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ABSTRACT

LIPID ACCUMULATION AND UTILIZATION DURING MICROCYCLE GROWTH
OF ASPERGILLUS NIGER

by GLENDA MAI HUGHES

Aspergillus niger was grown in fermenter culture under
conditions promoting microcycle growth. Following a period of
spherical growth at elevated temperatures for 24h, conidiophores
developed from the swollen giant cells when the temperature was
decreased. Each stage 1in this microcycle conidiation was
photographed and dry weight was determined. Aberrant growth forms
sometimes occurred and these are described with the measures taken
to attempt to minimize such problems.

The 1ipid content and composition was investigated throughout
the microcycle by the use of column and thin layer chromatography
and by gas-liquid chromatography. The major classes of neutral
lipid were triacylglycerols, fatty acids, sterols and sterol esters.
Changes in composition during the microcycle are discussed in
relation to metabolic requirements for the different developmental
stages and a function for triacylglycerol as an energy reserve for
conidiation is suggested. The fatty acid composition was also
determined throughout the cycle and changes related to growth
temperature.

The accumulation and wutilization of triacylglycerol was
indicative of changes in activity of Tlipolytic enzymes. However
little 1lipase activity was detected, although enzymes which
hydrolysed water-soluble esters were more readily assayed.

In order to assess the relative utilization of each of the
carbon substrates glucose, L-glutamate and L-alanine, they were
provided in a radiolabelled form and the fate of the label followed
at intervals throughout the cycle. The majority of the material was
used in the production of insoluble cellular material, with smaller
amounts incorporated into 1lipids, water-soluble materials or
released as carbon dioxide. Very little label from L-glutamate was
detected as lipid. Glutamate was principally used during the later,
conidiation, stage of the microcycle. The results are discussed in
relation to the different physiological stages of microcycle
conidiation and to the observed changes 1in T1ipid content and
composition.
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The various members of the genus Aspergilli feature prominently in
many aspects of research into fungal biochemistry. They are also
important in industry, including the medical and pharmaceutical
industries and have applications in biotechnology. Some members of
the genus have roles in soil chemistry and in aspects of food
spoilage and biodeterioration. Species of Aspergilli are frequently
isolated from soil, vegetation, air and certain substances
undergoing biodeterioration (Raper and Fennell, 1965; Hudson, 1969).

Many of the Aspergilli are agents of biodeterioration and are

particularly common in soil where they degrade organic material.

Aspergillus niger has been isolated from wood surfaces (Scheffer,
1973) and 1its extensive ce]]ulo1&tic activity is known to cause
strength loss to cellulose strips (King & Eggins, 1973). The
Aspergilli are of major economic significance since they‘are major
deteriogens of cellulose and thus of wood and vegetable fibres.
Although the growth of these spoilage organisms must be retarded to
keep the losses in the food, cosmetic and pharmaceutical industries
to a minimum, their use as biodeteriogens may be exploited to solve
waste disposal problems and in the recycling of raw materials from
refuse.

A. niger is particularly important in industry as a producer of
organic acids. The main organic acid produced by A. niger is citric
acid and many fermentation techniques are employed to carry out the
process. Traditionally, industry has used thé surface culture
technique although greater emphasis is now being placed on the use
of submerged culture and also of continuous culture (Berry, 1977).
A. niger is also used in the production of industrial enzymes such

as amyloglucosidase and pectinase.



Amyloglucosidase attacks amylose and amylopectin and its main use in
industry is to hydrolyse starch completely to glucose. Pectinases
are used extensively in the wine and juice industries and contain a
mixture of several pectic enzymes which together split the pectin
molecule into units of galacturonic acid.

Various species of Aspergilli have been used for thousands of
years 1in the Orient to convert indigestible and unappetising
ingredients into palatable and nutritious foods. The main species

used in modern fermentations is Aspergillus oryzae which produces a

fungal amylase. The conversion of otherwise bland vegetable protein
to flavoured, nutritious products by fungal fermentation is likely
to contribute to industrial food processing and production in the
near future to satisfy the demand for foods from a rapidly
increasing world population.

A range of fermentation techniques are used in industry for ;he
'production of enzymes, antibiotics and other economically important
substances from fungi and they include solid-state, submerged and
continuous culture. Such techniques usually result in a
heterogeneous fungal population with different cells at varying
stages of development. These techniques were also used to grow
fungi for biochemical studies on fungal growth cycles and the
results obtained thus represent an average over a range of cell
types and ages. However, the discovery of the growth cycle known as
microcycle conidiation in A. niger (Anderson & Smith, 1971, a3b) has
allowed the study of a relatively homogeneous culture of fungal
cells undergoing differentiation. During this cycle, the A. niger
spores grow spherically at an elevated temperature for twenty four

hours to produce large cells termed giant cells.



On Tlowering the dncubation temperature, the giant cells develop
conidiophores which produce conidia as illustrated in Fig. 3.2.
Various aspects of biochemistry have been studied during microcycle
conidiation in A. niger. Protein and RNA biosynthesis have been
studied by Duncan et al. (1978), nucleic acid levels and nuclear
numbers by Yahya (1979) and Smith et al. (1981 a3b). The
morphological aspects of microcycle conidiation in A. niger have
been investigated by Anderson & Smith (1971, a3;b) and the causes of
autolysis in the giant cells studied by Kuboye et al. (1976). The
chemical structure of thevce11 wall during microcycle conidiation in
A. niger has been examined by Deans (1978) with particular attention
to o-glucan, B-glucan, chitin, galactomannan, protein and Tipid
content.

With the exception of the investigation into total lipid levels
in the cell wall by Deans (1978) there have been no reports of the
1ipid content of A. niger cells undergoing microcycle conidiation.
The primary concern of the present thesis was to investigate the
lipid content of A. niger cells undergoing microcycle conidiation.
The results obtained are presented in four chapters, each complete
with its own introduction and literature review, experimental data
and discussion. All experimental procedures are detailed in the
Materials and Methods section, Chapter 2.

The morphological aspects of microcycle conidiation in A. niger
are examined in Chapter 3. This chapter also deals with variations
in microcycle growth. The 1ipid content of the spores, giant cells
and conidiating structures during the various stages of microcycle

conidiation is investigated in Chapter 4.



The total cellular 1lipid content was estimated and the extracted
lipids separated into neutral and polar 1lipids by column
chromatography and the amounts present quantified. The neutral
lipids were further separated into their constituent classes by thin
layer chromatography and quantified by densitometry. The fatty acid
coﬁposition of the total lipid and of the triacylglycerol fraction
was determined by gas chromatography. The cells were tested for the
presence of esterase, which have been previously reported in A.
niger mycelial growth (Lloyd et al., 1971; 1972), and a lipase
analysis was also undertaken. The results of these enzyme analyses
are detailed in Chapter 5.

The fate of radiolabelled carbon supplied as the dincubation

14 14 ]4C alanine

medium substrates, C glucose, ' 'C glutamic acid and
was investigated in Chapter 6. The carbon radioisotope was traced
into the cell, particularly into the cellular 1lipid fraction and the
cells' carbon dioxide emissions were monitored. The radiolabelled
carbon was also traced through into the individual neutral 1ipid
classes separated by thin layer chromatography. The combined

conclusions of the individual chapters are detailed in Chapter 7.



2.1 Organism

The organism used throughout the study was Aspergillus niger.

The main species used was Aspergillus niger van Tiegham, University

of Strathclyde strain provided by Dr Barry Davis, Sheffield City

Polytechnic, Pond Street, Sheffield, but supplementary experiments

were undertaken using Aspergillus niger IMI numbers 41873, 50565 and

96215.

2.2 Media and Culture Conditions - A. niger conidia

2.2.1 Stock Cultures

A. niger was mainly grown on slopes of potato glucose agar but
occasionally on potato carrot agar slopes. The composition of both
media 1is detailed in Table 2.1. The potato glucose agar was
prepared using the stock obtained from 800g of potatoes as follows.
The potatoes were washed thoroughly, cut into small pieces and
boiled in 2 1 of distilled water for 1h. The solid material was
separated from the stock by filtration through four layers of
cheesecloth. The stock was then added to 2 1 of distilled water
containing 80g of glucose and 80g of agar. The final solution was
made up to 4 1 with distilled water and placed in a steamer to

dissolve the agar (Table 2.1).



Potato Glucose Agar (PGA)

Potatoes 800g

Glucose 80g
Agar 80g
Hater 41

Potato Carrot Agar
Peeled Potatoes 80g
Scraped Carrots 80g
Agar 60g

Water 41

Table 2.1 Media composition for stock slope cultures of A. niger



Medium constituents

Sodium glutamate 5.00g
Ammonium sulphate 2.00g

Potassium dihydrogen phosphate 1.00g

Magnesium sulphate 0.25¢g
L-alanine 0.20g
Calcium chloride 0.047¢g

Salt solution

Ferrous sulphate 6.30g
Manganese chloride 3.50g
Zinc sulphate 1.10g
Copper sulphate 0.244g

The salt solution consisted of the above ingredients in 1 1 of

distilled water.

Table 2.2 Growth medium for A. niger giant cell cultivation.

The culture medium contained the above medium constituents in
11 of distilled water together with 1ml of the salt solution
described below. In shake tube cultivation, 10g of glucose was
added directly to the medium but 1in fermenter cultivation the
glucose was autoclaved separately to avoid caramelization. The pH

was checked and adjusted to pH 4.5 where necessary.



The pbtato carrot agar was prepared by macerating 80g of peeled
potatoes and 80g of scraped carrots and placing in 4 1 water. The
resultant mixture was boiled for 0.5h and strained through
cheesecloth, and 60g of agar was added to the stock.

In both cases, the hot medium was dispensed in 10m1 aliquots
into Universal bottles which were autoclaved for 15min at 121°C and
then sloped. The slopes were aseptically inoculated with spores
from existing stock cultures and incubated at 30°C for 4 - 6 days
and then stored at 4°C until required for use.

The purity of the stock cultures was checked at regular

intervals.

2.2.2 Spore Production

Large quantities of spores for inoculation purposes were
obtained by growing A. niger on bread. Preservative-free white

3 and 30g was placed in

bread was cut into cubes of approximately lcm
each 250m1 Erlenmeyer flask. The flasks were placed in an oven for
30min at 60°C to dry the bread, fitted with cotton wool plugs and
then autoclaved at 121°C for 15min.

A. niger conidia were obtained aseptically from the stock
culture slopes using sterile distilled water. The flasks were
inoculated with a fine spray of these conidia introduced via a
sterile syringe, and then incubated at 30°C for up to 8 days.

The conidia were harvested from the bread cubes by the addition
of 100ml sterile distilled water per flask and, after shaking

vigorously, were filtered through several layers of sterile muslin

to remove all traces of bread and hyphae.

-10~-



The spores were washed five times in sterile distilled water by
centrifugation at 15,000rpm in a Beckman J2-21 centrifuge fitted
with a JA-20 fixed angle rotor head for 10min at 10°¢C. They were
then re-suspended in sterile distilled water, shaken on a Griffin
flask shaker for 10min to disperse clumps and counted in a
haemocytometer chamber to determine the spore concentration. They

were then stored at 4°C until required for use.

