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Abstract-Cinnamic alcohol, thymol, and diphenylamme inhibited phytoene dehydrogenatlon in Phycomyces 
blakesleeanus. At the same time the overall activity of the pathway, measured by the total accumulation of carotenes, 
increased. The activation of the pathway by diphenylamine is a mere consequence of end-product shortage. This 
activation was not seen in the mutants lacking end-product regulation. The mutant range of cinnamic alcohol 
coincided with that of dimethyl phthalate and veratrol, two potent activators of carotenogenesls. Cinnamic alcohol 
was thus probably a member of the phenol group of activators of carotenogenesis, with separate activating and 
inhibiting actions. 

INTRODUCTION 

The brilliant colours of the carotenoids are due to their 
conjugated double bonds. The colourless 40-carbon pre- 
cursor, phytoene, is repeatedly desaturated to produce 
compounds with strong absorption of visible light. The 
four dehydrogenations that convert phytoene into lyco- 
pene in the fungus Phycomyces blakesleeanus are carried 
out by an aggregate of four molecules of a single enzyme, 
the product of gene carB [l-4]. In a similar way, the five 
dehydrogenations in the fungus GIbberella jiijikuroi ap- 
pear to be catalysed by the same enzyme [SJ. 

Diphenylamine [6,7] is a universal inhibitor of phy- 
toene desaturation. In Phycomyces it causes a drastic 
decrease in the concentration of p-carotene, the final 
product of the pathway, and an accumulation of desatu- 
ration intermediates (phytoene, phytofluene, c-carotene 
and neurosporene, listed m qrder of decreasing abun- 
dance) [S-l 1). The effect occurs 111 vitro, showing that the 
inhibitor acts on the function of the enzymes, and dnap- 
pears upon remova of diphenylamine [l 11. 

The concentrations of intermediates in the presence of 
diphenylamine exceed the concentration of /?-carotene in 
its absence. This overall actlvatlon of the pathway is a 
consequence of end-product regulation [12, 13). End- 
product regulation does not occur m mutants without an 
essential mediator (cars mutants) or mutants without end 
product (carg mutants, defective in phytoene dehydro- 
genation; carR mutants, defective in lycopene cycliz- 
ation). 

Many external agents stimulate carotenogenesis in 
Phycomyces. They fall into at least four groups with 
different mechanisms of actlon, exemplified by light, 
retinol, trisporates, and dimethyl phthalate [13]. Some 
phenols, such as dimethyl phthalate, 1,2-dlmethoxl-4- 
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propenylbenzene, veratrol, cinnamic alcohol, cinnamic 
aldehyde, and thymol, when added to the culture medium 
of Phycomyces, cause an increased accumulation of /J- 
carotene and of desaturation intermediates; the relation 
of intermediates to final product varies from one phenol 
to another [14]. 

We have investigated the actions of cmnamlc alcohol 
and thymol on carotenogenesls, compared them with 
those of diphenylamme and observed their synergism 
with light. In order to understand these actions we have 
used mutants with different blocks in carotenogenesis or 
its regulation. 

RESULTS 

Eflects of the chemicals on the wild type 

Phycomyces mycelia are light yellow when grown 
under standard conditions in the dark, greenish yellow m 
the presence of cinnamic alcohol or thymol, and whltlsh 
in the presence of dlphenylamme. A strong green fluor- 
escence under a long-UV lamp (Sylvania Blacklite Blue 
P2OT/2) IS observed in the mycelia grown with any of 
these chemicals. The three chemicals are toxic and the 
inhibition of mycehal growth sets upper limits to the 
concentrations that may be used in the expenments. In 
comparison with the untreated controls (Table l), my- 
celia exposed to the chemicals (Table 2) contain consider- 
able amounts of the intermediates of phytoene dehydro- 
genation and higher total carotene concentrations. The 
abundance of the precursors correlates with their degree 
of saturation The concentrations of the final product, fl- 
carotene, decrease in the presence of diphenylamine and 
increase m the presence of cmnamic alcohol. 

Effects of the chemicals on the car mutants 

The accumulation of desaturation intermediates in the 
presence of cmnamic alcohol or dlphenylamine occurs in 
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Table 1 &rams used m this work and their carotene content 

Stram 
Relevant 

genotype 
Mam carotene* 

Name Amountt N$ 

NRRL1555 Wdd type B-Carotene 62f12 8 

c2 carA /Y-Carotene 4+2 4 
c5 carBl0 Phytoene 2856+225 4 

c9 carR21 Lycopene 2578+_345 4 
Cl15 carS42 D-Carotene 3200+412 4 
s119 carA D-Carotene 24+6 4 
s144 car1131 B-Carotene 43klO 4 

