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Abstract-Time course studies of carotenold production and of mycehal growth m liquid cultures of Phycomyces 
blakesleeanus wild type [NRRL 1555 (-)I, red mutants C9, Cl0 and Cl3 and the heterokaryon C2 * C9 are 
reported The ratios of the concentrations of lycopene, y-carotene and /-carotene m the red mutant Cl3 and 
m the heterokaryon C2 * C9 during the growth periods were measured In these strams the concentration of 
lycopene 1s close to its final value after 2 days of growth, at a time at which b-carotene 1s Just beginning to be 
produced It 1s suggested that the p-carotene produced late 1s possibly synthesized via j&zeacarotene 

INTRODUCTION 

THE WILD type strain of Phycomyces [NRRL 1555 ( - )] accumulates appreciable amounts 
of /?-carotene in its mycelium, in the sporanglophores, and m the sporangium. These struc- 
tures are therefore yellow during the early stages of development. Later, other pigments 
tend to blacken the organism Some mutant strains, which are red, accumulate lycopene, 
others produce small amounts of colored carotenolds and are white. De la Guardia et al.’ 
studied carotenogenesls in heterokaryons of the white strain, C2, and the red strain, C9, 
containing varying proportions, p, of C2 nuclei, and l-p of C9 nuclei. They observed that 
in the resulting heterokaryons lycopene, y-carotene and p-carotene were accumulated in 
the ratios of (1 -p), p( l-p), and p2, respectively. They explained these results by postulating 
the existence of a carotenogenic enzyme aggregate m which the individual enzymes, lead- 
ing to the eventual production of p-carotene, function sequentially as in an assembly line. 
In the heterokaryon, each strain will supply enzymes which are defective in the other; they 
assumed that the defective ones, while inactive, are still capable of taking the place of their 
normal counterpart m the aggregate. Accordingly, it should be possible for the heterokar- 
yon to form enzyme aggregates containing nondefective enzymes only in addition to those 
containing various patterns of normal and defective enzymes. The relative number of each 
kind of aggregate, and thus the amount of the correspondmg carotenoid produced, should 
then depend solely on the relative numbers of nuclei of each strain present in the heterok- 
aryon. 
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We assume that the model of De la Guardia et al predicts constant proportrons of the 
carotenotds, lycopene, y-carotene and p-carotene. m either the homokaryon or heterokar- 
yon, during growth To test thus idea, time course experiments of mycehal growth and car- 
otenoid productton m agitated hqurd media for the wild type stram. the red mutants C9. 
Cl0 and Cl3 and the heterokaryon C2 * C9 were cart-ted out The res$ts obtained mdt- 

cated that the enzyme aggregate hypothesis does not provide a complete descrlptron of 
carotenogenests m Phycomycc~s and they disagree with the results reported by De la 

Guardra et crl ’ 
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RESULTS AND DISCUSSIONS 

For each of the Phyco~r?ycrs strains tested, there was an exponential mcrease m the myce- 

ha1 mass, doubling every 5 or 6 hr at early stages of development, followed by gradual 
slowing at 90 hr after moculatron, and approachmg a saturatton state (Fig. I). Carotenord 
samplings were taken at 3 pomts such that one occurred n-r the exponential growth region. 
one at the onset of saturation, and one well into the saturatron region 

Table 1 shows that in the wild-type strain the concentratton of B-carotene reaches a high 
value after 4 days’ growth, and that there was very little lycopene at any stage of growth 
This agrees with earlier findings of others3 Table 2 shows that at 2 days’ growth the 
mutant Cl3 had a very hrgh lycopene concentratron (330 /[g/g dry wt). The concentratron 
of lycopene declmed slowly as the culture grew, although the total amount of lycopene 

’ CEKDA-OLMEDO. E And REAL. P (1970) Mutar Rcs 9,369 
3 GOODWlh. T W (19.52) J R,oc /ic/,r _SO, 5.50 
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continues to rise. In contrast, concentrations of fl- and y-carotene were very low at 2 days 
and rose sharply between the second and fourth day after which they were constant. A 
similar pattern was observed for the C2 * C9 heterokaryon (Table 3). 

TABLE 1 CAROTENOGENESIS AND GROWTH IN THE WILD TYPE (-) STRAIN OF Phycomyces 
blakesleeanus [NRRL 1555 (-)] 

Age of culture (hr) . 