2.3 Culture Medium - A. niger giant cells

The medium used was as described by Anderson and Smith

(1971;a,b) and is detailed in Table 2.2.
2.3.1 Shake tube culture (boiling tube cultivation)

The culture medium, including the glucose, was dispensed in
7.0m1 aliquots into boiling tubes (15 x 2.5cm) which were plugged
with cotton wool and autoclaved for 15min at 121°C. On cooling,
each tube was aseptically inoculated with 7 x 106 spores and the
cotton wool plugs replaced by sterile rubber bungs. The tubes were
incubated in a Gallenkamp orbital shaker operating at 250rev/min for
24h. The rubber bungs were then replaced by sterile cotton wool
plugs to allow aeration and the temperature was reduced to 30°C for

a further 24h to complete the microcycle.
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2.3.2 Fermenter Cultivation

A greater biomass of homogeneous culture was produced using a
Gallenkamp Modular Fermenter. The fermenter system consisted of a 1
1 culture vessel with cover plate and access ports connected to
stirrer, pH and teﬁperature control modules and a water-cooled
outlet condenser. The vessel was fitted with a millipore filtration
system consisting of a pre-filter and a membrane filter. This was
connected via a rotating float flow meter to an air/carbon dioxide
mixing unit or gas cylinder, which ensured that the gas supply
entering the culture vessel was sterile. The gas mixture used was
5% carbon dioxide in air flowing into a ring sparger at a rate of
200m1/min, manually set on the flow meter. The air/carbon dioxide
ratio was set using a gas mixing unit which had inflows from a
carbon dioxide cylinder and from an air compressor. A back-up
supply of a 5% carbon dioxide in air cylinder was coupled to the
system and automatically took over when the carbon dioxide cylinder
emptied.

Dispersal of the gas mixture and agitation of the culture
medium was initially provided by a magnetic drive stirrer which was
subsequently replaced by a direct shaft stirrer module. The module
consisted of a geared drive motor enclosed in a plastic case secured
above the fermenter. The drive motor was connected by a flexible
rod to a shaft-stirrer gland assembly attached to the central port
of the vessel's cover plate. The stirrer turbine, located at the
end of the shaft was a disc with four blades on both its surfaces.

The agitation speed was set at 400rev/min.
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The assembled fermenter vessel containing a working volume of
800m1 of medium, but Tacking glucose, was autoclaved at 121°C for
40min. The glucose was autoclaved separately in 40ml of medium at
121°C for 10min, so preventing caramelization. The medium, with the
glucose aseptically added, was allowed to equilibrate at the initial
incubation temperature of 41°C before a spore inoculum of 1 x 106
conidia per ml was introduced via one of the free ports.

The incubation temperature over the initial 11h of giant cell
production was 41°c, increasing to 44°C for the subsequent 13h. A
reduction in temperature to 30°C at 24h ensured the completion of
the microcycle. Initially, temperature control was provided by a
Compenstat solid - state thermostat, thermistor sensing probe,
immersion heater and cooling coil. A mercury in glass thermometer
was also fixed in one of the ports and read at regular intervals to
confirm the set temperature. However, it was found that this system
did not always monitor and compensate for small changes in
temperature to which the A. niger giant cells were sensitive.
Consequent]y,A the temperature module system supplied with the
fermenter was replaced by a Tecam TE-7 Tempette proportional
temperature controller. This allowed temperature equilibration of
the vessel contents internally and externally. The culture vessel
was placed in a water bath, the contents of which were equilibrated

and continuously circulated through a coil immersed in the fermenter

medium.
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2.4 Harvesting of Cell Samples

Samples of the required volumes were aseptically removed at
times throughout the microcycle, or, for analyses requiring a
greater biomass, the entire vessel contents were taken. The samples
taken from both the shake tubes and the fermenter were centrifuged
at 20000rpm for 10min in a Beckman J2-21 centrifuge fitted with
either JA-20 or JA-10 fixed angle rotor heads, depending on the
sample size. They were then washed twice with sterile distilled
water using the same centrifugation conditions. The cells were
resuspended in trichloroacetic acid in order to inhibit any enzyme
activity. However, in enzyme assays the cells were re-suspended in
distilled water for esterase estimation and in buffer for Tlipase

detection.

2.5 Morphological Observations

Nomarski  interference microscopy was used to produce
photographs of the various stages in microcycle conidiation. An
Olympus Vanox microscope with an attached 0lympus C-35AD camera were

employed in accordance with the manufacturer's instructions.

2.6 Cell Wall Breakdown

2.6.1 X-Press

Some degree of cell wall breakdown was achieved using an AB

Biox X-press (Nacka, Sweden).
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A cell suspension in trichloroacetic acid was poured into one of the
X-press chambers which had been pre-cooled in liquid NZ‘ The sample
froze immediately and was forced through a small hole connecting the
two chambers using a 12 tonne pressure exerted by a hydraulic press.
This caused a change in the crystal structure of ice which
fragmented material in the sample accompanied by a loud cracking
noise. The frozen suspension was passed from one chamber to the
other until no further cracking sounds were heard. It is apparent
from Table 2.3 that a cell wall breakdown procedure is required in
order to release the Tipid present. The giant cells tested were
grown for the same length of time, one lot was tested untreated, the
other after the X-press cell breakdown procedure. Lipid was

extracted and analysed as explained in Sections 2.7 and 2.8.

2.6.2 MSK Braun Rotary Homogeniser

More efficient cell wall breakdown was achieved using a MSK
Braun rotary homogeniser. Here the samples were placed with an
equal volume of glass beads of diameter 1.00-1.05mm in enclosed
Duran glass bottles ranging in size from 12-70m1. The bottles,
which have a ground Jjoint stopper with a special retainer were
mounted in rubber buffers inside a steel tube whose axis carried out
a circular motion at a speed of 4000rpm for 20sec. The cooling
temperature was controlled by the inflow of Tliquid CO2 and a
significant increase in cell wall breakdown was achieved by the

bombardment of the cells with the ballatini.
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Cell wall breakdown was observed under a phase contrast microscope
and was found to be approximately 75% with the Braun treatment,
although this does not include cells with hairline fractures which

vould not be visible under these magnifications.

2.7 Lipid Extraction

Lipid was separated from non-lipid material by a method based
on that of Bligh & Dyer (1959). Chloroform/methanol (1:2, v/v) was
added to the homogenised sample in a separating funnel and allowed
to stand for 24h at 4°C. Water and chloroform were then added to
give a two phase system with overall composition of chloroform -
methanol - water, 10:10:9 (by volume). The stoppered funnel was
then shaken vigorously for Imin. The two phases usually separated
on standing although centrifugation was sometimes necessary.

The lower, chloroform layer containing the extracted 1lipid was
removed and dried down in a waterbath at 45-50°C under a gentle
stream of N2 to prevent oxidation of the Tipids. Alternatively the
chloroform was removed from larger samples using a rotary evaporator
(Edmund Buhler).

The extracted 1ipid was then dissolved in chloroform and any
particulate matter present was removed by filtration through glass

micro-fibre filter paper.

2.8 Total Lipid Analysis

The total amount of 1lipid present 1in a given sample was
measured using the sulphuric acid oxidation method of Marsh &
Weinstein (1966).
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A nitrogen dried lipid sample in a test tube was heated with 1.0ml
concentrated sulphuric acid for 15min at 200°C in a metal heating
block. On cooling, 1.5m1 of distilled water was added to the
samples, left for 10min and then thoroughly mixed. The absorbance
at 375nm was determined on a Pye Unicam SP1800 spectrophotometer. A
linear standard curve was obtained using known amounts of olive oil

as the standard.

2.9 Neutral and Polar Lipid Analysis

2.9.1 Column Chromatography

The polar and neutral 1lipid fractions were separated using
column chromatography. A Pasteur pipette containing glass wool at
the tapered end and filled with 0.25g silicic acid (Bio-rad silicic
acid for column chromatography -325 grade) served as a column.
Chloroform was stirred into the silicic acid which was then allowed
to drain and pack. The extracted 1ipfd dissolved in 0.5ml
chloroform was applied to the drained gel followed by 2 washes with
0.5m1 chloroform. The neutral 1lipids were eluted with 3ml
chloroform, the polar lipids with 3ml methanol. The amount of the
1ipids in both the effluents was then determined using the sulphuric
acid charring method, having taken to dryness with N2 as previously
described. |

The recovery efficiency of the columns was tested using known

amounts of standard lipids.

-17-



2.9.2 Thin-Layer Chromatography

The plates used were obtained pre-coated with silica gel 60F254
(Merk) and were washed before use by running in chloroform/methanol
(4:1, v/v) for at least an hour and then air dried. The polar and
neutral lipids separated by column chromatography were taken to
dryness with N2 and re-dissolved in 50 ul chloroform/methanol (4:1,
v/v). These were then applied to the t.l.c. plates using a
capillary tube, followed by 3 x 50 upl washes of chloroform/methanol
to effect quantitative transfer.

The polar lipids were separated using a chloroform:methanol
water (25:10:1, by volume) solvent system, and the neutral lipids in
a freshly prepared solution of 1light petroleum spirit:diethyl ether:
glacial acetic acid (80:30:3, by volume). The lipids were located
by spraying with 50% HZSO4 using an aerosol attachment and placed in
an oven at 100-110°C for 1h. The resultant charred spots were
quantified using a Joyce Loebl Chromoscan and a photographic record
obtained using a Zenith 35mm camera. Lipid standards of known
composition were obtained from Sigma. Fig. 2.1 shows a typical

separation obtained and also its chromoscan trace.

2.10 Fatty Acid Analysis

Fatty acid composition was determined using gas chromatography
of the methyl esters of the acids. Preparation of methyl fatty acid
esters by transesterification was by a modification of the method of
Christie (1972). Dichloromethane (0.20m1) was added to a dried
sample of 1ipid, followed by 0.2ml of a sodium methoxide solution
(2M in methanol).
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Fig. 2.1
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The separation, by thin layer chromatography of the Tipid
classes present in the A. niger cells undergoing microcycle
conidiation. The trace was obtained using a Joyce Loebl
Chromoscan and a diagrammatic representation of the charred

areas of various lipid classes is illustrated.
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The samples were heated at 50°C for 15min, 0.01ml glacial acetic
acid and 0.5ml water were added and the mixtures extracted with 3 x
1.0m1 diethyl ether. The ether extracts were washed with 1.0ml
sodium bicarbonate solution (2%, w/v) and then dried over anhydrous
sodium sulphate. The samples were taken to dryness under N2 at
30°C, and the residues were taken up in dry petroleum ether.
Separation and quantitation was by isothermal gas chromatography
initially using a Perkin-Elmer gas chromatograph fitted with a
flame ionization detector and a 10% DEGS (di-ethyl glycol succinate)
column.

Later work utilised a Varian gas chromatograph attached to a
computer integrator and fitted with a 10% DEGS column. The FID
detector temperature was set at 220°C with an oven temperature of
195%C, a nitrogen flow of 40ml/min and a range of 10.

Figs 2.2 and 2.3 show a typical trace obtained on the chromato-
graph using standard solutions and a giant cell methylated fatty

acid sample at 36h.
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Fig. 2.2 The trace obtained when a standard fatty acid solution was
separated by gas chromatography. The peaks represent, from
riéht to left, palmitic, stearic, oleic, linoleic and

linolenic acids.
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Fig. 2.3 The trace obtained on separating, by gas chromatography,

the fatty acids extracted from A. riger cells, 36h into

microcycle conidiation.
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Cell wall break-

down treatment

Lipid content per 1 x ]06
Cells (f standard error for

3 replicates)

none

1+

3.77 _ 1.60

X-press

+

6.21 _ 0.86

Table 2.3 Comparison of total lipid extracted from intact giant
cells and from giant cells treated by the X-press cell
wall breakdown process.
identical in each case, lipid extraction was as explained

in Section 2.7 and lipid estimation by the sulphuric acid

charring method of Section 2.8.
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2.11 Protein Determination

The Braun homogeniser treatment was also used prior to protein
assays of the «cell suspensions. Total protein content was
determined by the method of Lowry, Rosebrough, Farr and Randall
(1951), using Folin-Ciocalteau's reagent. The absorbance was read
at 680nm using a Pye Unicam SP1800 spectrophotometer, and a standard

- curve plotted using known concentrations of bovine serum albumin.