*The mam carotene represents at least 90% of the total 

carotene content of the stram 

TThe values are averages and standard devlatrons (fig per g 
dry weight) 

$Number of Independent experiments 

Table 2 Carotene analyses* of wdd-type mycelia grown four 

days m the dark m the presence of cmnamlc alcohol (2 mM), 
thymol (0 2 mM), or dlphenylamme (0 1 mM) 

- 

Cmnamic Dlphenyl- 

alcohol Thymol amme 

Carotene ppm % ppm % ppm % 

Phytoene 2806 85 2051 83 2325 91 

Phytofluene 231 7 215 9 164 6 

[-Carotene 127 4 106 4 44 2 

Neurosporene 48 1 43 2 18 1 

/?-Carotene 111 3 61 2 6 0 

Total 3323 100 2476 100 2557 100 

*The values (ppm =pg per g,dry weight) are averages of three 

Independent ex$erlments 

all strains (Table 3). There is, of course, the trlvial ex- 
ceptlon of stram C5, a carB mutant defective in phytoene 
dehydrogenase 

The total carotene content of stram C2, a carA mutant, 
which IS usually negligible, becomes appreciable in the 
presence of either diphenylamine or cmnamic alcohol. 
The total carotene content of strains C5, C9 and Cl15 
doubles m the presence of cmnamlc alcohol but remains 

the same m the presence of diphenylamme Neither 
compound causes a large increase m the total carotene 
content of strains S119 and Sl44. These were isolated by 
Dr F. J. Murlllo in Sevdla as chemoinsensitlve mutants: 
their p-carotene content IS not very different from that of 
the wild type, but is not increased by either retmol, 
dimethyl phthalate or veratrol [ 133 

Synergisms between ltght and chemicals 

Neither diphenylamine nor cmnamlc alcohol preclude 
the stimulation of carotenogenesis by light (Table 4), but 
there are some unexpected interactions The combination 
of light and cmnamlc alcohol IS unexpectedly synergic. 
The increase m the total carotene content vastly exceeds 
the sum of the increases due to each agent, the dehydro- 
genatlons are almost completely mhlblted and no j?- 
carotene IS famed. Photomductlon m the presence of 
cmnamlc alcohol IS the largest m Phycomyces, with over 
4 mg carotenes per g dry weight. 

The combmation of light and dlphenylamine leads to a 
more modest increase m total carotene content and to a 
reduced mhlbltlon of dehydrogenatlon, with an increase 
in the j-carotene content 

The relation of phytofluene to ;-carotene m lllumina- 
ted cultures is lower than m dark cultures This could be 
expected, because phytofluene IS more photolabrle than [- 
carotene [15]. Another strlkmg case of synergism IS that 
of light, dimethyl phthalate, and genetic mablhty to 
desaturate phytoene (Table 5). 

DISCL’SSION 

The four successive dehydrogenatlons m the Phycomy- 
ces carotene pathway are inhibited by cmnamlc alcohol, 
thymol, and diphenylamme At each step, part of the 
precursor flow accumulates unaltered m the cells and the 
rest IS metabolized further The mhlbitlon occurs not only 
in the wild type, but m all mutants with active dehydro- 
genations, independently of other changes m the pathway 
or its regulation. 

Since the four reactions are carried out by identical 
enzymes, it IS not surprising that they are all sensitive to 
the inhibitors The results do not allow us to obtain the 
inhlbitlon constants, K,, of each dehydrogenatlon by 
each inhibitor. The accumulation of Intermediates IS 
influenced by other factors, such as the stability of the 

Table 3 Carotene analyses* of mycelia of SIX car mutants grown for four days m the dark m the 

presence of dlphenylamme (DPA, 0 1 mM) or cmnamlc alcohol (CA, 2 mM)* 
--- 

Carotene 

c2 C5 c9 Cl15 s119 S144 
____ ____ -I_ ___-- 

DPA CA DPA CA DPA CA DPA CA DPA CA DPA CA 

Phytoene 280 1057 2584 3989 1850 2133 2315 2422 120 338 104 149 

Phytofluene 4 103 ~_. -_ 120 252 190 275 17 11 5 12 

I-Carotene 39 ~__. __ 18 123 28 130 5 12 - 4 
Neurosporene - 24 -- -- 10 114 10 99 __~ 4 _ _ 

I;lcap+ne 2.5. 2043. --. - --~ ~- _ _ 

B-Carotene 36 ~_ ._ __ 24 48 1886 - 6 - 5 _. _- __ _ __ -_ __ 
Total 284 1259 2584 3989 2026 4689 2591 4812 142 371 109 170 

*The values (fig per g dry weight) are averages of two Independent experiments, -Indicates less than 

1 pg per g dry weight 
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Table 4. Synergtsm of light and the mhibttors, carotene con- C5, C9, and C115, because of lack of b-carotene (strains 
tent* of wtld-type NRRL1555 myceha grown either four days m C5 and C9) or loss of the cad gene function which 
the dark or two days in the dark and two days under white light mediates end-product regulation (strain Cl 15). Dlphenyl- 
(15 W m-‘), always in the presence of either cinnamrc alcohol amme fails to increase the total carotene content m these 

(2 mM) or dtphenylamme (0.1 mM) strains. 

