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Abstract— Cell extracts capable of converting MVA-[2-'#C] into isoprenoids were obtained from the yellow
C115-mad-107(—) and red C9-carR21( —) mutants of Phycomyces blakesleeanus. Neither air nor light was essen-
tial for carotene biosynthesis. The specific activities of the terpenoid-synthesizing enzymes varied with the age
of the cultures although the formation of lycopene (if,|y-carotene) in the C9 and of f-carotene (f,f-carotene) in
the C115 mutants. respectively, followed the increase in the dry weight yield of the cultures. The significance
of these results to the biosynthesis of carotenes and to the classification of these compounds as secondary metabo-

lites is discussed.
INTRODUCTION

Studies on a number of fungi have figured promi-
nently over the last 20 yr in the literature of caro-
tenoid biosynthesis. Although the overall pathway
of carotene formation in these organisms is reason-
ably well defined as a result of in vivo investiga-
tions (Scheme 1), a number of problems remain un-
solved. These include the problem of the nature of
the acyclic precursor for the formation of the
bicyclic fi-carotene (7; f.f-carotene), that of the
mechanism of control of carotene biosynthesis and
the question of cofactor requirements for the desa-
turation of the acyclic carotenes (2-6). Solutions to
such problems necessitate the development of cell-
free systems similar to those obtained from higher
plant tissues [1,2] and capable of forming caro-
tenes in vitro. Chichester and his collaborators,
using a cell-free system from wild-type Phycomyces
blakesleeanus, have obtained indirect evidence of
the participation of isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP)
in carotene formation [3], and, by direct incorpor-
ation experiments in essentially the same type of
system, have demonstrated that farnesyl pyrophos-
phate (FPP)[4] and geranylgeranyl pyrophos-
phate (GGPP)[5] are converted into carotenes.
Cell-free systems from other fungi have yet to be
documented.

* Present address: Department of Biochemistry, Royal Hol-
loway College. Egham Hill, Egham, Surrey TW20 OEX.
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With these considerations in mind, we initiated
studies into the development of a cell extract cap-
able of converting labelled mevalonic acid (MVA)
into carotenes. The organisms chosen were mutant
strains of P. blakesleeanus, obtained by N-methyl-N-
nitroso-N'-nitroguanidine treatment of vegetative
spores of the wild-type [6]. These mutants differ
from the wild-type (NRRL 1555) in their ability to
form carotenes; the yellow Cl15-mad-107(—)
mutant accumulates exclusively f-carotene while
the red C9-carR21(—) contains predominantly
acyclic carotenes, especially lycopene (6; .1y-caro-
tene)[7,.8]. The present publication reports the
ability of cell extracts of these fungi to biosynthe-
size carotenes from MVA-[2-1*C] both in the
presence and absence of light and oxygen. In addi-
tion, variations in the spectfic activities of the iso-
prenoid-synthesizing enzymes with the age of the
fungal cultures are described.

RESULTS

Incorporation of MVA-[2-**C] into the terpenoids
of the C9 and C115 mutants

Preliminary experiments, designed to investigate
the effect of light and oxygen on the formation of
isoprenoids, were successful in incorporating
radioactivity from MVA-[2-'*C] into the ter-
penoids under all the experimental conditions used
(Table 1). A boiled enzyme control failed to incor-
porate radioactivity into any of the fractions. The



464

MVA

\]
| PP == DMAPP,
\,_—_V_,__/

+IPF'i
x2
FPP  -——- - - mm e e —-—
+IPPl
x2
GGPP -~ mmm— - e —-
.
AN EEN G NGANNN g
Blocked in

C9-carR21(-)
B-Carotene (7) "

Scheme 1.

Formation of carotencs from mevalonic acid (MVA). —-

P. M. Bramrry and B. H. Davis

2 X B R s X ~ -~ - - Sterols
Squalene (1)

B = = R S \] 2
Phytoene (2) -2H

)\/\/l\/\)W\

Phytofluene (3)
i

RN

l—zu
B T S R N \M/YVYV\(
Neurosporene (%)

/W%/VM\/Y\/Y
L

ycopene (6)

AN X
3 - Carotene (4)

— Direct rcactions: < — WO O more

reactions.

radioactivity (dpm) of cach compound reflects the
total incorporation into that compound less that
percentage which was not recovered during the
particularly rigorous purification procedures.
These losses varied slightly among the individual
carotencs but were all within the range 20--25%.
Neither oxygen nor light was essential for the
conversion of MVA-[2-'%C] into the carotenes,
although aerobic conditions favoured the forma-
tion of the triterpenoids (squalene and sterols) of
the €9 mutant and the sterols of the C115 mutant.