2.12 Glucose Determination

The amount of glucose present in the medium at various stages
over the 48h cycle was measured by the GOD Perid method using
glucose oxidase reagent obtained from Boehringer Mannheim. A
standard curve was produced using known amounts of glucose read in a

spectrophotometer at 436nm.

2.13 Determination of ninhydrin reactive material

The amino acid content (and other reactive amino compounds) of
the fermenter'medium was measured by the ninhydrin method using a
modification of the procedure of Moore and Stein (1948). A suitably
diluted 0.1m1 aliquot of sample was mixed with 1.0ml of ninhydrin
reagent. Each test tube was covered with a glass ball to prevent
solvent evaporation. After heating in a boiling waterbath for
20min, 5.0m1 of diluent solution was added with mixing. After 15min
the absorbance was determined at 570nm in a Pye Unicam SP1800
spectrophotometer. A standard curve was prepared using known
concentrations of L-alanine.
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2.14 Dry Weight Measurement

Whatman No 1 filters were dried overnight in an oven set at
50-60°C.  These were weighed prior to filtering 40ml from the
fermenter culture vessel at various stages throughout the
microcycle. The filters containing the cellular material were dried
to constant weight in an oven set at 50-60°C, and the weight of the

cells determined by difference.

2.15 Radioisotope Tracer Experiments

2.15.1 Collection and Preparation of Samples for

Radioisotope Counting

The fate of various carbon sources supplied in the media was

14

traced using " 'C Tabelled isotopes. The fermenter was set up as

previously described in Section 2.3.2, but prior to spore

f ]4C lTabelled substrate was added.

inoculation the required amount o
A 10m1 sample of medium was taken at this stage for scintillation
counting. »

Great care was taken to ensure that no radioisotope
contamination occurred during the course of these experiments.
Procedures were carried out over plastic trays and rubber gloves
were used throughout.

The radioisotopes supplied as substrates in the A. niger growth

U-]4C) glutamic acid and L-(U-]4C)

medium were D-(U-14C) glucose, L-(
alanine. The radioactive concentrations were 200 pCi/ml or 7.40
MBg/ml for glucose, 50 upCi/ml or 1.85 MBq/ml for alanine and
glutamic acid.
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2.15.2 Collection of Radiolabelled Carbon Dioxide

It was essential that the fermenter culture vessel be
completely airtight in the radiotracer experiments, and that any
radiolabelled carbon dioxide produced should be absorbed. The only
outlet for the gases from the culture vessel was through the
water-cooled outlet condenser which was connected to two air tight
cylinders in succession. Each cylinder contained 15ml ethanol and
31ml ethanolamine which absorbed all the carbon dioxide emitted from
the culture vessel. The first ethanol/ethanolamine cylinder was
replaced each 12h in order to ensure that all the carbon dioxide was

absorbed.

2.15.3 Preparation of Radiolabelled Carbon Dioxide Samples for

Scintillation Counting

Any of the ethanol/ethanolamine mixture lost due to evaporation
during the course of microcycle fermentation was replaced in the
original proportions. Then 0.5ml aliquots were removed from each
cylinder and placed in scintillation counting vials. Ethanol (1ml)
was added to each vial followed by 10ml of cocktail 'T' and the
mixture thoroughly agitated. Cocktail 'T', Scintran contains the

following constituents per Titre.

Toluene 666m1
‘Triton x-100" 332m1
2, 5-Diphenyloxazole (PP0) 5g

1, 4-Di-2 (5 phenyloxazolyl) - benzene (POPOP) 0.15g
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2.15.4 Collection and Preparation of Medium and Whole Cell

Samples

The giant cells were sampled, harvested and homogenised as
previously described in Sections 2.4 and 2.6. In order to evaluate
the amount of radioactivity in the giant cells as a whole, it was
first necessary to dissolve the cellular material. Samples of the
giant cells (Iml of culture) were centrifuged in small plastic
conical tubes at 2000rpm, the supernatant collected, and the cells
transferred into scintillation counting vials. The cell material
was dissolved by the addition of 1.5m1 NCS tissue solubilizer (a
solution of a quaternary ammonium base 1in toluene), the
scintillation vial covered with cling film (Nesco-film), the cap
screwed down tightly and the tubes heated at 50°¢ overnight. On
cooling, 10ml cocktail 'T' was added to each vial.

The supernatant resulting from the centrifugation of the
harvested giant cells was collected and 0.5m1 aliquots of this
growth medium were placed in scintillation counting vials, to which

5.0m1 of cocktail 'T' was added.

2.15.5 Collection and Preparation of Lipid Samples

Lipid extraction from the harvested giant cells was as
previously described in Sections 2.7 and 2.8, with samples from the
aqueous layer of extraction being retained for scintillation
counting. One tenth of the resulting lipid in chloroform solution,
from an initial harvest of 60ml of culture, was dried down using a
steady stream of nitrogen gas in a scintillation vial placed in a
waterbath at 45-50°C.
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The Tipid was re-dissolved in 1ml of ether, 5ml of cocktail '0"was
added and the vial shaken. Cocktail 'O' Scintran is a Tliquid
scintillator  solution in  toluene containing 6g of 2,
5-Diphenyloxazole (PP0) and 0.2g of 1-4, Di-2-(5-Phenyloxazolyl)-
benzene (POPOP) per Titre.

The radioisotope content of the aqueous Tlayer of 1lipid
extraction was determined using 0.5m1 aliquots to which 5.0ml1 of

cocktail 'T' was added.

2.15.6 Scintillation Counting

The radioactive content of all the prepared samples was repeat
counted using a Nuclear Enterprises 8312 scintillation counter. The
counter was programmed to record the time taken for 10,000
radioactive decays, or should this time be greater than 600sec, the
number of decays occurring during the Tlatter time interval was
noted. Counting efficiency was estimated by the channels ratio

method and counts converted to disintegrations per minute (d.p.m.).

2.15.7 Radioisotopes traced to Lipid classes separated out

by Thin Layer Chromatography

The air tight fermenter system was set up as previously
described in Section 2.3.2 and the cells harvested at 12, 24, 36 and
48h. The lipid was extracted (see Section 2.7) from the harvested
cells and also from a sample of spores. Separation of the lipid
classes was attained using t.l.c. plates prepared as in Section

2.9.2.
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Samples of the total 1ipid extraction were dried using nitrogen
gas and re-dissolved in 50 ©1 chloroform/methanol (4:1, v/v). One
sample and one standard lipid solution was spotted on each plate as
previously described (Section 2.9.2) and the separation of the
neutral Tipid classes was attained using a chloroform/methanol/water
solvent system. The polar lipids remained at the origin using this
solvent system. The lipid bands were Tlocated using iodine as any
permanent stain could interfere with the scintillation counting
procedure.

The solvent system was allowed to evaporate from the t.l.c.
plates for at least 10min. The plates were then placed in glass
chromatography tanks containing 1g iodine, until all the 1ipid bands
were coloured. The plates were exposed to the iodine for the
shortest time possible and on removing, the outline of the bands was
traced using a pencil. As iodine also interferes with the counting
procedure, it was necessary to eliminate all traces of the yellow/
brown bands by heating in an oven at 35°C until all the stains
disappeared.

The silica gel containing each individual 1lipid band was
scraped from the t.l.c. plate and collected in separate
scintillation counting vials. The radioactivity contained in each
band was counted following the addition of 1.0ml diethyl ether and

5.0m1 cocktail '0' to each vial.
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2.16 Enzyme Assays

2.16.1 Lipase Assay (E.C.3.1.1.3)

Lipase activity was estimated by a modification of the method
of Nilsson-Ehle and Schotz (1976). Any lipase present in the
harvested and prepared A. niger cultures was tested for the ability
to attack radiolabelled (]40) triolein to release radiolabelled free

fatty acids, over a range of pH values.

(i) Harvesting and Preparation of A. niger Enzyme Sample

A series of fermenter systems were set up as previously
described (Section 2.3), and the entire culture harvested at 12, 24,
36 and 48h. A spore sample was also taken. The cell samples were
harvested as previously described in Section 4. The supernatant
i.e. the growth medium, was poured off and stored on ice for
analysis, and the precipitated cell samples separated into six lots
and washed twice using distilled water followed by centrifugation as
before. Each sample was re-suspended in 5ml of the appropriate
buffer (pH 4, 5, 6, 7, 8 or 9) consisting of varying proportions of
0.2M anhydrous di-sodium hydrogen phosphate and 0.1M citric acid.
The samples were then homogenised using a Braun MSK Rotary

Homogeniser at 4000rpm for 20sec and placed immediately on ice.
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(ii) Commercial Lipase Standard

A commercial enzyme (triacylglycerol 1lipase from Candida
cylindracea) was used as a standard in the assay. The lipase was
prepared by dissolving 0.100g of the enzyme in tris buffer. The
tris buffer consisted of 2.4228g tris base dissolved in 150ml
distilled water at 37°C. The pH was adjusted to pH 7.7 with dilute
hydrochloric acid and made up to 200ml at 37°C.  The pH was
re-checked and the buffer stored on ice until required. A dilution

series using the lipase solution and this buffer was prepared.

(iii) Substrate Preparation

The substrate for the assay consisted of 0.21m1 glycerol tri
(]-]4C) oleate stock solution (56.5mCi/mmol, 500 Wl din 5ml
chloroform) and 0.42m1 of unlabelled triolein solution consisting of
92.65mg/m1. The mixture was placed in a small bottle (4 x 1cm), and
dried under a gentle stream of nitrogen in a waterbath at 65°C.

A gum arabic solution was prepared by the addition of 2.0g of
the powder to 15ml distilled water. The pH was adjusted to between
7 and 8 with a few drops of potassium hydroxide, the solution made
up to 20ml, filtered and the pH re-checked. The dried substrate
with 2.1m1 of the gum arabic solution was sonicated in six, 10sec
bursts using a MSE sonicator at an amplitude of 8 microns peak to
peak. The sonicator probe was placed 6mm below the surface of the
gum arabic/substrate solution in the small bottle which was immersed

in cold water for cooling.
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(iv) Fatty Acid Free Albumin

The fatty acids released by the lipase in the assay were bound
using a 10mg/ml fatty acid free albumin solution. A range of bovine
serum albumin solutions was prepared using the sodium hydrogen
phosphate/citric acid buffer at the following pH values: 4, 5, 6, 7,

8, 9 and additionally using the tris buffer at pH 7.7.

(v) Free Fatty Acid Assay

The assay consisted of 50 u1 albumin buffer, 50 (or 100) w1l
homogenised A. niger cells in the corresponding pH buffer to that of
the albumin plus 100 u1 substrate solution in gum arabic. A
standard calibration curve (Fig 2.4) was produced using the
commercial lipase in place of the homogenised A. niger'ce1]s. The
assay constituents were mixed in glass conical centrifuge tubes
which were kept on ice until each assay was prepared. Incubation
was for 30min in a 37°C waterbath, following which the tubes were
placed on ice and the reaction stopped by the addition of 3.25ml of
the extraction solvent (28.2m1 methanol, 25.0m1 chloroform and
20.0m1 heptane).

