, S. 2005. Oxygenation by cyclooxygenase-2 XD of 3-Hydroxyeicosa-tetraenoic
acid (3-HETE), a fungal mimetic of arachidonic acioroduces a cascade of novel bioactive

3-hydroxy-eicosanoids. Biochem.3R0: 737-747



84

Costantini, P., Jacotot, E., Decaudin D., and Keen®. 2000. Mitochondrion as a novel

target of anticancer chemotherapy. J. Nat. Camstrd2: 1042-1053.

Frankel, E.N. 1998. Lipid oxidation. The Oil PreBsindee, Scotland.

Iwen, P.C., Sigler, L., Noel, R.K., and Freifeld,GA 2007. Mucor circinelloides was
identified by molecular methods as a cause of pynm@aitaneous zygomycosis. J. Clin.

Microbiol. 45: 636—640.

Johnson, L.V., Walsh, M.L., and Chen, L.B. 1980calzation of mitochondria in living

cells with rhodamine 123. P.N.A.%7: 990-994.

Kock, J.L.F., Venter, P., Linke, D., Schewe, T.dasigam, S. 1998. Biological dynamics
and distribution of 3-hydroxy fatty acids in the ageé Dipodascopsis uninucleata as
investigated by immunofluorescence microscopy. &wvad for a putative regulatory role in

the sexual cycle. FEBS Let#27: 345-348.

Kock, J.L.F., Strauss, T., Pohl, C.H., Smith, DBotes, P.J., Pretorius, E.E., Tepeny, T.,
Sebolai, O., Botha, A., and Nigam, S. 2001. Biopeasing for novel oxylipins ifungi: The

presence of 3-hydroxy oxylipins Rilobolus. Ant. van Leeuwenhoe80: 93-99.



85

Kock, J.L.F., Strauss, C.J., Pretorius, E.E., POH., Bareetseng, A.S., Botes, P.J. van Wyk,
P.W.J., Schoombie, S.W., and Nigam, S. 2004. Raengegkast spore movement in confined

space. S.A.J.Scl00: 237-240

Kock, J.L.F., Sebolai, O.M., Pohl, C.H., Van WykWRJ., and Lodolo, E.J. 2007. Oxylipin

studies expose aspirin as antifungal. FEMS YeastR&207-1217.

Leeuw, N.J., Swart, C.W., Ncango, D.M., Pohl, C.Bebolai, O.M., Strauss, C.J., Botes,
P.J., van Wyk, P.W.J., Nigam, S., and Kock, J.RBD7. Acetylsalicylic acid as antifungal in

Eremothecium and other yeasts. Ant. van Leeuwenh8&k393-405.

Lin, P., Yang, M., Liao, P., Wu, H., Chang, L Wsdl, H., and Tyan, Y. 2008. Proteomic
analysis of proteins associated withDDE induced toxicity in BEAS-2B cells. Biochem.

Biophys. Res. CommuB76: 519-524.

Ludovico, P., Sansonetty, F., and Corte-Real, M0120Assessment of mitochondrial
membrane potential in yeast cell populations bwflo/tometry. Microbiologyl47: 3335-

3343.

Mackowiak, P.A. 2000. Brief history of antipyretieerapy. Clin. Infect. Dis31: S154-156.



86

Moss, B.J., Kim, Y., Nandakumar, M.P., and Mart&hR. 2008. Quantifying metabolic

activity of filamentous fungi using a colorimetd T assay. Biotech. Prog@4: 780-783.

Ncango, D.M., Swart, C.W., Goldblatt, M.E., PohlHC Van Wyk, P.W.J., Botes, P.J., and
Kock, J.L.F. 2008. Oxylipin and mitochondrion prebe track yeast sexual cells. Can. J.

Microbiol. 54: 450-455.

Norman, C., Howell, K.A., Millar, A.H., Whelan, J.Mand Day, D.A. 2004. Salicylic acid is

an uncoupler and inhibitor of mitochondrial eleatteansport. Plant Physid34: 492-501.

Orlowski, M. 1991 Mucor dimorphism. Microbiol. Revb5(2): 234-258.

Pina-Vaz, C., Sansonetty, F., Rodrigues, A.G., Man-de-Oliviera, J., Fonseca, A.F., and
Mardh, P. 2000. Antifungal activity of ibuproferoak and in combination with fluconazole

againstCandida species. J. Med. Microbiod9: 831-840.

Ribes, J.A., Vanover-Sams, C., and Baker, D.J. 2d@9§omycetes in human disease. Clin.

Microbiol. Rev.13: 236-301.



87

Sagone, A.L., and Husney, R.M. 1987. Oxidationalicglates by stimulated granulocytes:
evidence that these drugs act as free radical sgave in biological systems. J. Immunology

138: 2177-2183.