Cmnamtc alcohol Diphenylamme 
Carotene dark dark/light dark dark/hght 

Phytoene 1815 6885 2161 3656 
Phytofluene 105 1 211 147 
C-Carotene 46 I 14 92 
Neurosporene 10 - 5 15 
B-Carotene 43 - 2 61 

____ ____ 
Total 2019 6893 3059 3911 

The activation of the pathway by cmnamic alcohol is 
not a mere consequence of b-carotene shortage. The 
‘mutant range’ of cinnamic alcohol coincides with that of 
dimethyl phthalate and veratrol [13]. This implies that 
cinnamic alcohol is itself a member of the class of 
phenol actrvators. The actrvatmg and inhibiting abilities 
of the phenols do not maintam a constant relation [14]; 
dimethyl phthalate IS a strong activator and a poor 
inhibitor, cinnamic alcohol and thymol are strong in- 
hibitors. 

*The values (pg per g dry weight) are averages of two 
independent expenments, -indicates less than 1 pg per g dry 
weight. Control mycelia grown in the absence of the chemicals 
contam b-carotene only, 66 + 21 pg per g dry weight m the dark, 
546&84 m dark/light (averages and standard deviation of SIX 
independent analyses) 

Table 5. Synergism of light and dtmethyl 
phthalate, /?-carotene content* of wild-type 
NRRL1555 my&a and phytoene content* of 
C5 myceha grown either four days m the dark 
or two days m the dark and two days under 
whtte hght (15 W/m’), m the presence or the 

absence of dtmethyl phthalate 

We do not know why the combmation of hght and 
cinnamic alcohol almost completely inhibits phytoene 
dehydrogenation. A photoproduct of cinnamic alcohol 
may be responsible. In any case, the production of /?- 
carotene ceases. The consequence is a triple stimulation of 
the pathway: by cinnamrc alcohol (as an activator of the 
phenol group), by light, and by lack of end product. 

The same coincidence of a good phenol activator, 
photoinduction, and lack of end-product regulation oc- 
curs more clearly when a carB mutant, which makes no B- 
carotene, IS srmultaneously exposed to dimethyl phthal- 
ate and hght. The resulting phytoene accumulation, 
~(1 9mg per g dry weight, is the hrghest known in 
Phycomyces. These results suggest that light, phenols, 
and lack of end product are separate activators of 
carotenogenesis. 

Dimethyl 
phthalate EXPERIMENTAL 

Strain Illumination 0 2mM 

NRRL1555 dark 68 987 
dark/light 482 2524 

c5 dark 2813 6958 
dark/light 4355 8966 

Strain NRRL1555 is the standard wild type of the fungus 
Phycomyces blakesleeanus Burgeff. The mutants were isolated by 
vanous authors after exposure of the spores of NRRL1555 to N- 
methyl-N’mtro-N-nitrosoguamdme [16] Cultures were grown 
at 22” on mmimal agar for 4 days m the dark, unless otherwtse 
stated [3]. 

*The values (pg per g dry weight) are aver- 
ages of two independent expenments. 

intermediates and their chances of repeated access to the 
dehydrogenases after failing at any of them. 

EtOH solns of cmnamtc alcohol, diphenylamme, thymol, and 
drmetyl phthalate were added to the medium before pourmg the 
plates. The final concn of EtOH m the medium was equal in test 
and control plates and always under 8 ml/l 

Carotenes were extracted [17], separated by CC [18], tdent- 
died by their chromatographtc behavtour and their absorption 
spectra, and quantified from then extmctron coeffictents [19] 

The inhibition of the dehydrogenatrons is always ac- 
companied by an overall activatron of the pathway; 
manifest in the increased total carotene accumulations. 
The concept of the ‘mutant range’ of the action of a 
chemical [13] can be used to decide whether cinnamic 
alcohol and drphenylamine activate the pathway by the 
same or different mechanisms. Cinnamic alcohol causes 
large increases m the total carotene content of the wild 
type and the mutants C2, C5, C9, and Cl 15, each affected 
at a different gene; diphenylamine, only in the wild type 
and the C2 mutant. The actions of the two chemicals are 
thus mediated by different gene products and thus have 
different mechanisms. 
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