Potassium hydrogen carbonate buffer, 0.1mo1/1, was prepared by
dissolving 1.00g anhydrous KHCO3 in 70ml distilled water. The pH
was adjusted to 10.5 wusing 1.0mo1/1 potassium hydroxide, the
solution made up to 100ml, shaken and the pH re-checked. The free
fatty acid extraction was completed by the addition of 1.05m1 of the
potassium hydrogen carbonate buffer to the assay tubes which were
stoppered and whirlimixed for 15sec. Separation of the two
extraction phases was achieved by centrifugation at 2000 rpm for

10min.
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Any free fatty acids released by the enzymes should be located in
the uppermost phase of extraction, 1.5ml of which was pipetted out
into a scintillation counting vial. The radioactive Tlabel
incorporated into the fatty acids was recorded using a scintillation
counter following the addition of 15m1 cocktail 'T' and 1.5ml
methanol to each vial. The results in dpm were converted to nmoles

of free fatty acid for each assay.

2.16.2 Esterase Assay (E.C.3.1.1.1.)

Esterase activity was estimated in the A. niger cells by the

method of Lloyd et al, 1971.

(i) Harvesting and Preparation of A. niger Enzyme Sample

The giant cells were harvested and homogenised as previously
described in Sections 2.3 and 2.16.1. However some intact cells
which had not been homogenised, were tested for esterase activity as
were ungerminated spores and the cell-free growth medium from

various stages in the microcycle.

(ii) Buffered-substrate Solution Preparation

A buffered-substrate solution was prepared, consisting of 10mg
of 1-naphthyl acetate dissolved 1in 2ml acetone and 98ml O0.1M
tris-maleate buffer, pH 6.4. The tris-maleate buffer consisted of
12.11g/1 tris (hydroxymethyl) aminomethane and 11.61g/1 maleic acid,
the mixture adjusted to pH 6.4 by the addition of O0.1M sodium
hydroxide.
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(iii) Assay Procedure

The reaction mixture consisted of 6ml buffered-substrate
solution and 1ml of giant cell or spore suspension in distilled
water, or Tml of the growth medium. The assay mixture was incubated
at 30°C for 20min although some cells from the first 24h of the
microcycle were assayed at their growth temperature of 44°C. A fast
blue B salt (Gurr) solution, of 0.04g/1, was freshly prepared and
Iml of this added to the reaction mixture, followed by Iml of 40%
(w/v) trichloroacetic acid to facilitate extraction of the azo-dye

from the protein-containing solutions.

(iv) Extraction of the Napthol Complex

Extraction of the complex formed by the naphthol released from
the hydrolysed substrate with the dye was attained by the addition
of 10ml ethyl acetate. The mixture was shaken, centrifuged at 2000
rpm for 10min in a bench centrifuge and the absorbance values of the
upper Tlayer of extraction, containing ethyl acetate and any red
component of the purple azo-dye produced, were measured in a DMS 90

ultra-violet visible spectrophotometer (Varian) at 540nm.

(v) Calibration Curve

A Tlinear calibration curve (Fig 2.5) was produced using
1-naphthol, and was used to convert the absorbance readings obtained
in the assay to mg of 1-naphthol Tiberated. This was then converted
to nmoles of product formed to allow comparison with the Tipase

results.

-35-



ABSORBANCE AT 540 nm

30

290

2 4
mg |- NAPHTHOL PER 100mls.

FIGv.2.5 CALIBRATION CURVE FOR ESTERASE
ACTIVITY.

-36-



2.17 Source of Materials

2.17.1 Gases

Carbon dioxide (1iquid and gaseous), 5% carbon dioxide in air
and nitrogen gas filled cylinders were supplied by British Oxygen

Company, Leeds, West Yorkshire, U.K.

2.17.2 Radioisotopes

]4C-1abe11ed glucose, glutamic acid, alanine and triolein were

supplied by Amersham International plc, Amersham, Buckinghamshire,
England. NCS solubilizer for scintillation counting was also

supplied by Amersham International pilc.

2.17.3 Enzymes and Reagents

i) Glucose oxidase reagent was supplied by Boehringer

Mannheim.

ii) Polar and neutral lipid standards used in t.l.c., and the
esterified fatty acid standards used in gas chromatography
were obtained from the Sigma Chemical Company, Poole,
Dorset. The silicic acid used in column chromatography
was obtained from Bio-Rad, 32nd and Griffin, Richmond,

California.
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iii)

The pre-coated, plastic, tic plates prepared with silica
60 were manufactured by Merck and supplied via British

Drug Houses.

Other reagents were supplied by British Drug Houses,

Poole, Dorset, U.K. and were of the highest standard

commercially available.
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3.1 INTRODUCTION

The biochemistry involved 1in the processes of fungal
germination, filamentous growth, asexual and sexual development and
metabolism has been studied in a number of organisms. The
Aspergilli have featured in such studies (Smith & Anderson, 1973;
Hastie, 1981) but rarely is one species of fungus of group of fungi
suitable for the investigation of all aspects of growth and
differentiation; as normal filamentous growth usually results in a
heterogeneous population of cells representing a range of
biochemical states.

The normal asexual development in Aspergillus niger is

illustrated in Fig 3.1. The spore is involved at the beginning of
the cycle where it functions to initiate vegetative growth and at
the end where it represents a means of propagation, survival and
dispersal. The alleviation of spore dormancy is followed by a
period of swelling leading to germ tube emergence. Germ tube growth
and branching results in the formation of a filamentous vegetative
mycelijum. The first stage in conidiophore formation is the trans-
formation of a hyphal cell in the mycelium into a foot cell from
which the conidiophore will emerge. The conidiophore is a single,
erect, thick-walled stalk cell which develops perpendicular to the
long axis of the mycelium and is usually unbranched and non-septate

(Smith & Berry, 1974).
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Fig. 3.1 Normal asexual development in A. niger.
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When the conidiophore reaches 1its full 1length there is a
gradual apical enlargement to form a vesicle, along with a
thickening of the vesicle wall. Numerous primary sterigmata or
metulae arise synchronously from the multinucleate vesicle (Tokunaga
et al., 1973). A. niger produces 400-500 sterigmata which give rise
to branched secondary sterigmata or phialides (Smith et al., 1977).
The conidia develop in basipetal sequence from the phialide and are
termed philaspores. The philaspores are formed by transverse
septation and in aerial growth forms, long chains of conidia
develop, held together by a common outer wall (Smith, 1978).

The traditional method of fungal cultivation is on the surface
of a suitable medium. If the spore inoculum is dispersed evenly
over the medium, a large hyphal mat of mycelium is formed giving
rise to conidiophores of a uniform age. Conidiophore production may
be suppressed if a layer of cellophane is placed over the mycelial
mat; removal of the cellophane results in rapid and uniform
conidiophore development. However, there 1is variation in the
physiological state of the mycelial mat and whereas surface culture
may be adequate for studies on environmental and genetic factors
affecting conidiation, it is Tless suitable for biochemical and
metabolic investigations into the stages of conidiophore production.
Such Timitations led to the development of submerged culture
techniques, and conidiation in A. niger can now be achieved by shake
flask culture as well as batch and continuous fermenter methods
(Galbraith & Smith, 1969; Anderson & Smith, 1971; Ng, Smith &
McIntosh, 1973a). Submerged culture techniques result in the growth
of a more homogeneous mycelium particularly if growth is filamentous

as opposed to pellet form.
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In common with other fungi, Aspergilli grown in submerged culture
will normally remain vegetative. However, foot cell development,
the first step of conidiation, can be induced in A. niger in a
medium where nitrogen is limiting but in the presence of a carbon
source (Galbraith & Smith, 1969; Vezina & Singh, 1975).
Conidiophore elongation will occur with the exhaustion of the
exogenous nitrogen but with the continued presence of a carbon
source. The addition of a nitrogen source together with citrate, an
intermediate in the TCA cycle, as a carbon source, stimulates
vesicle and phialide production. The final stage in conidiation,
the conidial development on the _phialides, is realised by
transferring the cells to a fresh medium containing glucose and
nitrate. This medium replacement system allows the study of
conidiation in morphologically and biochémica]ly distinct phases
(Deans, 1978).

The limitations of these culture techniques arise from the fact
that vegetative mycelial growth precedes conidiation, inevitably
resulting in a degree of heterogeneity. The relatively recent
diécovery of a novel growth form in A. niger known as microcycle
conidiation (Anderson & Smith, 1971a,b;1972) tends to eliminate such
heterogeneity. Microcycle conidiation has been described as the
recapitulation of conidiation following spore germination, but
without a period of mycelial growth (Smith et al., 1977). The
normal asexual reproduction cycle for A. niger illustrated in Fig
3.1 may be compared with that for microcycle conidiation illustrated
in Fig 3.2. This phenomenon 1is known to occur in other fungal

species such as Penicillium urticae (Sekiguchi et al., 1975 a; b and

c) and Paecilomyces varioti (Anderson et al., 1978).
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Fig. 3.2 Microcycle conidiation in'Ai'ﬁiger (after Smith & Pateman,

1977 reproduced by kind permission of Academic Press).



Limited studies have also demonstrated microcycle conidiation in

Aspergillus flavus, Aspergillus giganteus, Aspergillus oryzae and

Aspergilius glaucus, and giant cell formation in Rhizopus stolonifer

(Smith et al, 198la). It 1is also interesting to note that
microcycle macroconidiation (Cortat & Turian, 1974) and microcycle

microconidiation (Rossier et al, 1977) occurs in Neurospora crassa.

A feature common to all the microcycle conidiation systems is
the enlargement of spores by spherical growth at an elevated
temperature. Al the systems, apart from microcycle

microconidiation in Neurospora crassa, use a medium composition

which, at non-elevated temperatures, would allow normal vegetative
mycelial growth. Under Tlarge volume fermenter conditions, a 5%
carbon dioxide in air supply is added to the aeration input of the
A. niger culture as its absence leads to vegetative germination
during the latter stages of giant cell formation at the elevated
temperature. The exact role carbon dioxide plays in the microcycle
conidiation of A. niger is not fully understood, but studies suggest
that it is morphogenetical]y important (Smith et al., 1981b).
However 1in small scale shake tube culture there is no requirement
for an additional carbon dioxide supply to obtain complete
microcycle conidiation.

Microcycle conidiation in A. niger is illustrated in Fig 3.2.
The incubation of conidia at an elevated temperature causes
enlargement by spherical growth producing giant cells. This is the
vegetative part of the cycle, and the whole conidiophore structure
arises from a single giant cell. Spherical growth occurs for 24h
during which the spore dincreases in size from approximately 3.5u.m

to 20 - 25u m in diameter (Anderson & Smith, 1971a;3b).
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Such swelling may be obtained by shake tube incubation for 24h at
44°C or a greater biomass can be produced in a fermenter system with
a temperature regime of 41°C for 11h, followed by 13h at 44°C.

The original spore contains a single haploid nucleus (Raper &
Fennell, 1965) but during spherical growth extensive nuclear
division takes place resulting in multinucleate giant cells (Smith
et al., 1976). The high temperatures appear to inhibit apical
growth which normally leads to hyphal development. However, growth
occurs in the form of uniform wall deposition resulting in giant
cells with thick cell walls of approximately 2 um (Deans, 1976).

