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Phycomyces blakesleeanus, a 3-carotene—producing fungi, has been tested as a source of vitamin A and
B-carotene in the rat diet. The B-carotene in the fungi is composed of 80-90% of the all-trans stereoisomer,
and the rest is the 9-cis stereoisomer. Female weanling rats were fed a vitamin A-deficient diet for 60
days. Thereafter, the rats were divided into groups and fed the vitamin A-deficient diet supplemented
with synthetic crystalline B-carotene powder or fungal powder to levels of 12,24, and 48 mg B-carotene/
kg diet. A diet supplemented with the 9-cis-rich Dunaliella bardawil powder to a level of 24 mg B-
carotene/kg was also employed. Following a 10-day feeding period, samples were taken for plasma and
liver analyses of retinol, retinyl esters, and B-carotenes.

Liver analyses revealed a higher conversion rate of B-carotene to vitamin A and a higher B-carotene
accumulation in the rats fed the diets supplemented with fungal or algal powder, as compared to those
supplemented with synthetic 3-carotene. A significant correlation was found between the total B-carotene
accumulated in the liver and the content of dietary 9-cis B-carotene.

The conversion of B-carotene to retinol in the liver was found to be affected by the dietary concentration
of the carotenoid. The lower the B-carotene concentration in the feed, the higher the conversion to retinol.
This inverse relation was also observed for total B-carotene accumulation, its 9-cis:all-trans ratio and for
retinol:retinyl palmitate ratio in the livers.

These studies demonstrate the possibility of using dried P. blakesleeanus mycelium as a natural source
of vitamin A and B-carotene in the rat diet.

The 9-cis B-carotene was shown to be of lower vitamin A biopotency than the all-trans B-carotene.
However, its contribution to enhanced accumulation of vitamin A and B-carotene in rats’ livers seems to
be of high importance.
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Introduction

Numerous studies were published concerning the cul-
tivation of the B-carotene-producing fungus Phyco-
myces blakesleeanus,' its biosynthetic pathways,? and
genetic aspects.> A number of carotene super-produc-
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ing mutants were developed for possible commercial
use.* However, there is practically no published infor-
mation concerning the nutritional value of this fungus.

Natural B-carotene, as found in P. blakesleeanus®
and in many fruits and vegetables, consists mainly of
two stereoisomers. The major stereoisomer in P. blak-
esleeanus is all-trans B-carotene (80-90%) and the rest
is composed of 9-cis B-carotene. Minor amounts of -
zeacarotene and phytoene are also present.

There is a growing interest in the production and
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utilization of natural 8-carotene from microbial origin.
Production on a commercial scale of the halotolerant
algae Dunaliella bardawil as a natural (-carotene source
is already carried out in a number of plants.”

Because (-carotene is produced as the major caro-
tenoid only by a limited number of mycelial fungi,! it
was of interest to study the possible nutritional use of
P. blakesleeanus as a source of vitamin A in the diet
of vitamin A-deficient rats, as compared with synthetic
B-carotene and to the alga D. bardawil, in which the
9-cis B-carotene was previously found to enhance liver
B-carotene accumulation.8® Furthermore, the different
ratio of 9-cis:all-trrans stereoisomers as found in these
B-carotene preparations>!® allowed us to gain addi-
tional information on the metabolic effects of the 9-cis
-carotene stereoisomer.

Materials and methods
Fungi

Phycomyces blakesleeanus NRRL 1555(—) was grown in 10
1 fermentors as described previously.® The mycelia were
collected by filtration, dried in a vacuum oven at 50-60° C,
and powdered. The dry fungal powder contained about 2.2
mg B-carotene/g.

Algae

Dunaliella bardawil was grown in media containing 1.5-2.5
M NaCl in outdoor cultures under natural illumination, as
previously described.”i” The alga were collected by centrif-
ugation and spray dried. The dry algal powder contained
about 30 mg B-carotene/g.

Synthetic B-carotene

Synthetic B-carotene (C9750) was obtained as crystalline
powder from Sigma Chemical Co. (St. Louis, MO, USA).

Animals and diets

Female weanling rats of the Charles River CD strain were
fed a vitamin A-deficient diet containing 100 g protein (de-
rived from vitamin-free casein)/’kg ad libitum. The diet was
designed according to the Association of Official Analytical
Chemists,”? but was lacking vitamin A. At the end of a 60
day-feeding period the vitamin A content in the livers of the
depleted rats was negligible (<5 pg). The rats were divided
into groups of six, housed in individual cages and fed the
vitamin A-deficient diet supplemented with the various §-
carotene preparations: synthetic B-carotene powder at levels
of 12, 24, and 48 mg/kg diet; fungal powder to a level of 12,
24, and 48 mg B-carotene/kg diet; algal powder to a level of
24 mg B-carotene/kg diet. Followiing a 10-day feeding pe-
riod, the rats were sacrificed by CO, asphyxiation and blood
was withdrawn by heart puncture over EDTA. The livers
were removed, weighed, and stored at —18° C. The blood
samples were centrifuged (4500 rpm, 20 min) and the plasma
was stored at —18° C until assayed.