There was a negligiblc difference between the for-
mation of f-carotene in the light by the CI15
mutant under aerobic and anaerobic conditions
(incorporations of 12:6 and 12-3%. respectively),
while maximum formation of lycopene by an
extract from the C9 mutant took place under dark,
anacrobic conditions.

All subsequent incubations of MVA-[2-14C]
with the extract from the C9 mutant showed incor-
porations similar to those presented in Table 1. but
later investigations using a C115 extract revealed

Table 1. Percentage incorporation* of MVA-[2-'C] into the terpenoids of C115-nmad-107( —) and CY-carR21{ —) extracts

Organism ClU15-mad-107( — CO-carR2I(— )
Light Dark Light Dark

Incubation conditionss 0, 0, Light Dark 0, 0, Light Dark
Unsaponifiable lipid 589 365 471 487 274 276 231 284
Squalene 0-06 162 0 0-48 9-1 69 37 32
Phytoenc 0 0 0 0 3 20 -2 (-85
f-Carotene 12:6 114 12:3 7-9 -
Lycopene - - - 2-5 2-2 1-6 46
Sterols. 39 2:3 0-32 015 071 1-1 031 017
Totat carotenes (as ¥

of unsaponifiable lipid

radioactivity) 214 312 261 168 9-0 80 64 16-3

* Based on one isomer of DL-MVA-[2-'4C].
T Incubation mixtures (1 ml) contained 180 mg protein.
I Incubation mixtures (1 mly contained 25-8 mg protein.
« Full details given in text.

Ergosterol and lanosterol.
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Table 2. Incorporation of radioactivity from MVA-[2-'*C] into the terpenoids of samples of C115-mad-107(—) extract incubated
for different times

Percentage incorporations* in incubation of time (hr):

Fraction 0-25 0-50 075 10 1-5 20 2:5 30 35 40
Unsaponifiable lipid 4-1 96 154 20:0 19-1 19-0 193 19-7 19-2 19-0
Phytoene 0-56 092 1-43 2-58 2:35 213 2-12 211 2:05 2:13
Squalene 245 465 563 6-76 8-06 8-06 8-03 8-05 795 761
p-Carotene 0 007 008 0-09 0-10 012 0-10 0-09 009 0-08

* Percentage incorporations based on one isomer of bL-MVA-[2-'*C]; incubation mixtures (I ml) contained 15-0 mg protein;

other conditions are described in the text.

some incorporation of radioactivity into both phy-
toene (2; 7.8,11.12,7.8.11".12"-octahydro-i 4y -caro-
tene) and squalene (1) at the expense of f-carotene
formation. This trend is reflected in the kinetics of
the conversion of MVA-[2-'*C] into B-carotene.
phytoene, squalene and the total unsaponifiable
lipid fraction (Table 2).

These incorporation patterns show the reactions
to be essentially complete after 1-2 hr of incuba-
tion; further incubation did not significantly alter
the percentage incorporations. Addition of more
radioactive substrate after 2 hr failed to increase
the total radioactivity incorporated into any frac-
tion, indicating the inactivity of the enzyme extract
at this stage. The turbidity of the mixtures in-
creased after a 2-3 hr period of incubation, so
denaturation of the protein probably accounts for
the loss of enzymic activity.

The ¢effect of growth on carotene formation

Studies on the growth characteristics of the fun-
gal mutants revealed a variation in the activity of
the terpenoid-synthesizing enzymes with the time
of harvesting the fungal cultures (Figs. | and 2).