A temperature reduction to 30°C after 24h results in the
resumption of normal apical growth and the onset of conidiogenesis.
The conidiophore arises directly from the giant cell which appears
to have a similar function to the foot cell of a normal hypha
(Anderson & Smith, 1972; Smith et al., 1971). A thick conidiophore
stalk is produced which is characteristic of microcycle systems of
A. niger and other Aspergilli. All other organisms in which
microcycle conidiation has been demonstrated produce conidiophores
which have a similar structure to normal germ tubes. The
conidiophores of A. niger are much smaller than their subaerial
counterparts, the most marked difference being 1in length, the
subaerial being more than five times longer than the submerged. The
microcycle conidiophores also differ 1in that only phialides are
produced as opposed to both metulae and phialides (primary and
secondary sterigmata) in the normal subaerial forms. On ageing, the
conidiophores may form septa, a phenomenom which rarely occurs in

the normal subaerial forms.
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Microcycle conidia are similar to those of normal asexual
development but lack any black pigmentation. They are capable of
undergoing microcycle conidiation or reverting to normal mycelial

growth depending on environmental conditions (Smith et al., 1981b).

3.2 RESULTS

3.2.1 A. niger Microcycle Growth - Morphological Observations

Giant cell growth followed by conidiogenesis was recorded by
photography at various stages during microcycle conidiation. The
conidia at the time of inoculation were, on average, 3 - 4 um in
diameter increasing to 8 - 16 um at 12h and to 20 - 25 um at 24h.
Giant cell spherical growth was accompanied by a thickening of the
cell wall reaching a maximum of 2 um at 24h. The extent of
spherical growth is illustrated in Plates 1, 2 and 3 which show the
dormant spores and the giant cells at 12 and 24h respectively.

Conidiation was initiated following the decrease in temperature
from 44°C to 30°C at 24h. The conidiophore was well developed at
36h as illustrated in Plate 4. The phialides and developing conidia
can be seen arising from the vesicle. By 48h the new conidia have
been released into the surrounding medium and transverse walls
appear in the ageing conidiophore (Plate 5). A giant cell normally
produces a single conidiophore and although the development of two
conidiophores from the same cell was common, up to six were
occasionally observed. The form of microcycle conidiation described
above was observed in all experiments which produced the results of
the biochemical analyses in Chapters 3, 4, 5 and 6 with the
exception of Chapter 3 (Section 3.2.2).
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3.2.2 Variations in the Growth Pattern during Microcycle

Conidiation

Although all parameters during fermenter cultivation of
A. niger were carefully maintained, variations in the microcycle
pattern of Anderson & Smith (1971a,b) were frequently noted
particularly at the latter stages of the study. However, in shake
tube cultures 1little variation in microcycle growth was observed.
Investigations were carried out into the causal factors of the
aberrant microcycle growth and some changes were made 1in the

parameters used.
(i) Autolysis

In many fermenter cultivations the spores followed the usual
pattern of spherical growth to between 11 and 16h but theﬁ, during
the 44°C temperature regime, autolysis was initiated; Many of the
cells had attained the maximum expected diameter of 25 um at this
stage although others were only 8 um in diameter.

The onset of autolysis was preceded by the occurrence of darker
areas which seemed to be in the thickened giant cell wall giving the
cell surface a pitted appearance. The cytoplasmic contents were
more granular at this stage and this phenomenon is illustrated in
Plate 6. The protoplast then shrank away from the cell wall which
was still rigid at this point. The cell wall then gradda]]y lost
its rigidity and integrity followed by the escape of the cytoplasmic
contents from a rupture presumably at a weak point in the wall

(P1ate 7).
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In autolysing cultures it was noted that the fermenter growth medium
contained much cell debris which gradually disappeared and'by 24h at

the elevated temperature the medium was completely clear.
(ii) Vegetative Mycelial Growth

During the first 11h at 41°C most cells inocu]ated.%nto the
fermenter began to grow spherically. However, fo]]owfng the
increase in temperature to 44°C after 11h, some of the spherically
growing ce]]é, having attained cell diameters of 12 - 20 -um,
produced vegetative germ tubes, rather than continuing spherical
growth. In many cases almost all the ce]]s'produced vegetétive germ
tubes which gave rise to both filamentous and pelleted mycelium,
which rarely produced any conidiophores even when the temperature
was dropped to 30°C after 24h at the elevated temperatures.
Occasionally a cqnidiophore was observed amidst pelleted mycelial
growth but it was difficult to ascertain whether it originated from
a mycelium or directly from a giant cell. Filamentous vegetative
growth noted at 20h is illustrated in Plate 8 and the pelleted

mycelial form observed at 48h in Plate 9.

3.2.3 Modifications to microcycle conidiation conditions

Various attempts were made to increase the efficiency of the
fermenter system to produce microcycle conidiation in A. niger in
the hope of eliminating the problems of vegetative mycelial growth
and autolysis occurring in the 11 - 24h period. The reéu]ts

obtained are summarized in Table 2.1.
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(i) Viability of the conidia

It has been reported that washing the spores five times in
distilled water prior to inoculation yields the most synchrbnised
population of cells during spherical growth (Deans, 1978). This
procedure was adopted as standard for all microcycle conidiation
experiments throughout the study.

Conidia from batches which underwent autolysis. and/or
vegetative mycelial growth in the fermenter, were tested for the
ability to undergo microcycle conidiation in small scale shake tube
culture conditions. Without exception microcycle conidiation was

achieved.
(i) Inoculum size

It was observed that the giant cells which auto]ysed-f011owing
the increase in temperature from 41°C to 44°C had already sWo]]en to
a considerable size by 11h. The diameter of the swollen cells at
this Jjuncture was equivalent to that achieved by the giant cells
undergoing normal microcycle conidiation at 24h, i.e. 20 - 25 um.

Preliminary shake tube dincubations suggested that an increase
in inoculum size decreased the rate of giant cell spherical growth.
Since a suggested cause of cell autolysis in the later stages of
fermenter cultivations was the rapidity of spherical growth, the
inoculum size was increased and the effect on giant cell formation

observed.
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Doubling the dinoculum of conidia resulted in sphérica] giant
cell growth to 12h. Some adto]ysis occurred in the period up to 18h
by which time the surviving cells had a diameter of 20 - 25 um. By
24h all the cells had autolysed. Halving the conidial dinoculum
resulted in spherical giant cell growth to 12h, followed by the

onset of autolysis.
(ii1) Carbon and Nitrogen Sources

An increase in the amounts of the carbon source (glucose) and
in the nitrogen sources, glutamic acid (monosodium salt) and alanine
were tested in separate experiments for their effect on the
microcycle conidiation proCess. A doubling of the amount of the
available carbon resulted in mycelial germination after an initial
period of spherical growth up to 11h. A two-fold increase in the
glutamic acid in the medium produced spherical growth to T11lh
followed by mycelial growth for most cells but with some cells
remaining as giant cells through the entire 48h growth period. The
doubling of the amount of ammonium sulphate supplied in the growth
medium also resulted in mycelial growth following an initial 11h

period of spherical growth.
(iv) Culture Medium Volume

A decrease in the working volume of the fermenter cultivation
system was also tested for its ability to sustain the complete

microcycle.
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The volume was decreased from 800ml to 500m1 of normal culture
growth medium. The conidia developed by spherical growth and
allowed diameters in the range 10 - 22 qum by 11h. Howevef, during
the subsequent 13h at the elevated temperature of 44°C, each giant

cell either autolysed or produced mycelial growth.
(v) Stock culture medium

The potato glucose agar used to sustain stock cultures of
A. niger was replaced by potato carrot agar in an attempt to
eradicate the possibility of attenuation. The potato carrot agar
sustained similar mycelial growth to that obtained using potato
glucose agar. A mycelial mat with sub-aerial conidiophores was
obtained on the potato carrot agar slopes within 6 days as opposed
to an average of 4 days with potato glucose agar. Spores harvested
from the potato carrot agar slopes, when dinoculated into the
fermenter system set up for microcycle conidiation growth grew
spherically for 11h at 41°C. However, in common with the spores
obtained from stock cultures grown on potato glucose agar towards
the end of the study, they proceeded to autolyse or produce mycelial

growth from 11h onwards.
(vi) Modifications in temperature control mechanisms

Temperature is the most important factor in suppressing normal
mycelial growth during A. niger microcycle conidiation (Smith,

1978). It dis 1important to eliminate any small fluctuation in

temperature, particularly during the first 11h at 41°c.

-58-



To this end, the Gallenkamp temperature control system initially
used was replaced by the more sensitive Tecam TE-7 tempette
proportional temperature controller. Such a system afforded both
internal and external temperature equilibration for the culture
vessel, so minimizing the effect of ambient temperature
fluctuations. The whole fermenter culture vessel was placed in a
constant water bath and a mercury thermometer was placed in the
vessel as usual to directly record the temperature of the growth
medium. Slight variations in the temperature regime were then
tested for their effect on microcycle conidiation. In some
experiments using the normal temperature regime of 41°C for 11h
followed by 44°C for 13h and 24h at 30°C the giant cells attained a
greater diameter at 12h than previously described (Anderson & Smith,
1971a), and microcycle conidiation was complete by 36h as opposed to
48h. Shorter incubation times of 41°C for 10h followed by 3 or 6h
at 44°C led to a prominence of mycelial growth with some degree of

autolysis occurring.
(vii) Variations in Carbon Dioxide Supply

The ability of the air/carbon dioxide mixing unit to maintain a
constant flow of 200m1/min of 5% carbon dioxide throughout the 48h
of the microcycle was tested regqularly. Fluctuations in the carbon
dioxide Tlevels were observed from time to time in both successful
and unsuccessful microcycle conidiation cultures. These
fluctuations were eliminated when the mixing system was replaced by
a‘ready-mixed 5% carbon dioxide cylinder supply connected to the
fermenter culture via a flow meter regqulating the supply at
200m1/min.
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Incubation time

11 - 13h

18 - 24h

Variation in parameter

Conidial inoculum
X 2

Cell
Some

diameter 12-20um
unswollen conidia

90% cells autolysed

Decrease in conidial
inoculum x 0.7

Cell diameter 12-19 um

50% cells autolysed
50% cells producing
mycelial growth

Decrease in fermenter

working volume to 500ml
(visual sporg inoculum
of 800 x 10" conidia)

Cell diameter 11-20 um

Cells either auto-
lysed or producing .
mycelial growth

Increase in glucose

Cell diameter 16-20 um

50% cells autolysed

content of medium Some autolysis 50% cells producing
X 2 mycelial growth
Increase in glutamate Cell diameter 16-20 wm | Cells either auto-

and alanine content of
medium x 2

lysed or produced
mycelial growth

Temperature 8f 21%c for
10h, then 44°C for 3h,
followed by reduction
to 30°C

17 - 20 m

50% cells autolysed
25% cells producing
mycelial growth.
25% giant cells
with prominent
vacuoles

Temperature 8f 41°c for
10h, then 44-C for 3h

Cell diameter 16-20 um
Most cells producing
mycelial growth

Clumped mycelial
growth

Temperagure of 41°C for
11h, 44°C for 68, then
reduction to 307C

Cell diameter 12-19 um
Some cells autolysed

Some autolysis, but
majority of cells
developing mycelial
growth

Table 3.1

The effect of varying parameters in A.niger fermenter

cultivations with a view to increasing the efficiency of the system

in producing microcycle conidiation.
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(viii) Culture vessel contents agitation

The magnetically controlled impellar system in the fermenter
was replaced by an overhead propulsion stirring mechanism which

afforded greater and more reliable agitation of the culture.