Analytical determinations

The extraction of the dietary B-carotene preparations and
rat livers were carried out as described.>!* The vitamin A (as
retinol and retinyl esters) and P-carotene were determined
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spectrophotometrically at 326 nm (E'*_, = 1600) and 476 nm
(E'*,..=2262), respectively.

High performance liquid chromatography
(HPLC)

The HPLC analysis was performed using a Waters system
equipped with 510 and 501 pumps, U6K injector, and 490
Programmable Multiwavelength Detector (Waters, Associ-
ates, Inc., Milford, MA, USA). The latter was set at 450
nm for the detection of carotenoids and at 326 nm for the
detection of retinol and retinyl esters. The two outputs were
read simultaneously by using Waters System Interface Mod-
ule and Waters 840 Data and Chromatography Control Sta-
tion on a Digital 350 professional computer. The HPLC
system was attached to a flow-through spectrophotometer
(model 8452A Diode Array, Hewlett-Packard, Rockville,
MD, USA), and each peak of interest was scanned spectrally.

A stainless steel column of 25 cm X 4.6 mm (i.d.) packed
with C18 reversed phase material of 5 wm particle size (Vy-
dac TP 201 54, The Separation Group, Hesperia, CA, USA),
protected by a 5-cm guard column (C18 ODS, Shimadzu,
Kyoto, Japan), was used for carotenoids, retinol, and retinyl
esters analysis. Elution was performed with an isocratic sol-
vent, methanol:acetonitrile (9:1), at a flow rate of 1 mL/
min.

Standards for retinol and retinyl esters were obtained
from Sigma Chemical Co. and B-carotene stereoisomers were
obtained from Ten-Tec Ltd. (Haifa, Israel).

Statistical analysis

Data were expressed as the mean * the standard deviation
(SD) and analyzed by one-way analysis of variance (AN-
OVA). If the ANOVA showed a significant value (P <
0.01), Fisher’s least significant difference test for multiple
comparison was applied.

Results
Animal growth and development

No significant differences were observed in the weight
gain, food intake, or relative liver weight of the rats
from the various dietary groups.

B-Carotene stereoisomers in the diet

The HPLC analysis of the synthetic B-carotene, the
fungal powder, and the algal powder showed that the
9-cis stereoisomer accounts for 8.4%, 16.8%, and
51.2%, respectively (Figure I).

Utilization of B-carotene as a source for vitamin
A

The utilization of the B-carotene from the fungal and
algal sources versus the synthetic source was evaluated
by measuring spectrophotometrically the total vitamin
A stored (as retinol and retinyl esters) in the rats’
livers and plasma (Table 1).

The percentage of conversion of B-carotene to vi-
tamin A was significantly higher in the livers of rats
that consumed the fungal and algal B-carotene, as
compared with those fed on the synthetic B-carotene.
As was already shown, lower B-carotene concentra-
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Figure 1 Carotene analysis by high-performance liquid chroma-
tography of (A) synthetic g-carotene, (B) an extract of Phycomyces
blakesleeanus, and (C) an extract of Dunaliella bardawil. 1, all-trans
B-carotene; 2, 9-cis B-carotene; 3, all-trans a-carotene; 4, all-trans
B-zeacarotene; 5, chlorophhyll b; 6, lutein; 7, zeaxanthin, 8, 9,13-
dicis B-carotene; 9, 9,9-dicis B-carotene; 10, 13-cis B-carotene. For
chromatographic conditions see p. 6,7.

tions in the diet yielded higher conversion percentages
to retinol. This was significant with synthetic B-caro-
tene, and was also detected with the fungal B-carotene
(Table 1).

The ratio between the level of retinol to retinyl
palmitate in the livers of the rats from the various
dietary groups (Table 1) was determined by HPLC
(Figure 2). Similarly, the ratio between retinol:retinyl
palmitate was affected by the dietary concentration of

B-carotene. Higher levels of dietary p-carotene led to
a lower ratio of retinol:retinyl palmitate.

The vitamin A level in the plasma of the rats from
all dietary groups was essentially similar, except for
the group fed the highest level of fungal 3-carotene,
which was significantly higher (Table 1).

B-Carotene accumulation in liver

The accumulation of B-carotene in rats’ livers and the
9-cis:all-trans ratio is given in Table 1 and Figure 3,
respectively.