For each mutant, 52 liquid shake cultures (each
consisting of 100 ml medium in a 250 m! Erlen-
meyer flask) were inoculated with identical
volumes of a standard spore suspension (9-8 x 10°
and 46 x 10° spores/100 ml medium for the C9
and C115 mutants respectively) and were incu-
bated in the light at 24”. The contents of four
flasks, chosen at random, were harvested at 6-hr
intervals from 18-84 hr after inoculation and at 96
hr. There was a ‘lag period of 18-24 hr before
growth commenced and the germination of the
spores was accompanied by a fall in the pH of the
culture medium from 50 to a minimum of 3-8, 48
hr after inoculation. Growth continued until 78-84
hr after inoculation, when the dry weight yield

levelled off and the pH of the medium became
steady at 4-4. The increases in the lycopene content
of the C9 and in the f-carotene content of the C115
cultures followed the growth curves, each carotene
reaching a maximum some 72-84 hr after inocula-
tion. The yield of total lipid also paralleled the
growth curves of both strains. Microscopic exa-
minations of the oldest (96 hr) cultures showed
that the carotenes were contained in discrete oil
droplets within the fungal mycelia. While analyses
of the C115 cultures detected no phytoene, those
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Fig. 1. Growth and carotene formation in the C9-carR21(—)
strain of Phycomyces blakeslecanus. B—Growth (100 = 700 mg
dry wt/100 ml); A—Ilycopene concentration (100 = 1500 pg/g
dry wt); O—phytoene concentration (100 = 1300 ug/g dry wt):
A—MVA-[2-1*C] incorporation into lycopene (100 = 250
dpm in lycopene/mg protcin); @ —MVA-[2-1*C] incorporation
into phytoene (100 = 3000 dpm in phytoene/mg protein). Incu-
bation conditions for enzyme assays are described in the text.
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Fig.2. Growthand carotene formation in the Cl 15-mad-107( —)
.stmm of Phycomyces blakeslecanus. W-—--Growth (100 = 750
mg dry w100 ml): ~7 - fi-carotene concentration (100 .= 2500
pg/g dry wt); ¥---MVA-[2-1*C] incorporation into f}-carotecne
(100 = 250 dpm in B-carotene/mg protein): @ MVA-[2-%(C]
incorporation into phytoene (100 = 3000 dpm in phytoene /' mg
proteint. Incubation conditions for enzyme assays are described
n the text.

of the €9 samples showed that the concentrations
of phytoenc (2). phytofluene (3: 7.8,11.12.7" .8 -hexa-
hydro-y\y-carotene) and ({-carotene (4; 7,8,7.8-
tetrahydro-yyr-carotenc) increased up to 54 hr, de-
creased, and then rose again to reach maximum
values some 84 hr after inoculation (only the phy-
toene levels are shown m Fig. 1),

Although phytoenc was not detected in the C115
cultures. the incubation of MVA-[2-'*C7] under
the standard conditions with protein extracts {rom
this mutant, and the subsequent addition and rei-
solation of carrier phytoenc. fi-carotence and squa-
fene, resulted in radioactivity appearing in all three
compounds. The incorporation of MVA-[2-'*(]
into both phytoene and fi-carotene (and into squa-
lenc) occurred in two distinct phases. with the cell
extract showing maximal enzyme activity at 42
and 60-72 hr after inoculation. In the latter phase.
maximum incorporation into phytoene preceded
that into fi-carotenc by some 12 hr.

P. M. BraMLEY and B. H. Davies

In the case of the C9 mutant. two biosynthetic
phases were again apparent. although radioacti-
vity from MVA-[2-'*C] was incorporated into
lycopene with maximum cfficiency only during the
first period. the highest specific activity of the
enzymes being at 42 hr afier inoc
phytoenc was formed by the cell extract during
both phases. the higher amounts were produced
during the period 66-78 hr after inoculation. thus
accounting for the accumulation of phytocene
obscrved on analvsis of the carotenes.
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DISCUSSION