(ix) The ability of other strains of A. niger to undergo microcycle

conidiation

Two other strains of A. niger, IMI 50565 and IMI 96215 obtained
from the Commonwealth Mycological Institute, Kew, Surrey, England,
were tested for their ability to undergo microcycle conidiation.
The strains wére sub-cultured, the spores harvested and inoculated
into shake tube cultures as previously described in Chapter 2.
However, both strains, and in particular IMI 50565, had a slower
growth rate on potato glucose agar than did A. niger, Strathclyde
strain.

The IMI 50565 strain produced spherical growth up to a maximum
diameter of 20 um at 24h, although by this stage, many of the cells
had started germinating to produce mycelia. The mycelial growth was
mainly clumped despite vigorous agitation. Some cells had
autolysed by 24h, others remained unswollen.

The IMI 96215 strain produced cells which had swollen to
diameters of 12 - 20 um by 24h but in the majority of cases mycelial
production had been initiated by this stage. The few giant cells
which did not produce germ tubes developed conidiophores following

the decrease in temperature to 30°C at 24h.
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Some cells gave rise directly to conidiophores, but many 'fbrmed
branched mycelial growth from which the conidiophores emerged.

The IMI 50565 strain had developed dense clumps of hyphal
growth by 48h with a few conidiophores present. The conidiophores
had a very swollen vesicle but small phialides when compared to the
A. niger, Strathclyde strain. The IMI 96215 strain produced very
swollen vesicles and larger phialides. The growth forms produced by
the IMI 96215 strain are illustrated in Plates 10 and 11.

Synchronous growth was not achieved with the two IMI strains
tested. Although some cells in both cases have the ability to
undergo microcycle conidiation, most germinated to produce mycelial

growth even during the period at the elevated temperature of 44°c,
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3.3 DISCUSSION

The microcycle conidiation observed is similar in mérpho]ogical
aspects to that described by Anderson & Smith (1971, ajb). However,
the microcycle clock appears to have a shorter time duration in the
present study, the total cycle being complete by 36 - 38h. An
increase in giant cell diameter in comparison to Anderson & Smith's
(1971, a;b) observations was recorded at 11h, on occasions the
maximum of 25 um being attained at this stage. At 28h, 4h after the
reduction in temperature to 30°C, the conidiophore was elongated.
By 32h the swollen vesicle was fully developed and the production of
phialides was initiated. By 36h the phialides were mature and
conidial development almost complete, at 38h conidia were shed into
the surrounding medium. This compares with Anderson & Smith's
(1971, a;b) system where the conidiophore vesicle swelling is
initiated at approximately 36h and phialide production at 39h.
Conidial development occurred between 40h and 48h (Anderson & Smith,
19713a3b).

The giant cell of A niger can produce more than one
conidiophore and up to six were observed in some cases. This
phenomenon has previously been reported for up to five conidiophores
(Smith et al, 1981a).

The observed acceleration of spherical growth in the fermenter
may in part explain the difficulties in obtaining conidiophores and
conidia from the swollen giant cells. HMaintenance of éonidia at
41°C for 11h in the fermenter system invariably resulted in
spherical growth, but in many cases the subsequent increase in

temperature to 44°C caused autolysis or vegetative mycelial growth.

-64-



A giant cell diameter of up to 25 um was attained Before
autolysis occurred although such dimensions were more usually
obtained after 24h at elevated temperatures during normal microﬁyc]e
conidiation.  This can be compared with shake tube culture
observations by Anderson & Smith (1971 b) where cdnidié were
incubated for prolonged periods of up to 48h at eievated
temperatures and still had the ability to produce conidiophores once
the temperature was reduced. In their work, Anderson & Smith
(1971 b) noted that after 12h and 24h at 44°C, conidia were able to
produce germ tubes at 30°C and some were above to produce
conidiophores. After 36h at 44°C most cells could produce germ
tubes and conidiophores, with some able to produce conidiophores
only. After 48h at 44°C, the cells were unable to produce -germ
tubes but were able to produce conidiophores (Anderson & Smith,
1971 b).

Carbon dioxide was added to the aeration system in fermenter
cultivation as it has been shown to inhibit germ tube formation at
41°C  (Kuboye et al., 1976) without retarding spherical growth.
Carbon dioxide 1is known to be a powerful inducer of morphogenetic
change in filamentous fungi (Smith & Galbraith, 1971). Its
interaction with -elevated temperature to induce dimorphic
transformations and other spherical cell forms in filamentous fungi
has previously been discussed (Anderson & Smith, 1976; Anderson,
1978). Kuboye et al. (1976) further observed that should the
temperature of 41°C with a 5% carbon dioxide in air supply, be
maintained for longer than 12h, autolysis occurred. An increase in

temperature to 44°C before the onset of autolysis prevented this.

-65-



In many cases during the present study, rapid spherical growth was
achieved for 11h at 41°C, but the temperature increésé to 44°C
seemed to initiate autolysis. Kuboye et al. (1976) observgd tﬁét at
41°¢ spherical growth was more rapid than at 44°C and a better
percentage activation of the conidia was achieved.

Giant cell growth involves a rapid cell wall extension of up to
2 um (Smith et al., 1981 a;b), and may lead to a weakening of the
wall structure. In the present study, the giant cells often
developed more rapidly than previously described (Anderson & Smith,
1972; Deans, 1978). Also the deceleration in spherical growth which
occurred with the increase in temperature to 44°¢ may occur too late
to prevent such weakening. Causal factors may be an inhibition of
an essential mechanism in cell wall synthesis or may be due to the
increase in lytic activity associated with wall expansion.

Autolysis is normally considered the final stage of cultural
development, the main cause being a material imbalance in the fungal
hyphae, caused by either internal or external factors. These could
be accumulation of toxic metabolites, disturbance of organelles or
physical, chemical and enzyme influences which change the
intracellular structure of the cell wall. Autolysis often occurs in
filamentous fungi due to an exhaustion of, or a deficiency in a
medium constituent, particularly carbon (Smith, 1978). An autolytic
phase in the A. niger microcycle was reported, by Kuboye et al.
(1976), to be due to glucose exhaustion. HNitrogen starvation would
render the giant cells unable to produce conidiophores as glutamic
acid is known to play an important role at the onset of

conidiogenesis (Anderson & Smith, 1971b).
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Trinci & Righelato (1970) observed that autolysis does not
proceed synchronously in starved mycelial filaments of Penicillium
chrysogenum, but occurs in individual compartments. The Tiving
parts of the mycelia are able to use the low molecular weight
compounds released by 1lysis as substrates for their growth as

demonstrated in Nectria galligena (Lahoz, Beltra and Ballesteros,

1970) and in Aspergillus (Behr, 1930). Intrahyphal mycelia have
also been observed in autolysed compartments of. Penicillium
chrysogenum (Trinci & Righelato, 1970).

Thus some species use autolysis as a means of survival under
conditions of starvation. However, in A. niger fermenter
cultivations there is still an ample supply of carbon and nitrogen
sources in the medium at the onset of autolysis. Also, the
vegetative growth form 1is a single cellular unit. In effect,
autolysis results in the destruction of the entire vegetative
structure and the whole genome and cannot therefore be regarded as a
means of survival, as in the mycelial growth form.

Some fermenter cultivations resulted 1in giant cell Qrowth
during the first 11h at 41°C, but an increase in temperature t6 44%¢
resulted in mycelial growth. Previous workers (Anderson & Smith
1971b; Kuboye et al, 1976) have reported thﬁt a temperature of 44°¢
inhibits germ tube formation and that the presence of carbon dioxide
has a further inhibitory effect. The causal factors in encouraging
mycelial growth as opposed to microcycle conidiation were therefore
suspected to be dinefficient temperature control and/or carbon

dioxide availability.
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However, even after changing to a more temperature sensitive heating
system and supplying a more accurately measured quantity of carbon
dioxide to the aeration system together with improved agitation to
ensure a gas supply to all cells, mycelial growth and giant cell

autolysis continued to occur in some microcycle experiments.
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4. LIPIDS OF ASPERGILLUS NIGER

DURING MICROCYCLE CONIDIATION
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4.1 INTRODUCTION

4.1.1 Fungal Lipid Research - An Overview

The term 'lipid' has traditionally been used to describe a
chemically heterogeneous group of substances including fatty acids,
fatty acid derivatives, steroids, terpenes and carotenoids. Lipids
have in common their solubility in organic solvents such as
chloroform, methanol or hexane but are mainly insoluble in water. A
few 1ipids have limited solubility in water which is dependent on
polar groups linked to the hydrophobic part of the molecules. Most
lipids contain carbon, hydrogen and oxygen. Some contain only the
first two elements. Other elements such as phosphorous, nitrogen
and/or sulphur, may also be present.

Much of the early work in fungal 1ipid research was initiated
with the objective of using fat as a food material for the
increasing world population. In 1870 it was reported that Claviceps
purpurea contained 30% fat (see Weete, 1980) and much of the
research during the subsequent fifty years was concerned with
increasing the fat yield in fungal cultures and defining optimal
culture conditions for lipid production and accumulation.

The quest for alternative sources of protein and fat to
supplement the world's agricultural production led to the screening
of various micro-organisms for their ability to accumulate
nutrients. Micro-organisms have a high rate of metabolism, can
utilise a variety of substrates, need only a limited space for
cultivation, reach maximum nutrient yield within a relatively short

time and thus have low production costs.
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The problem of food‘production is becoming more acute with an
ever-expanding population, particularly in the third world. India,
for example, is one of the major o0il seed producing countries in the
world, yet the per capita consumption of 1ipid is only 25% of man's
nutritional requirements and even this is deficient in unsaturated
fatty acids (Chahal et al., 1979). The Tlipid industry in Egypt
suffers from a shortage of oils and the alternative of using fungi
as a source of Tipids instead of relying on classical oil crops, is
being considered (Farag et al., 1981). In particular, Farag et al.
have considered using some fungi to produce arachidonic acid, one of
the essential fatty acids in the human diet and the precursor of
prostaglandins.

Microbes can convert the cheap forms of carbohydrates (e.g.
molasses), which may be readily available in the third world, to
fats (Woodbine et al., 1951). Careful consideration must be given
to the selection of fungi used in the food industry as many produce
mycotoxins. However, such by-products can be used to advantage in
the pharmaceutical industry where new and effective anti-bacterial
agents are continuously sought. Currently, with the advent of
genetic engineering, greater use of fungi can be envisaged for the
production of economically important 1ipids.

During the early 1950s there was a transition from the study of
fungi as fat producers to a period of 1ipid research. This switch
in approach was mainly prompted by the development of improved
extraction, chromatographic and identification techniques. Thus,
the fatty acid composition of many organisms was studied and as
techniques were perfected, individual sterols, phospholipids and

other components were identified.
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At about this time radioisotopes became available and some tracer
study work was initiated which 1looked at certain biochemical
pathways and enzymes associated with the 1lipids of various
microfungi.