Carotenoids 

43 75 
@g/g 

dry wt) dry wt) 

98 25 
&g/g 

dry wt) 

114 
@g/g 

dry wt) 

PhytoJIuene 
[-Carotene 
Neurosporene 
Lycopene 
y-Carotene 
P-Carotene 
p-Zeacarotene 
Total carotenolds 
Total dry mycehal 

mass (mg)/lOO ml 
medium 

Dry wt of sample (g) 

- 49 
- 

- 14 
16 - 
- - 
100 58 0 

34 
116 67 7 

120 229 0 480 0 617 0 
0 09 114 278 134 

80 
- 

13 
07 

430 0 
170 

4510 

166 

45 
1.5 
32 

880 0 
290 

934.8 

-Means less than 0 2 yg/sample 

The hypothesis formulated by De la Guardia et al.’ predicted that at a fixed p value 
the proportions of fl-, y-carotene and lycopene should remain fixed at the ratios of 
p2:p(1-p):(l-p), where p represents the proportion of white C2 nuclei (8:21:71 for p = 0.29, 
as measured for this heterokaryon). In Table 3, the ratios between the three carotenolds 
for the 4- and 7-day samples were similar to each other (55:14:31, 62: 13:25), but widely 
different from the predicted value. Only the 2-day sample had a ratio (15 : 6 : 79) close to 
the predicted one. These results indicated that d the model of De la Guardia et al. applied 
at all it could be applied only at the earliest stage of development. 

Since our measurements did not agree with those reported by De la Guardia et al.,’ 
they were repeated, using both liquid medium and solid medium (as used by De la Guar- 
dia). In both cases the results of Table 3 were reproduced. We then suspected that our 

TABLET CAROTENOGENESISANDGROWTHINTHERED Phycomyces MUTANTCI~ 

Age of culture (hr) 48 5 96 169 
(pg/g (% of (fig/g (‘% of (pg/g (% of 

Carotenolds dry wt) total) dry wt) total) dry wt) total) 

Phytofluene 52 12 36 40 59 6.0 
<-Carotene 12 3 19 20 1 07 
Neurosporene 9 2 13 15 19 20 
Lycopene 330 71 260 217 224 23 6 
y-Carotene 18 4 70 75 80 84 
B-Carotene 9 2 538 57 556 58 5 
b-Zeacarotene - - 3 03 8 08 
Total carotenolds 430 939 953 
Total dry mycehal 

mass (mg)/lOO ml 
medmm 32 610 944 

Dry wt of sample (g) 04 24 28 

-Means less than 0 2 pg/sample 
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strain C9 might be different from the one used m Sevilla. Professor Cerd&Olmedo kmdly 
supplied us with the heterokaryon used m the experiments by De la Guardia A repetltlon 
using this stram agam gave results m agreement with Table 3 and m sharp disagreement 
with those reported by De la Guardia, except for the earhest growth stage. 

Age of culture (hr) 

Carotenolds 

48 96 168 

(fig/g (?,, of (I#g (“,, of (I% g ( l’. of 
dry wt) total) dry wt) total) dry wt) total) 

Phytofluene 
<-Carotene 
Neurosporene 
Lycopene 
./-Carotene 
/J-Carotene 
/&Zeacarotene 
Total carotenolds 
Total dry mycehal 

mass (mg)/‘lOO ml 
medium 

Dry wt of sample (g) 

--Means less than 0 2 

13 
9 

221 
16 
43 

309 

51 477 982 

074 281 3 85 
- 

4 24 
3 9 
2 6 

72 I73 
5 X0 

14 315 

607 

pg/sample 

In every strain which accumulates lycopene. the lycopene concentration is close to its 
final level after only 2 days of growth, 1.e at a time at which b-carotene is Just begmnmg 
to be produced m the wild type, in (213, and m the heterokaryon (Tables 1-S). Clearly, 
the machinery for lycopene synthesis is ready at the early growth stage, whereas the one 
for the cychc carotenolds appears later. 

TABLF 4 CAKOTENOGEXSIS ANV GROWTH IU THE REII ML'TA~ I CY 

Age of culture (hr) 

Carotenolds 

48 

t .%/g 
dry wt) 

96 

&x2 
dry wt) 

168 

WY2 
dq ut) 

Phytonuene 
<-Carotene 
Neurosporene 
Lycopenc 
Y-Carotene 
B-Carotene 
/SZeacarotene 
Total carotenolds 
Total dry mycehal 

mass (me/ 100 ml 
medium) 

Dry wt of sample (g) 