The total level of B-carotene accumulated in the
livers of the rats fed fungal B-carotene was significantly
higher than that in the livers of animals that consumed
the synthetic B-carotene. When the accumulation of
B-carotene in the livers of the rats fed 24 mg B-caro-
tene/kg diet was compared, the storage of the algal B-
carotene was found to be significantly higher than that
of the fungal source (Table 1). A statistically significant
correlation between total B-carotene accumulated in
the liver (Table 1) and the percentage of 9-cis stereo-
isomer in the dietary B-carotene can be observed in
Figure 4. The higher the concentration of B-carotene
in the diet, the lower the accumulation in the liver.
This was more pronounced in the case of synthetic 8-
carotene (Table 1).

The ratio of 9-cis:all-trans f-carotene in the rats’
livers (Table 1) was found to be significantly higher
than the ratio present in the dietary B-carotene sources
(Figure 1), except for the algal B-carotene—fed group.
It is noteworthy that this ratio is the highest in the
group fed synthetic B-carotene (Table 1), despite the
very low content of 9-cis in this source (Figure 1). The
inverse relationship between the dietary level of B-
carotene and this ratio can be detected here as well.

To enable comparison between the three B-carotene
sources (using the diets containing 24 mg B-carotene/
kg diet), the different 9-cis:all-trans ratio in these
sources had to be taken into consideration, Therefore,
an additional parameter was introduced: the ratio be-

Table 1 B-Carotene intake, its utilization as vitamin A source, and its accumulation in rats* t
Recovered as vitamin A (retinol and retinyl esters)
Accumulated as B-carotene
in livert in plasmazt in livert
Dietary B-carotene ) )

Diet B-carotene  consumedt % Retinol§ 9-cis
supplementation (mg/kg diet) (nQ) ®g conversion R. palmitate ng/ml wg % of intake all-trans
B-carotene 12 17042+ 58 6832 79 402> =0.54 0579 =0.399 77a+14  481a £039 0.282c+0.024 2.043¢ +0.196

24 33660+ 111 111.6°+16.3 3.313v =041 (0.3052 = 0.084 622+ 9 64180151 0.190°=x0.039 1.263¢ =0.014

48 7066° =410 180.9¢+=284 2562 =029 0.1572 +0.056 69a + 25 7600 =124 01072 +x0.015 1.1420¢+(0.466
P. blakesleeanus 12 17682 = 45 127.80+176 7239 +1.04 024420 +0.101 762 + 20 6.30% + 089 0.3569=+0.053 1.228%=*0.083

24 35440+ 132 25534170 7.21¢ +043 01192 0030 692+ 17 10.87¢ +1.01 0.307¢+0.033 0.535% + (0.051

48 6994c = 199 426.9¢+289 6.10c =041 0.1272 = 0.051 1200+ 17 19189 £ 158 0.274c+0.024 04352 =0.095
D. bardawil 24 36426+ 92 277.3¢+x241 7604 =051 01242 +0.043 652+ 18 17469 142 0479¢=0.031 1.311¢c =£0.349

*Values are expressed as mean = SD. Means with different superscripts in each column are significantly different (P < 0.01).
1Vitamin A-deficient rats were fed on the specified diets, containing the various B-carotene sources, for 10 days; for details, see Materials and methods.

in = 5--6 observations per group.
§n = 3-4 observations per group.
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Figure 2 Retinol and retinyl esters analysis by high-performance
liquid chromatography of liver extracts of rats fed a vitamin A-
deficient diet supplemented with (A) synthetic B-carotene; (B) pow-
dered Phycomyces blakesleeanus, and (C) spray-dried Dunaliella
bardawil. The level of B-carotene in all diets was 24 mg/kg. a, all-
trans retinol; j, all-trans retinyl palmitate; b,c,d,e,f.g,h,ik,I,m are un-
identified retinoids, presumed to be retinyl esters. For chromato-
graphic conditions see Results. For details of dietary treatment see
Materials and methods.

tween 9-cis:all-trans in the diet to 9-cis:all-trans in the
rats’ livers. A statistically significant correlation be-
tween this parameter and the dietary B-carotene level
is presented in Figure 5.

Discussion

The fungal B-carotene was found to be more efficient
than the synthetic B-carotene, as expressed by the
amount recovered in the liver as vitamin A (Table 1)
or accumulated as B-carotene (Table 2). Its vitamin A
biopotency was found to be similar to that observed
for the algal B-carotene (Table I).