A number of filamentous fungi have been classed as oleaginous,
that is as being able to accumulate high amounts of fat. These

include species of Claviceps, Penicillium, Aspergillus, Mucor,

Fusarium and Phycomyces (Woodbine, 1959). For any particular
organism, the 1lipid accumulated depends upon the cultural conditions
including the carbon-nitrogen ratio and temperature (Bainbridge et
al., 1971). The substrates available also exert a considerable
effect on lipid production. Redchits (1980) showed that the 1ipid

accumulated in the mycelium of Aspergillus effusus, Aspergillus

oryzae, Aspergillus ochracens, Aspergillus sydowi and Aspergillus

niger in submerged growth was higher with a hydrocarbon substrate as
compared to a sucrose carbon source.
The fundamental knowledge of 1lipid biochemistry in fungi was

gained using only a few organisms such as Saccharomyces cerevisiae

and Neurospora crassa. This is similar to Escherichia coli, being

the most extensively studied bacterium and the impression given is
that it is a blueprint for all bacteria. However, extensive lipid
research has been undertaken in the past twenty years mainly due to
an interest in such topics as membrane structure and functions.
Such research has revealed an immense diversity in the types and
functions of Tipids in plants, animals, fungi and bacteria. Certain
lipids are unique to a single species of plant or bacterium and can
be wused 1in taxanomic classification e.g. 13C fatty acids in

Cellulomonas spp. (see Harwood & Russell, 1984).
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The amount of 1ipid present in fungi may vary between different
species of the same genus and isolates of the same species grown
under identical conditions. Hence the percentage of lipid present
is of no importance taxonomically, but fungi can be classified on
the basis of their fatty acid composition. All fungi contain
palmitic, stearic and unsaturated 18C fatty acids but the Tlower
fungi wusually contain y-linolenic acid whereas the higher fungi
contain a-linolenic acid (see Harwood & Russell, 1984). Farag et
al., (1981) suggested that the ratio of various fatty acids present
could be used to identify fungi of the Aspergillus genus. Also it
has been observed that 16:1 and y-linoleic acids are present in
A. niger but not in A. flavus (Shaw, 1965). Studies undertaken by
Stretton et al. (1976) showed that a group of 15 Aspergillus species
could be related to each other based on the percentages of five
fatty acids present. It was noted that A. niger and A. candidus

were closely related, confirming the observations of Smith (1969).

4.1.2 Lipid classification and functions

The main lipid class consists of fatty acid moieties linked by
an ester bond to an alcohol e.g. glycerol, or by amide bonds to long
chain bases (sphingoid bases). Hydrolysis of 1lipids can yield
phosphoric acid, organic bases, sugars or more complex components.
A sub-division of lipids can be made on the number of products
liberated during hydrolysis. Lipids yielding one or two different
types of products on hydrolysis are termed 'simple' whereas those

releasing three or more products are labelled 'complex'.
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Simple 1ipids are often termed neutral lipids and complex lipids are
usually termed polar lipids.

Lipid nomenclature has developed rather haphazardly and,
although various systematic classification schemes exist, trivial
names are in common use. The main classes of neutral lipids found
in fungi 1include fatty acids, acylglycerols, methyl, ethyl and
sterol esters, aliphatic hydrocarbons, sterols, carotenoids and
polyprenols. The polar classes consist predominantly of
glycerophospholipids and sphingolipids.

The trivial names used for fatty acids are often named after
the source of their first extraction e.g. palmitic acid from palm
0oil. A systematic naming of fatty acids is based on the longest
hydrocarbon chain containing the carboxyl group. The corresponding
alkane 1is incorporated into the fatty acid name and the carbon atoms
are usually numbered sequentially beginning at the carboxyl end of
the molecule ( Asystem). Sometimes the fatty acid carbons are
numbered from the methyl end and this system is prefixed by w. The
presence and number of double bonds is indicated by incorporating
-ene, diene etc into the name, the position being designated by the
number of the carbon atom nearest the carboxyl carbon involved in
the ethylenic bond. |

A short hand system of fatty acid nomenclature is also widely
used. The molecules are designated by two numbers separated by a
colon. The first number indicates the number of carbon atoms
present and the second the numbek of double bonds. Additional
figures in parenthesis show the double bond positions and

configuration, ¢ and t indicating cis and trans respectively.
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Examples of fatty acids most frequently found in fungi, along with
their alternative names are given - Table 4.1.

Fatty acids are produced by all 1living organisms and are
potentially the most abundant 1ipid class found in nature. However,
the free carboxylic acids generally exist only in very small amounts
as they have a great affinity for protein and are readily
incorporated into complex lipids.

Fatty acids are sparingly soluble in water and are responsible
for the hydrophobic propeties of the complex lipids. They occur as
esters of glycerol forming triacylglycerol 1in particular which
functions as a long term storage material which can be used for
energy and carbon skeletons during growth and development. Fatty
acids are a major source of energy in living organisms and produce
twice as much energy per gram on oxidation than either
carbohydrates or proteins. Using Tipid as a storage material also
has the advantage of a zero water requirement whereas stored
carbohydrate in the form of glycogen is 73% (w/w) water (Spencer,
1975). In fungi triacylglycerols constitute up to 90% of the total
lipid content and can be observed as droplets in the mycelial and
spore cytoplasm (lleete, 1980). Fatty acids also occur as esters of
sterols, sugars, glycerophosphates, sphingolipid bases (N-acyl) and
hydroxy fatty acids. Thioesters (coenzyme A and acyl carrier
protein) are the main forms of fatty acids dinvolved in 1ipid
metabolism.

Plants, and to a lesser extent other organisms including fungi
produce a wide variety of chemical compounds termed terpenoids, all
of which are based on a five carbon building block (isoprene unit)

illustrated in Fig. 4.1.
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Sterols represent one group of triterpenoids which are derived from
squalene, a thirty carbon compound containing a fused four-ring
system (see Fig. 4.1). They occur in the free form or esterified
with a long chain fatty acid. Yeast is the most primitive organism
synthesizing substantial amounts of sterols and they constitute up
to 10% of the cellular dry weight (see Harwood & Russell, 1984).
Yeasts have been used as a source of sterols for decades and have,
along with other fungi, being employed as experimental organisms in
elucidating the pathway of sterol biosynthesis. Ergosterol is the
main sterol in yeasts, although up to twenty others have been
isolated as intermediates in its biosynthesis, or as end products
(Parks et al., 1978). Phycomycetes also contain ergosterol as the
main sterol representing up to 90% of the sterol content in some

species e.g. Mucor rouxii (see Weete, 1980).

Sterols function as permeability regulators in cell membranes
acting by altering the internal viscosity and molecular motion of
other 1ipids (Demel & Dekruyff, 1976). They are required for the
optimal activity of some enzymes e.g. ATPase (Cobon & Haslam, 1973)
and for yeast growth under anaerobic conditions (Weete, 1980). The
Pythiaceae are unable to synthesize sterols and although they are
able to grow in their absence, have a requirement for them for
reproduction (Hendrix, 1970).

Aliphatic hydrocarbons have been reported in fungal spores of
many species (Weete, 1980) and the suggested functions are similar
to those of the epicuticular wax of higher plants, 1i.e. the
prevention of desiccation, protection from extreme temperatures,
resistance to microbial attack, inhibition of germination and

playing a role in infection processes.
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(i) CH

3
CH2=C-CH-CH2 an isoprene unit
.
(ii)
Squalene
R,
0
.
CH,"0°C°R
(ii1) 0 :
R"*C0=agCm=H
ﬁ Glycerophospholipids
CHZ‘O-F-O-X
0
CH3(CHZ)]2
| "
t=d(' 0
/o fl
H CH-CH-CHZ'O-P-O-X
| | |
OH NH 0_
C°0'R
Sphingophospholipids

Fig 4.1 (i) An isoprene unit, the building block for terpenoids
(i) Squalene, from which sterols are derived
(ii1) The chemical structure of glycerophospholipids and
sphingophospholipids
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Candida utilis has a pronounced hydrocarbon content in its

membranes as compared to other cellular components suggesting a role
in membrane structure (Fabre-Joneau et al., 1969). Mycelial
hydrocarbons have been reported for three soil fungi, Penicillium

sp., Aspergillus sp. and Trichoderma viride (Jones, 1969).

Phospholipids are sub-divided into two 1large groupings
depending on the alcohol with which the fatty acids are esterified.
Glycerophospholipids have glycerol as the alcohol,
sphingophospholipids have sphingosine. Sphingophospholipids have
been reported in small amounts in yeasts and filamentous fungi but
their function is uncertain. However certain groups of
sphingophospholipids exhibit <immunolgical activity and some are
components of cell membranes.

A great variety of glycerophospholipids are found in all
organisms including fungi and they perform an important structural
role in biological membranes. The variation is due to the types of
molecules that can be present at the 'X' group and at the acyl group
vhich usually contain long-chain fatty acids. A stereo-specific
numbering (sn) system of nomenclature exists for naming
phospholipids, but a shorthand method is in common use. The term
phosphatidyl is used to denote the phosphatidate portion of the
molecule. . The two main glycerophospholipids found in fungi are
phosphatidylcholine and phosphatidylethanolamine, and lesser amounts
of phosphatidyiserine, phosphatidylinositol, cardiolipin (diphbs-
phatidylglycerol) and others.

Biological membranes function in protecting the integrity of
cells and cellular organelles and in transport processes to and from

the external environment as well as within the cell. Membranes
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provide environments, often hydrophobic where enzymes and other
cellular processes can operate effectively. A considerable
proportion of fungal phospholipids are to be found in the main
membranes of the «cell viz: plasmalemma, vacuolar membrane,
endoplasmic reticulum and the mitochondrial membrane. It is known
that phospholipids, and in particular phosphatidylcholine are
required for the activity of certain membrane-bound fungal enzymes
(Coleman, 1973). Lipid and protein are the main constituents of
membranes. The current concept is of a fluid lipid bilayer with
some proteins (integral) within the membrane while others

(peripheral) are attached to the inner surface (see Fig. 4.2).

4.1.3 Study of fungal 1lipids

Since lipids are complex mixtures of chemical species, progress
in 1ipid research was hindered due to the inefficiency of the normal
chemical purification methods. The ability to study a single 1ipid
species was afforded by chromatographic techniques available in the
1950s. The first step in lipid analysis 1is the separation of the
lipid from other products in the tissues. Lipids can be extracted
by using various organic solvents, advantage being taken of their
low water solubility. As 1lipids usually exist in an organism as
lipoproteins or lipopolysaccharides, the extracting solvents must be
sufficiently polar to overcome the forms of attraction in these

complexes.
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During extraction care must be taken that lipolytic enzymes are
de-activated and that Tlipid recovery is complete. Ideally Tlipids
should be extracted immediately after removal from the 1living
organism, so minimizing the change in components. The complex
mixture of individual Tlipid classes obtained from the extraction
procedure can only be separated into the pure constituents by
chromatography.