Somasundaram, S., Sigthorsson, G., Simpson, R.dtisWJ., Jacob, M., Tavares, |.A,,
Rafi, S., Roseth, A., Foster, R., Price, A.B., Wegworth, J.M., and Bjarnason, |. 2000.
Uncoupling of intestinal mitochondrial oxidative gdphorylation and inhibition of
cyclooxygenase are required for the developmeNSAID-enteropathy in the rat. Aliment.

Pharmacol. Ther4: 639-650.

Strauss, C.J., van Wyk, P.W.J., Lodolo, E.J., Bag3., Pohl, C.H., Nigam, S., and Kock,
J.L.F. 2007. Mitochondrial associated yeast floatah — the effect of acetylsalicylic acid. J.

Inst. Brew.113: 42-47.

Strauss, T., Botha, A., Kock, J.L.F., Paul, I.,KenD., Schewe, T., and Nigam, S. 2000.
Mapping the distribution of 3-hydroxy-oxylipins the Mucorales using immunofluorescence

microscopy. Ant. van Leeuwenho&g: 39-42.

Swart, C.W., van Wyk, P.W.J., Pohl, C.H., and KodW,..F. 2008. Variation in yeast

mitochondrial activity associated with asci. CarMitrobiol. 54: 532-536.



88

Szewcyk, A., and Wojtczack, L. 2002. Mitochondrgasapharmacological target. Pharmacol.

Rev.54: 101-127.

Tanaka, K., Tomisato, W., Hoshino, T., Ishihara, Namba, T., and Aburaya, M. 2005.
Involvement of intracellular G4 levels in non steroidal anti-inflammatory drug-iretd

apoptosis. J. Biol. Cher280: 31059-31067.

Venter, P, Kock, J.L.F., Kumar, S., Botha, A.,, Ceet D.J., Botes, P.J., Bhatt, R.K,
Schewe, T., and Nigam, S. 1997. Production of 3&dwy-polyenoic fatty acids by the

yeastDipodascopsis uninucleata UOFS-Y128. Lipids32: 1277-1283.

Wickerham, L.J. 1951. Taxonomy of Yeasts. Tech Bld 1029, US Department of

Agriculture, Washington D.C.

Wynn J.P., Ratledge, C. 2000. Evidence that the-lnaiting step for the biosynthesis of
arachidonic acid inMortierella alpina is at the level of the 18:3 to 20:3 elongase.

Microbiology 146: 2325-2331.

Zeng,K., Cao, J., and Jiang, W. 2006. Enhancing diseasitance in harvested mango fruit

(Mangiferaindica L. cv. “Matisu”) by salicylic acid. J. Sci. Food Ag. 86: 694-698.



89

3.8 Table

Table 1. The influence of anti-inflammatory drugs on grovethd sporangium development

of Mucor circinelloides var. circinelloides UOFS 2803 after 48 h of growth at %s.

Zones
Compound | H H+SP
Acetylsalicylic acid \ N \
Benzoic acid \ N \
Ibuprofen N N N
Indomethacin N N \
Salicylic acid \ N \
Oxidized oil \ N \
EtOH X X J

Note: |, Inhibition zone; H, Hyphal zone; H+SP, Hypha&porangia zone; EtOH, Ethanol;

\, zone present; X, zone not present.
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3.9 Figures

Fig. 1 Confocal laser scanning micrograph of fluoresatrgctures oMucor circinelloides
var. circinelloides UOFS 2803 after rhodamine 123 treatment. (a) Lilperimposed on

laser microscopy. (b) Only laser micrograph. H,lags SP, sporangium.
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H+S T WI]I H+S

Fig. 2a A diagrammatic view of a Petri dish (P) displayagvell (W), inhibition zone (I) and
growth zone containing at first only hyphae (H) awventually hyphae and sporangia (H+SP)
as the aspirin concentration decreases acrosgg#re laght micrograph inserts display this

trend inMucor circinelloides var. circinelloides UOFS 2803.

i H+SP | I iwl I | H+SP |

Fig. 2b A diagrammatic view of a Petri dish (P) displayaavell (W), inhibition zone (1) and
growth zone containing at first only hyphae (H) awventually hyphae and sporangia (H+SP)
as the oxidized palm oil concentration decreasegsacthe agar. Light micrograph inserts

display this trend iMMucor circinelloides var. circinelloides UOFS 2803.



(a).(b).((.
(C.(e).(.