The negative effect of high B-carotene levels in the
conversion of B-carotene to retinol were previously
attributed'*!> to some rate-limiting processes, such as
the uptake of B-carotene or its enzymatic conversion,
occuring in the intestinal mucosa. Such mechanisms
cannot fully explain these results, and therefore, an
additional explanation is offered: because the all-trans
stereoisomer tends to crystallize easily, an increment
in its level in the diet will decrease its availability. In
contrast, the 9-cis -carotene that is present in the
natural sources probably prevents such crystallization
by acting as a solvent for the all-trans stereoisomer.??®
This may explain the larger drop in the conversion of
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Figure 3 Carotene analysis by high-performance liquid chroma-
tography of liver extracts of rats fed a vitamin A-deficient diet sup-
plemented with (A} synthetic B-carotene; (B) powdered Phycomyces
blakesleeanus, and (C) spray-dried Dunaliella bardawil. The level
of B-carotene in all diets was 24 mg/kg. 1, all-trans B-carotene; 2,
9-cis B-carotene; 3, all-trans a-carotene; f,g,m are unidentified retiny!
esters. For chromatographic conditions see Results. For details of
dietary treatment see Materials and methods.
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Figure 4 Linear correlation between total B-carotene accumulated
in the liver of rats fed vitamin A-deficient diets supplemented with
the various B-carotene sources to a level of 24 mg B-carotene/kg
(y) versus the percentage of 9-cis sterecisomer in the dietary B-
carotene (x). Synthetic B-carotene, (0); fungal B-carotene, (®); and
algal B-carotene, (). Regression equation and correlation coeffi-
cientwere:y = 5646 + 0.235x,n = 16, r = 0.934.
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Figure 5 Linear correlation between the ratio of 9-cis:all-tfrans
B-carotene in diet to that in liver (y) versus dietary B-carotene level
(x). Synthetic B-carotene, (0); regression equation and correlation
coefficient: y = 0.006 + 0.003 x, n = 9, r = 0.952. Fungal 8-
carotene, (®); regression equation and correlation coefficient: y =
0.032 + 0.013x,n = 8, r = 0.977.

B-carotene to retinol, as found in the group fed syn-
thetic B-carotene, which was practically devoid of the
9-cis stereoisomer.

To estimate the extent of the utilization of vitamin
A we suggested the use of the ratio of retinol:retinyl
palmitate in the liver. Vitamin A is stored in the liver
as retinyl palmitate, which is hydrolized to retinol
according to demand.!® Some free retinol is always
present in fairly constant levels, and therefore, a high
ratio of retinol:retinyl palmitate points to a high uti-
lization of vitamin A. The values of this ratio obtained
in the present study (Table 1) are consistent with the
explanation we suggested above for the percentage
conversion.

The high demand for vitamin A in the depleted
animals is also expressed in the ratio of the 9-cis and
the all-trans B-carotene stereoisomers found in the liver
(Table 1). When this demand cannot be fully met, such
as in the case of the low dietary B-carotene levels, the
utilization of the all-trans stereoisomer is almost com-
plete. Because the 9-cis stereoisomer is being utilized
as a source for vitamin A to a lesser extent,!” it ac-
cumulates in the liver, resulting in a high 9-cis:all-trans
ratio as compared to this ratio in the 3-carotene prep-
arations used in the diets. Elevation of the dietary B-
carotene levels leads to a lower percentage conversion
of B-carotene to vitamin A, resulting in an increase in
the accumulation of the all-trans stereoisomer in the
liver. Therefore, the 9-cis:all-trans B-carotene ratio in
the liver decreases until it reaches a constant value,
which is similar to this ratio in the diet, in high dietary
B-carotene levels. This effect is more pronounced in
rats fed synthetic B-carotene, which has a lower avail-
ability as a vitamin A source than the fungal-originated
B-carotene (Figure 5).

There is very limited information in the literature
on the importance of the 9-cis stereoisomer to the

bioavailability of B-carotene. The occurrence of the 9-
cis B-carotene in the fungus P. blakesleeanus may pro-
vide additional evidence of the unique role of the 9-
cis stereoisomer as was suggested previously in the
studies with D. bardawil.#%% Indeed, the amount of
total B-carotene accumulated in the liver of rats was
found to be highly correlated with the percentage of
9-cis B-carotene in the diet, regardless of its origin
(Figure 4).

In conclusion, the results of this study show that
the fungus P. blakesleeanus can be an efficient source
of vitamin A in the rat diet. Although the 9-cis B-
carotene stereoisomer was shown to be of lower vita-
min A potency than the all-trans stereoisomer, its con-
tribution to enhanced availability and accumulation of
vitamin A and B-carotene in rats’ livers seems to be
of considerable importance, especially in view of the
accumulating data on the nature of B-carotene as an
anti-cancer agent.'*-2
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