The total Tipid present in fungal vegetative hyphae has been
widely reported with values of 1 to 56% of the dry weight (see
Weete, 1980), depending on the age of the fungus, cultural
conditions and fungal species. The Tlipid content of spores of most
fungal species generally range between 5 and 17% of the cellular dry
weight (see Weete, 1981). Lipid content may vary with the age of
the conidia e.g. conidia from 4 day old cultures of Aspergillus
fumigatus contained 6% 1lipid, but mature conidia from 7 day
cultures, 9.9% 1lipid (Tsukhara, 1980). Rust spores tend to have the
highest 1ipid content and 1ipid metabolism during germination has
mainly been studied in fungi with the greater Tipid presence.
Respiratory quotient values obtained using fungal spores from
several species has revealed that 1lipid 1is utilised during
germination e.g in the case of rust species (Shu et al., 1954),

Fusarium solani (Cochrane et al., 1963), Neurospora crassa (Turian &

Bianchi, 1972) and Neurospora sitophila (Owens, 1955). Many spores

contain lipid globules but these tend to become reduced in size or
disappear during germination, becoming prominent again in
sporulating hyphae and developing conidia (see Harwood & Russell,

1984).
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Lipid bodies have been reported on freeze-etched replicas of
dormant A. niger conidia, and the polar lipid content is higher that
the neutral Tipid fraction (Gunasekaran et al., 1972c). Glycogen
globules are present in A. niger giant cells but are lacking in
emerging conidiophores (Deans, 1978). In yeast ascospore
germination there is some controversy over the role of lipid as a
reserve material. Steele and Miller, (1974) suggest that the
disappearance of lipid is too slow for it to be of any significance
in spore germination, whereas Rousseau & Halvorson, (1973) report

that it is utilised. Saccharomyces cerevisiae has a relatively high

neutral Tipid content but carbohydrate, mainly glycogen and secondly
trehalose are the principal substrates during germination (Sols et
al., 1971).

Glycogen is a storage material which is an important constituent
of fungal spores, with D-mannitol and trehalose as soluble reserves
(Cochrane, 1958). The nature and relative amounts of 1lipids and
other reserve materials may vary with the carbon and nitrogen
sources and ratios, and there is also much variation between fungal

strains (Lewis & Smith, 1967).

4.1.4 Lipid accumulation during fungal growth and development

Aspergillus nidulans can accumulate very high concentrations of

neutral lipids (Snigh & Walker, 1956), but this requires excess
hexose and prolonged incubation. Bainbridge et al., (1971) found
that although the T1ipid content of A. nidulans mycelia falls in
continuous culture fed a maintenance level of glucose, it rises upon
carbon starvation when other cell constituents are used in its

synthesis.

-83-



Similarly, lipid accumulation occurred in Candida 107 grown on a
medium with a high carbon : nitrogen ratio. When the nitrogen is
exhausted the cells continue to assimilate the carbon and use it for
lipid synthesis. The mechanism of ]ipid accumulation cannot be
attributed to the rate at which glucose enters the cell and it is
suggested that the activity or regulation of acetyl CoA carboxylase
may be important (Botham & Ratledge, 1978). The total lipid content
of A. niger mycelia has been reported by various workers (Woodbine
et al., 1951; Chahal et al., 1979). Further information on the
lipid classes of A. niger mycelia (Farag et al., 1981) and conidia
(Gunasekaran et al., 1972c; Weete & Laseter, 1974) is tabulated in
Table 4.2. Some aspects of macromolecular synthesis during
microcycle conidiation in A. niger have been studied (Smith et al.,
1981) and the total 1ipid present in the cell wall has been reported
(Deans 1978; Smith et al., 1981), but Tlittle work has been
undertaken with regard to the various lipid classes.

The present study aims to identify any changes in the overall
lipid content and in the constituents of the various 1lipid classes
during the processes of giant cell formation and conidiophore
production in microcycle conidiation of A. niger. The dry weight
and protein content of the A. niger cells undergoing microcycle
conidiation was also measured. Thus the lipids and esterase (see

Chapter 5) present can be expressed in terms of cellular number,

dry weight or protein content.
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% of Total Fatty Acid
Palmitic { Stearic| Oleic| Linoleic| Linolenic

Acid Acid Acid Acid Acid

Conidia 16.5 7.3 36.3 36.1 1.4
- (present study)

Conidia 30.6 5.3 33.3 | 27.4 -
(Gunasekaran
et al., 1972c)
Mycelia 25.1 4,7 38.9 | 27.2 0.2
(24h, present
study)
Mycelia 15.8 7.2 | 21.3 . 37.8 15.6
(Weete, 1980)
Mycelia 20.5 15.1 | 34.5 18.4 -
Farag et al.,
1981)
Mycelia ' 16.8 0.3 | 25.7 51.1 1.4
(Stretton et al.,
1976)

Table 4.2 Fatty acid content of A. niger conidia, mycelia and

giant cells
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4,2 RESULTS
4,2.1 Dry weight measurements

The dry weight of the A. niger cells throughout microcycle
conidiation was measured as described in Chapter 2.12. A marked
increase in dry weight was noted over the first four hour period of
giant cell formation as dillustrated in Fig. 4.3. The spore dry
weight was 0.31mg per 1 x 106 cells, rising to 1.34mg per 1 x ]06
cells at 4h. Little change occurred from 4 to 16h although there
was possibly a slight decrease in cellular dry weight from 4 to 8h
with a weight of 1.18mg per 1 x 106 cells recorded at 8h. A slight
increase in cellular dry weight possibly occurred from 8 to 12h but
was more pronounced in the 12 to 16h period with measurements rising
from 1.37 to 1.71mg per 1 x 106 cells. From a cellular dry weight

6 cells at 16h, a decline over the next four

of 1.71lmg per 1 x 10
hours to a level of 1.24mg per 1 X 106 cells at 20h. This value
remained relatively unchanged over the final four hour stage of
giant cell formation to 24h.

A marked increase in cellular dry weight was recorded over the
24 to 32h period of conidiophore initiation and elongation. A
slight decrease in dry weight from 2.66mg per 1 x ]06 cells at 32h
to 2.26mg per 1 x ]06 cells at 36h was noted. However there was a
subsequent increase in biomass from 36h to 48h. This increase in
cellular dry weight was particularly rapid over the final four hours

of the microcycle with a biomass of 4.48mg per 1 x 106 cells at 44h

rising to 10.38mg per 1 x 10° cells at 4h.
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4,2.2 Cellular Protein Levels

The protein content of the A. niger cells undergoing microcycle
conidiation was determined as outlined in Chapter 2.11, and the
results illustrated in Fig. 4.4. During spore germination, the
cellular protein Tlevels rose slightly from 1.62 ug per 1 x ]06
spores to 5.05 ug per 1 x ]06 cells at 4h. From 4h onwards there
was a rapid accdmu]ation of protein in the cells, and the giant
cells at 24h contained 41.3 g per 1 x 106 cells. However,
following the decrease 1in temperature from 44°c to 30°C at 24h
allowing conidiophore initiation, the protein Tlevels possibly

6 cells at 28h. A gradual

dropped slightly to 36.7 ug per 1 x 10
increase in cellular protein possibly occurred from 28 to 32h, and a
more pronounced increase occurred from 32 to 36h with Tlevels
reaching 61.7 ug per 1 x 106 cells at 36h. A subsequent rapid
increase in cellular protein was recorded from 36 to 48h, resulting

6

in 209 ug of protein per 1 x 10~ cells at 48h.

4,2.3 Total Lipid Content

The total T1ipid content of A. niger cells was determined over
the 48h period of fermenter microcycle growth as described in
Chapter 2.7 and 2.8. The results are illustrated in Fig. 4.5 and
show an accumulation of 1lipid throughout the 24h period of giant

cell formation. An initial lipid content of 0.34.ng per 1 x 106

spores was recorded which rose to 5.0 ug per 1 x ]06 cells by 4h.
From 4h to 20h the rate of Tlipid accumulation was more gradual with
a sharp increase from 9.3 ug at 20h to 33.9 ug per 1 X ]06 cells at
24h.
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This increase is statistically significant at the 1% level (K0.01).

A decrease in lipid content was noted in the 24 to 28h period
of conidiophore initiation. This decrease from 33.9 ug to 18.1 ug
of Tipid per 1 x 106 cells was found to be statistically significant
at the 5% level (P<0.05). A slight decrease in cellular 1lipid
levels occurred from 28 to 32h followed by a rapid accumulation to
40.6 pg per 1 x ]O6 cells at 36h. There was a slight increase in
1ipid content to 40h, with a subsequent decrease to 36.2ug of 1lipid
per 1 x ]06 cells at 44h. The final four hour period of the
microcycle was one of rapid lipid accumulation resulting in lipid
levels of 69.7 ug per 1 x 106 cells at 48h. |

Fig. 4.6 illustrates 1lipid content during fermenter growth
expressed as a percentage of dry weight. This representation shows
accumulation of lipid above levels parallel to the increase in dry
weight. Thus there is a considerable accumulation at 24h, followed
by a decline from 28 to 32h. From 32h there is a second
accumulation which however is Tless rapid than the corresponding
total increase in dry weight, as can be seen from a comparison of
Figs. 4.3 and 4.6. The third increase shown on Fig. 4.5 is not
evident on Fig. 4.6, suggesting that the increase in 1lipid from 44h
to the end of the microcycle is a result of the great increase in

biomass, rather than of 1ipid accumulation per se.
4.2.4 Neutral and Polar Lipid Content

The results given in Fig. 4.7 show the changes in the polar and
neutral 1ipid fractions of the total 1lipid throughout the 48h

fermenter microcycle.
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They show two peaks of accumulation of neutral 1ipid at 24h and 36h
separated by a large decrease in neutral 1lipid levels. There was a
similar but smaller increase in polar lipid at 24h and a second
accumulation of polar 1ipid at 40h. At 48h the polar lipid content
exceeded that of neutral lipid.

The data suggest that the small decrease at 44h in total lipid
content may be due to a fall in the polar rather than the neutral
lipid Tevel. When the neutral and polar lipids are expressed as a
percentage of the total cellular dry weight (Fig. 4.8) then both
show a similar profile to the total 1lipid profile (Fig. 4.5).
However, the increase in amount of neutral Tipid at 24h is greater
in absolute terms than that of the polar lipids. Additionally the
decrease observed in neutral Tlipid after 36h when the data is
expressed as the percentage of dry weight is seen to precede the

fall in polar lipid content.
4.2.5 Individual Components of the Neutral Lipid Fractions

The neutral Tipid fraction was separated into its constituent
classes by thin Tlayer chromatography and the components quantified
using densitometry as described 1in Chapter 2.9.2. The major
components were sterol ester, triacylglycerol, fatty acid and an
additional Tipid (Unidentified 11 in Table 4.3) which, on the basis
of its tlc mobility, may be monoacylglycerol. Other unidentified
components contributed a very low percentage to the total 1lipid i
fraction (Table 4.3). The data shown in Fig. 4.9 was used in
conjunction with the total neutral 1lipid data (Fig. 4.7) to
calculate the actual levels of the above components throughout the
microcycle (Fig. 4.10).
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(i) Sterol esters

At the conidial stage, sterol ester is a major percentage
constituent of the total neutral 1lipid present. This relatively
high percentage contribution is maintained during the first 8h of
giant cell formation, but from 8 to 12h there was a rapid decline in
the sterol ester percentage of the neutral 1lipid with the actual
amount decreasing by half (Fig. 4.10). This decline continued
steadily in percentage terms to 36h, but the actual amount ( ug per
1 x 106 cells) increased rapidly from 12 to 24h, with a decrease to
36h. There was a slight increase during the final stages of the

microcycle to 48h on both a percentage and weight basis.
(ii) Sterols

The sterol component of the neutral lipid represented 18.5% of
the total 1lipid level in the conidia, rising slightly to 20.1% at 8h
and returning to 18.5% at 12h. Although its percentage contribution
to total neutral lipid declined from 12 to 36h, the amount of sterol
increased dramatically from 12h to 24h, the final period of giant
cell formation. The amount of sterol present remained almost
constant from 24 to 36h, the period of conidiophore initiation and
development. However, during the final twelve hour period of the
microcycle there was a slight relative increase in sterol levels
from 11.3 to 12.1%, which in weight terms was however, a decrease

from 3.37 to 2.81 ug per 1 x 10° cells.
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