4 
156 

680 
14 
69 
13 

709 2 

42 573 916 
0 59 22 2 65 

10 I 0 
12 11 
I6 7 

1300 1630 
12 7 
Y .~ 

1359 I665 

--Means less than 0 2 ~cg!sample 

We might then expect the relative amounts of the carotenolds present to agree with the 
predictlon of De la Guardia et al. m the later samples As menboned, our results do not 
bear this out; on the contrary, we find that the enzyme aggregate hypothesis may be cor- 
rect durmg the exponential stage of growth, a second mechamsm for /j-carotene produc- 
tion might come mto bemg durmg the later stages 
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Both lycopene and neurosporene have been proposed as the substrates for the first cycli- 
zation reaction of the carotenotds. 4s The accumulation of /3-zeacarotene by Phycomyces 
m the presence of the inhibitor diphenylamine favors the concept of neurosporene as the 
first substrate for cychzation in Phycomyces.6 The extra accumulation of fi- and y-carotene 
at the later stages and the fatrly constant lycopene level throughout the growth mdicate 
a second pathway leading to B-carotene synthesis, bypassing lycopene, via /I-zeacarotene 
and y-carotene; and that this second pathway becomes dommant over the first one in later 
growth stages in the Phycomyces system. The results also may indicate that the defective 
cyclases formed by the strain C9 do not compete for the enzyme aggregate wtth the normal 
cyclases provided by stram C2; or due to the excess production of the normal cyclases 
from strain C2, thus, most of the enzyme aggregates, present at the later stages, would con- 
tain normal cyclases only, causing the massive accumulation of p-carotene at later growth 
stages. 

TABLE 5 CAROTENOGENESIS AND GROWTH IN THE RED MUTANT Cl0 

Age of culture (hr) 
(/zg c::g 

192 
(pglg 

Carotenotds dry wt) dry wt) dry wt) 

Phytofluene 
<-Carotene 
Neurosporene 
Lycopene 
y-Carotene 
/?-Carotene 
j-Zeacarotene 
Total carotenotds 
Total dry mycehal 

mass (mg)/lOO ml 
medium 

Dry wt of sample (g) 

- - 37 
19 

- 15 2s 
692 750 1190 

- - 
- - - 

- 

692 765 1271 

56 1392 587 
006 0 39 1 25 

--Means less than 0 2 ,ug/sample 

EXPERIMENTAL 

Homokaryottc cultures were obtamed by moculatmg groups of ca 100 heat-shocked vegetative spores each 
into 100 ml hqmd glucose-asparagme-yeast (GAY) medmm’ m 250-ml flasks The cultures were grown at 21°C 
under whtte hght (250 pW/cm’) on a gyrotary shaker (120 rpm) To increase the sensittvtty of the analyses, 25 
Rasks of culture were used for each stram, for the earliest sampling pomt of mycehal growth (2 day), 10-15 flasks 
of culture were harvested and the myceha pooled 

The heterokaryon C2* C9 was made accordmg to the procedure of Ootakt,’ spores thus obtained were plated 
out on sohd agar containing GAY and acid at pH 3 3 On the acid medium the mycelia grow into relattvely 
small colomes A stage I sporangrophore from a well-isolated orange-colored colony was removed and sub- 
merged mto a solrd GAY plate The sporangtophore then formed a mycehum, whtch eventually filled the surface 
of the plate Before the new sporangrophores formed on thts plate, squares (0 2 x 0 2 cm) of mycehum were 
removed and used as mocula, one for each flask. The cultures then were subJected to the same treatment as the 
homokaryons The remammg mycelmm was allowed to form sporangtophores whose spores were collected for 
subsequent determmatton of the nuclear ratto p Smce the mycehal mocula used m the heterokaryottc cultures 
were derrved from a single heterokaryotrc stage I sporangrophore, the cultures had tdentrcal rattos of whtte and 
red nuclet and thus could be characterrzed by a single value of the nuclear ratio, p 

4 GOODWIN, T W (1965) Chemrstry and Bzochemrstry of Plant Pzgments, p 143, Academrc Press, New York 
5 PORTER, J W and ANDERSON, D G (1967) Ann Rev Plant Physml 18, 197 
6 DAVIES, B H , VILLOUTREIX, J, WILLIAMS, R J H and GOODWIN, T W (1963) J Blochem 89,96 

’ OOTAIU, T (1973) Mol Gen Genet 121,49 
* HEISENBERG, M and CERD&OLMEDO, E (1968) Mel Gen Gerrer 102, 187 
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The procedures used m the determmabon of carotenotd content arc as follows The myceha were sampled 
at dtfferent stages of growth, thoroughly extracted wtth acetone and transferred rnto petrol (X-60 ) (PE) Thr 
hpid thus o’b&rmed- YJ 6s chrcrrrd-rograpirtid urr ?i$@ H-v Ru-%qnmx’l t i 2. vc N). Crriu-mlT. ;I lTd- ik? r; dntwb- fiWXrirm 

were eluted wtth rncreasmg amounts of acetone rn PE The carotenotd ptgments were tdenttfied by therr UV 
and vtstble spectra and by their ddsorptron behavtor on the column relative to known compounds The con- 
centrattons of these prgments were c&ulated accotdtng to the method descrtbed b! Da\tes” 
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