Fig. 3 Bio-assays with central well showing the effedtamti-inflammatory drugs on growth

of Mucor circinelloides var. circinelloides UOFS 2803. (a) Ethanol (EtOH) control (C); (b)
Acetylsalicylic acid (ASA) treatment; (c) SalicyliSA) acid treatment; (d) Indomethacin

(INDO) treatment; (e) Ibuprofen (IB) treatment; Bgnzoic acid (BA) treatment.
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Fig. 4 Bio-assays with central well showing the effectawofi-inflammatory drugs on growth
of Mortierella alpina UOFS 2802. (a) Ethanol (EtOH) control (C); (b) Adsalicylic acid
(ASA) treatment; (c) Salicylic (SA) acid treatme(d) Indomethacin (INDO) treatment; (e)

Ibuprofen (IB) treatment; (f) Benzoic acid (BA) atenent.
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Fig. 5 XTT formazan signal (measured at 492 nm) produme®lucor circinelloides var.
circineloides UOFS 2803 when present in hyphal and sporangiuwS®8) mode and only
hyphal (H) mode at a concentration of 0.1 ¢ mells. The error bars indicate standard errors

of the means.



95

Anoxic Oxic

Fig. 6 The influence of oxygen limitation on hyphal andigmgium formation irMucor
circinelloides var. circinelloides UOFS 2803 when cultivated on agar plates dC2for 48 h.
(@) Growth under oxygen limitation (anoxic) conaiits. (b) Growth under normal
atmospheric (oxic) conditions. Both macroscopic amdroscopic images are shown. H,

Hyphae; C, single cells; SP, Sporangia.
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Edible oils such as sunflower oil, soybean oil aadim oil are used today in the frying of
food. During the frying process, various changehsas removal of antioxidants, hydrolysis,
oxidation and polymerization occur in these oilee3e reactions are responsible for a variety
of physical and chemical changes observed in thelwing frying and may lead to the
formation of breakdown products which include patampounds (PCs) and polymerized
triglycerides (PTGs). South African regulationstetthat oils that contain 16% and more
PTGs and 25% and more PCs are harmful to humathhd@&lese oils may cause cancer and
diarrhoea in humans and animals. However, littlenewn regarding the effect of oxidized
oils on fungi. The oleaginous fun@ryptococcus curvatus and Mucor circinelloides were
used to determine the effect of palm oil breakdgwoducts, measured as PTGs on lipid
turnover, growth and morphology. Mucor circinelloides we found, after seven days of
growth, a decrease in biomass, lipid utilizationl @accumulation at increased PTG levels, at
low and neutral pH. An increase in PTG concentrasitso influenced the morphology M
circinelloides. Protrusions were observed on cell surfaces whanrgon oil with 45% PTGs
and not when the fungus was grown on fresh oil Wik PTGs. IrC. curvatus there was
also a decrease in oil utilization and biomass gpetidn at increased PTG levels, at low and
neutral pH. An increase in oil accumulation wasembsd at low pH while it remained
constant at neutral pH for all PTG levels testediryHand warty protuberances on cell
surfaces were observed whén curvatus was grown on oils with 15% and 45% PTGs,
respectively. It is concluded that the changes mskin lipid turnover and morphology in
both fungi are due to the presence of palm oil kdewn products. Oxidized oil breakdown
products such as aldehydes are major sourcesaiveaxygen species (ROS). Studies have
shown that ROS has anti-mitochondrial action. Iswa#so reported that acetylsalicylic acid
(ASA), an anti-inflammatory and anti-mitochondrdrlig, targets structure development and

functions of yeasts, needing elevated levels obchibndrial activity. Using antibody probes
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it was previously reported that sporangia Miéicor circinelloides also contain increased
mitochondrial activity yielding high levels of 3-tisoxy (OH) oxylipins. This was however
not found inMortierella alpina (subgenusMortierella). In this study, it is reported that
oxidized palm oil breakdown products aA8A also targets sporangium developmenhMof
circinelloides selectively while hyphae, with lower levels of aghondrial activity, are more
resistant. Similar results were obtained when titeiaflammatory compounds benzoic acid,
ibuprofen, indomethacin and salicylic acid weretdds Here, oxidized oils and anti-
inflammatory, anti-mitochondrial drugs exerted samieffects on this dimorphic fungus as
found under oxygen limited conditions. Interestingiporangium development bf. alpina
was found not to be selectively targeted by themmpounds.Mortierella alpina, which
could not expose dimorphic growth under oxygen titmn conditions, was also more
sensitive to the anti-inflammatory drugs when coragaoM. circinelloides. These results
prompt further research to assess the applicatfithese anti-mitochondrial antifungals to
protect plants and animals agaiMicor infections. It is concluded that indications exfsit
oxidized palm oil breakdown products target mitautiiial function. This may explain the
inhibitory effect of these compounds on fungal gimwipid turnover and altered cell wall

morphology.