The anacrobic formation of fi-carotene f{rom
MVA-[2-"*C] by an extract of the C115 mutant of
P. blukesleeanus confirms previous reports, from
studies on higher plants [9.10] and on a Flavohac-
terivm sp. (Strain 0147) [11], that the synthesis of
this carotene docs not require oxygen. The forma-
tion of fi-carotene by higher plant systems. how-
cver. does have an absolute requircment for
light [10]. in contrast to the formation of fi-caro-
tene in the CLHI5 strain of P. blakeslecanus and of
lvcopene in the €9 mutant (Table 1). The cultures
of P. hlakeslecanus used for the preparation of the
enzyme extracts, however. were grown in the light:
it may be that some of the enzymes concerned in
the formation of lvcopene and f-carotene (or part
of an enzyme multiplex) are photoinduced, as
appears to be the case in Newrospora crassa [12].
The incorporations into the respective carotenes
indicate that light and oxygen interact and affect
the biosynthesis of the carotenes in differing ways:
maximum incorporation into lycopene  was
obtained under dark anacrobic conditions, while
the same environment apparently had an inhibi-
tory effect on the formation of fi-carotene from
MVA-[2-1*C]. which was stimulated by illumina-
tion. This aspect needs a more detailed investiga-
tion of the enzymes involved in the conversions.
Although the effect of light on other fungal cell-free
systems capable of metabolizing MVA has yet to
be reported. a number of moulds have cither a par-
tial or an absolute requirement for light in order
to synthesize carotenowds in rivo {12.13]. Liquid
cultures of the C115 and C9 mutants have been
found to contain 15 and 22" less total carotenes.
respectively, in the dark than under illuminated
conditions [ 14}, while carotenc formation in static
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cultures of the wild-type P. blakesleeanus is, appar-
ently, even more affected by light [15,16].

The rate of incorporation of MVA-[2-1*C] into
the carotenes, squalene and the unsaponifiable
lipid fraction (Table 2) was significantly greater
than those previously reported for MVA-[2-14C]
in a cell-free system of the wild-type strain of P.
blakesleeanus [3] and for the incorporation of
GGPP-['*C] into the carotenes of the C9
mutant [S]. This is probably due to the fact that
the protein concentrations of the extracts used in
the present study were particularly high (up to 80
mg/ml when a small volume of buffer was used to
extract the lyophilized mycelia).

Although the basic incubation mixture con-
tained both pyridine and flavin nucleotides, no re-
quirement for these cofactors could be demon-
strated since the cell extracts were denatured by
prolonged dialysis. as they were on storage [17].
Consequently, previous reports that the wild-type
strain requires ATP, NADP, NADPH, NADH
and Mn?* for the conversion of MVA-[2-14C]
into the carotenes [ 3], while no such cofactors are
needed for the incorporation of GGPP-['*C] into
the carotenes of the C9 mutant [5] could not be
verified.

The growth curves of both mutants are typically
fungal, as are the changes in pH of the culture
medium during growth [ 18]. The latter are a useful
guide to the stage of fungal growth. It is generally
considered that carotenoids are secondary meta-
bolites in the sense that they are only produced in
the later stages of mycelial growth and their syn-
thesis is suppressed while the cells are actively mul-
tiplying [ 19,20]. The presence of intracellular car-
otenes in both the C9 and C!15 mutants and the
activity of the terpenoid-synthesizing enzymes
throughout the growth of these cultures (Figs. 1
and 2) cases some doubt on this means of classifi-
cation of the carotenoids as secondary metabolites.
Previous investigations on the presence of caro-
tenoids in fungal mycelia have yielded conflicting
results: a major portion of the carotenes was
formed only during the stationary phase of growth
(idiophase [2]) of statically-grown cultures of wild-
type P. blakesleeanus [22], while the same strain
was found to contain fB-carotene throughout its
growth in liquid culture [23,24]. This anomaly
may reflect a difference in the roles of the caro-
tenoids under these different cultural conditions,
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The incorporation of radioactivity by the C9
mutant into phytoene rather than into lycopene in
the later stages of growth might be consistent with
a feedback inhibition, mediated by a high con-
centration of lycopene, of the enzyme which
dehydrogenates phytoene (Fig. 1). This situation,
apparently, does not occur in the C115 strain; the
formation of B-carotene from MVA-[2-'*C] can
occur right up to the stationary phase of growth,
and high concentrations of f-carotene do not in-
hibit phytoene metabolism (Fig. 2). The appear-
ance of fi-carotene in lipid droplets at late stages
of growth, comparable with those found in other
organisms [25] may reflect the removal of this
carotene from the site of its synthesis, and hence
the simultaneous loss of feedback control. The in-
corporation of radioactivity into phytoene is not
reflected in the appearance of phytoene in the
mycelia of the C115 mutant at any stage of its
growth (Table 2; Fig. 2). This may indicate an
alteration in the kinetics of the enzymes respon-
sible for phytoene synthesis and metabolism on
extraction of the proteins from the lyophilized
mycelia. Such a change could cause an accumu-
lation of phytoene in vitro.

This novel method of preparing a fungal extract
which metabolizes MVA-[2-'*C] provides an
opportunity for studying numerous problems of
carotenoid biosynthesis using these, and other,
mutant strains of P. blakesleeanus and other caro-
tenogenic fungi. Investigations into a number of
these aspects will be reported in future publica-
tions.

EXPERIMENTAL

Solvents. All the solvents used were of AR grade. Light petrol.
(b.p. 40-60° and 60-80°), C,H, and Et,O were dried over Na-
Pb alloy and redistilled before use, the Et,O from reduced Fe
powder.

Radiochemical. pL-Mevalonic acid-[2-'#C] lactone (10-3
mCi/mmol) was obtained from the Radiochemical Centre,
Amersham, Bucks.. U.K. It was converted into the Na salt of
the acid prior to use by the addition of the requisite quantity
of aq. NaOH solution.

Organisms and culture conditions. The mutant strains, C9-
carR21(—})and C115-mad-107( —), of Phycomyces blakesleeanus
were kindly provided by Prof. M. Delbriick. Division of Bio-
logy, California Institute of Technology. Pasadena, Calif.
U.S.A. The naming of these mutants follows the recommenda-
tions of the Caltech Group on Phycomyces Genetics Nomen-
clature [26]. Growth and maintenance conditions for these
moulds were the same as those described for the CS5-car-10( —)
strain [27]. Dry wt determinations were made on lyophilized
samples.
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Spore counts. An aliquot (I ml) of the spore suspension was
diluted with 9 ml particle-frec solution (“Isoton”; Coulter Elec-
tronics Ltd.. Dunstable, Beds., U.K.) and the number of par-
ticles in the suspension was estimated using a Coulter Counter
(Coulter Electronics Ltd., St. Albans, Herts., U.K.) using a 100
pm aperturu an aperture current setting of 7 and a threshold
value of 22. Spore numbers were calculated from the mean of
dupllmtg uadmp corrected for background and for coinci-
dence.

Preparation of cell extract. Mycelia were harvested 54-60 hr
alter inoculation (or after the appropriate growth period in the
96 hr culture experiments), washed with delonized water and
squeczed to hand dryness. After freezing at — 20", the samples
were lyophilized. The dehydrated mycelia were then rubbed
through a 40-mesh sieve at room temperature. Three vols. of 0-2
M Tris-HCl buffer pH 8-0 were added to the fine powder, and
the resulting paste was centrifuged at 10000 g for 30 min. Both
of these operations were carried out at 4. The supcrnatant was
decanted and its protein concentration measured by the biurct
method [28]. Once prepared, the cell extract was added to the
incubation mixtures as soon as possible. Storage for one weck
al either 4" or —20 resulted in a pronounced loss of enzymic
activity of the extract from the C9 mutant [17].

Incubation conditions. Incubations (1 ml) were carried out
cither aerobically or anaerobically in 15 ml Thunberg tubes for
3 hr (unless stated otherwise) at 24 and in a shaker water bath.
Anacrobic conditions were obtained by the successive evacua-
tion (oil vacuum pump) and purging of the tubes with argon.
Tubes were shown to remain anaerobic for at least 3 hr by the
continuous colourless appearance ol reduced methyl viologen.
The basic incubation mixture contained: PDL-MVA-[2-'*C], 1
#Ci (97 nmol): ATP, 10 gmol: GSH. 20 umol: MgCl,.6H,0.
4 pmol: MnCl, . 4H,0. 6 umol; NAD, NADP, FAD. NADH
and NADPH. I umol each; cell extract, 0-4 mi; 0-2 M Tris -HC)
buffer pH 8-0 to I ml. Any variations in these conditions are given
in the Results section. FAD was obtained from the Sigma Lon-
don Chemical Co. Ltd. while all other cofactors were from the
Bochringer Corporation Ltd.

Extraction of radioactive compounds. EtOH (8 ml) and aq.
KOH soln (60°, w'v, 1 ml) were added to each incubate and
the mixture was saponified at room temp. overnight. After the
addition of the appropriate unlabelled carriers (50 ug each; car-
otenes werc isolated from the mutant strains of P. hlakesleeanus
and squalene was obtained from the Eastman Kodak Co..
Rochester, NY. U.SA) the unsaponifiable lipids were
extracted by standard procedures [29].