Key words: Anti-inflammatory compounds, Anti-mitochondrial€ryptococcus curvatus,
Lipid turnover, Mitochondrial activity, MorphologyMucor circinelloides, Oxidized oils,

Polymerized triglycerides, Sporangia.
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Eetbare olies, soos sonneblom-, soja- en palnm®iam die olies wat vandag in die braai van
voedsel gebruik word. Gedurende die braaiprosed vierskeie veranderinge, soos die
verwydering van anti-oksidante, hidrolise, oksidasn polimerisering, in hierdie olies plaas.
Hierdie reaksies is verantwoordelik vir ‘n verskaitheid fisiese en chemiese veranderings
wat in die olie tydens die braaiproses waargeneemnd wn wat mag lei tot die vorming van
afbraakprodukte, insluitend polére komponente (PKB) gepolimeriseerde trigliseriede
(PTGs). Suid-Afrikaanse wetgewing bepaal dat oliat 16% en meer PTGs en 25% en meer
PKs bevat, skadelik vir menslike gesondheid isrdiéeolies mag kanker en diariée in mense
en diere veroorsaak. Daar is egter nog min bekendlie effek van geoksideerde olies op
fungi. In hierdie studie, is die oleogene fullyyptococcus curvatus en Mucor circinelloides
gebruik om die effek van palmolie-afbraakprodulgemeet as PTGs, op lipiedomset, groei
en morfologie te bepaal. Na sewe dae van groepmeinMucor circinelloides ‘n afname in
biomassa, lipiedverbruik en —ophoping by verhooB@&-viakke gevind, by lae en neutrale
pH. ‘n Toename in PTG-konsentrasie het ook die alogie vanM. circinelloides beinvioed.
Uitsteeksels is op die selopperviakte waargeneergroei op olie met 45% PTGs en nie
nadat die fungus op vars olie met 0.4% PTGs gegsoaie. Daar was ook ‘n afname in
olieverbruik en biomassa produksie By curvatus by verhoogde PTG-vlakke, by lae en
neutrale pH. ‘n Toename in olie-ophoping is by gdewaargeneem, maar by neutrale pH het
dit konstant gebly vir alle getoetsde PTG-vlakiHarige en vratagtige uitsteeksels is op die
selopperviaktes waargeneem na@atcurvatus op olies met onderskeidelik 15% en 45%
PTGs gegroei is. Ons lei af dat die veranderinggpiadomset en morfologie wat by beide
fungi waargeneem is, die gevolg is van die teendigbeid van palmolie-afbraakprodukte.
Afbraakprodukte soos aldehiede is hoofbronne vaaktrewe suurstofspesies (RSS). Studies
het aangetoon dat RSS antimitochondriale werkirig Di¢ is bekend dat asetielsalisielsuur

(ASS), ‘n antiinflammatoriese en antimitochondriatiddel, die ontwikkeling van strukture
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en funksies in giste, wat afhanklik is van verhomgthkke van mitochondriale aktiwiteit,
teiken. Dit is voorheen getoon dat sporangia Wmcor circinelloides ook verhoogde
mitochondriale aktiwiteit het, wat lei tot hoé viak van 3-hidroksie oksilipiene toon. In
hierdie studie is bevind dat ASS ook sporangiumd@ling in M. circinelloides selektief
teiken, terwyl hifes, met laer mitochondriale akteit, meer weerstandbiedend is.
Soortgelyke resultate is verkry toe die antiinflaaboniese verbindings, benzoésuur,
ibuprofen, indometasien en salisielsuur getoetmikierdie studie is geoksideerde olies (met
hoé PTG-vlakke) ook ingesluit. Hierdie olies is le®nde inhibitore van mitochondriale
aktiwiteit. Hier het antiinflammatoriese middels ggoksideerde olies soortgelyke effekte op
hierdie dimorfe fungus gehad as toestande van tedibeperking. Merkwaardig is bevind dat
sporangiumontwikkeling iMortierella alpina nie selektief deur hierdie verbindings geteiken
word nie.Mortierella alpina, wat nie dimorfies onder suurstofbeperking groei mias ook
meer sensitief vir antiinflammatoriese middels @&ngelyking met\. circinelloides. Hierdie
resultate verg verder navorsing om die toepaslikhean hierdie antimitochondriale
antifungale middels om plante en diere tddurcor infeksies te beskerm, te bepaal. Hierdie
studie impliseer dat geosideerde palmolie-afbraakiykte, mitochondriale funksie teiken.
Dit kan moontlik die inhibitoriese effek van hieedikomponente op fungale groei,

lipiedomset en veranderde selwandmorfologie verklaa

Sleutelwoorde:  Anti-inflammatoriese  verbindings,  Antimitochonale  middels,
Cryptococcus curvatus, Lipiedomset, Mitochondriale aktiwiteit, Morfologi Mucor

circinelloides, Geoksideerde olies, Gepolimeriseerde triglisgiegporangia