Extraction of lipids from mycelia. Washed mycelia, suspended
in Me,CO, were homogenized with an Ultra-Turrax homo-
genizer. The mixture was filtered, the residue resuspended in
Et,O and homogenization repeatcd until the etherecal extract
was colourless, The total lipid fraction (determined by wt) was
recovered from the bulked organic extract and the unsaponifi-
able fraction isolated by methods already described [29].

Purification of polyenes. Preliminary separations of the caro-
tenes and squalence from other unsaponifiable lipids werc car-
ried out on columns of aluminium oxide (Woelm neutral,
Brockmann activity grade HI) which were developed with light
petrol. (P:b.p. 40 60°) containing increasing concentrations (v
v) of Et,O (E). The fraction eluted by light petrol. alone con-
tained squalene and phytoene. while the other carotencs were
eluted by stepwise fractionation with concentrations of E/P
from 0-25% (fi-carotene) to 5%, (lycopene). Finallv. the sterols
were eluted with 15, E/P.

Unlabelled carotenes, apart from phytoenc, were further pur-
ified a1 columns of MgO (chromatographic grade) Celite 345
(1: yeluted with light petrol. (b.p. 60-80") containing increasing
concentrations of Me,CO (up to 10°,). Phytofluene, fi-carotene

and {-carotene were eluted from the column in this manner.
while neurosporene (5; 7.8-dihydro-y.-carotene) and Iycopene
were obtained by excision and extraction of the extruded adsor-
bent. The identity and purity of these pigments were confirmed
by their chromatographic behaviour and by comparison of
their absorption spectra with those previously  documen-
ted [29].

Radioactive polyenes were purified to constant specific acti-
vity on various TLCs which were developed in dark saturation
chambers [ 30]. Squalene and phytoenc were separated on acti-
vated thin lavers of Silica Gel G (Merck: 0-25 mm) using light
petrol. (b.p. 60-807); their R, s werc (138 and 0-20 respectively.
These compounds were visualized by spraying with a solution
of Rhodamine 6G in acetone (17, w-v) and viewing the plate
under UV light. If necessary. the phytoene was further purificd
on thin layers of AgNO;-impregnated Silica Gel G (3, w/w)
usmg 30%, (v/v} E/P as the developing solvent (R, phytoene
0-35-0-40). Other radioactive carotenes were chromatographed
on activated thin layers of MgQ Silica Gel G (11 w w) with
a solvent consisting of light petrol. (b.p. 60 80 )and C H, (!
The lycopene (R, 0-06) and fi-carotene (R, 0-90) munplu WeTe
rcchr()mdtogrdphed on activated thin layers of MgO. using
light petrol~C H,, (3: L, v;v) for fi-carotene (R, 0025 (-30) and
light petrol-C,H, (1:9 v/v) for lycopene R, 0-10). The caro-
tencs attained constant specific activities as a result of these
procedures. Ergosterol and lanosterol were separated and puri-
fied on activated thin layers of Silica Gel G by developing with
CHCls.

Crystallization of  f-carotene-["*C] and Iyeopene-['*C].
These carotenes were crystallized in the presence of additional
authentic f-carotene or tycopene. Fach carotene was dissolved
in the minimum vol. of C H,. excess MeOH wus added. and
the solution was stored at —20 for 12 hr. Crystals were col-
lected by filtration. washed with cold light petrol. (b.p. 40-60 )
and their specific activity estimated. Subscquent recerystalliza-
tions from the concentrated mother liquor vielded samples of
similar specific activities. thus confirming the radiochemical
purity of the labelled carotenes.

Quantitative determination of carotenes. I"hg carotenes were
dissolved in light petrol. (b.p. 40-60) to vield solutions of
known volume and were cestymated spectrophotometrically
using standard E} " values [29].

Radioassay. Scintillation fluid (10 mb). containing {per litre of

toluene) 2.5-diphenyloxazole (PPO: 30g) and 1.4-di-[2-4-
methyl-5-phenyloxazolyl)] -C H, (dimethyl-POPOP: 0:5¢)

was added to cach sample prior to assay for radioactivity in an
NE8310 Automatic Liquid Scintillation Spectrometer {Nuclear
Enterprises Ltd.. Edinburgh 1. Scotland). Corrections for
colour quenching were carried out by the external standard
("*7Cs) channels ratio method. using the procedure described
clsewhere [317.
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