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The concentrations of all metabolites studied, except fructose 1,6-bisphosphate from wild-type Phycomyces
blakesleeanus, were light dependent. This photoregulation appears to be independent of the mad gene
product(s) and also independent of carotene biosynthesis regulation. However, the photoregulation of
glyceraldehyde 3-phosphate, 2-phosphoglycerate, and phosphoenolpyruvate may be assigned to these mad and
car S gene products.

The ability to respond to environmental changes by
adaptative corrections to physiological processes is a very
important characteristic of any living system. For widely
different organisms, a change of illumination conditions
supplies most of the essential information about the sur-
rounding medium.
Phycomyces blakesleeanus shows responses to different

stimuli, including visible light. Responses to light include
changes in metabolism, changes in growth, and positive
phototropism (1, 5, 23). Known light-dependent metabolic
variations in P. blakesleeanus include enhanced carotene
formation (11, 17), an increase in pyruvate carboxylase
activity (24), a decrease in asparagine metabolism (25), and a
decrease in cellular ornithine decarboxylase activity (19);
chitin synthetase activity is also stimulated by light in vitro
and in vivo (16), and light-dependent alcohol dehydrogenase
activity decreases (10). Metabolic changes associated with
light as a condition of growth have been reported for several
other fungi (13, 22, 26).

Little is known about the effect of light on carbohydrate
metabolism in P. blakesleeanus. We have previously re-
ported that for three pyridine-linked dehydrogenases of
carbohydrate metabolism of P. blakesleeanus, i.e., glucose
6-phosphate dehydrogenase, lactate dehydrogenase, and
malate dehydrogenase, the enzyme activity values are af-
fected by light (D. De Arriaga, J. Soler, F. Teixido, and E.
G. Galarraga, Abstr. Phycomyces Meet. 1982, p. 31).

This paper reports the effect of light on the levels of
several metabolic intermediates of carbohydrate metabolism
from mycelia of wild-type strain NRRL 1555 (-) and of car
and mad mutants [C 115 (-) and C 111 (-)] of P.
blakesleeanus. Mutant C 115 (-) [car S42 mad 107 (-)] is
abnormal in photocarotenogenesis response and is
superyellow, and mutant C 111 (-) [mad B 103 (-)] shows
abnormal phototropism (20).
The Phycomyces strains were kindly provided by A. P.

Eslava, Department of Genetics, University of Salamanca,
Spain. The details for liquid minimal medium and the general
method of cultivation were previously described (8). The
cultures were incubated in a New Brunswick Scientific Co.
Psychrotherm G-27 orbital shaker at 200 rpm at 20 to 22°C in
absolute darkness or under continuous white light by expo-
sure of the culture under a battery of eight white fluorescent
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tubes (Norelco; model F 24 T 12/CW/MO; 32 W, 50 cm) with
an intensity of 1 + 0.1 W m-2. The mycelia were obtained by
filtration at 48 h of growth at the upper part of the exponen-
tial growth phase.
The mycelia were cut into pieces and suspended in dis-

tilled water (1:7 [wt/vol]). The suspensions were homoge-
nized in an MSK cell disruptor (B. Braun Instruments) for
two cycles of 30 s. After homogenization, the extracts were
centrifuged at 20,000 x g for 25 min (4°C), and the pellets
were discarded. The supernatants were brought to 0.5 M in
HC104 by the slow addition of 6% HC104 to saturation with
constant stirring at ice bath temperature, and the pellets
were removed by centrifugation at 12,000 x g for 20 min at
4°C. A fraction of each supernatant (pH 5 to 6) was reserved
for the determination of oxalacetate. Later, the supernatants
were neutralized to pH 7.0 to 7.6 by the addition of 2 N
KOH. In all cases, after neutralization, the extracts were
filtered to remove the KC104 formed.
The determinations of the levels of the metabolites studied

were performed with the fresh mycelial extracts as described
above by spectrophotometric assays with a recording spec-
trometer (Beckman Instruments, Inc.; model 35) equipped
with a temperature control unit, except in the case of
oxalacetate, which was determined by a fluorimetric assay.
Glucose 6-phosphate and fructose 6-phosphate were de-

termined in a 0.4 M triethanolamine buffer (pH 7.6; 25°C) as
described by Lang and Michal (18) by measuring the in-
crease in A340 associated with NADPH (e = 4,963 M-1 cm-')
formation. Fructose 1,6-bisphosphate, dihydroxyacetone
phosphate, and glyceraldehyde 3-phosphate were deter-
mined in a 0.4 M triethanolamine buffer (pH 7.6; 25°C) as
described by Michal and Beutler (21) by measuring the
decrease in A340 associated with NADH oxidation.

2-Phosphoglycerate, phosphoenolpyruvate, and pyruvate
were determined in 0.5 M triethanolamine buffer (pH 7.6)-S5
mM EDTA (25°C) as described by Czok and Lamprecht (6)
by measuring the decrease in A340 associated with NADH (e
= 4,526 M-1 cm-') oxidation.
L-(+)-Lactate and L-(+)-malate were assayed in a hydra-

zine-glycine buffer (pH 9; 0.4 M hydrazine, 0.5 M glycine;
37°C) as described by Gutmann and Wahlefeld (14, 15) by
measuring the increase in A340 associated with NADH (e =
4,055 M-1 cm-') formation. Acetyl coenzyme A was as-
sayed in a 0.5 M Tris hydrochloride buffer (pH 8.1; 25°C) as
described by Decker (9) by measuring the increase in A340
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TABLE 1. Glycolytic intermediate levels from mycelia of light- or dark-grown cultures of several Phycomyces strains

Concn for P. blakesleeanus strain":
Metabolic intermediate condition" NRRL 1555 C - C 115 (-)

Glucose 6-phosphate 1 4.00 ± 1.00' 4.46 ± 0.51' 5.48 ± 0.22'
d 5.57 ± 0.40 2.54 ± 0.75 3.15 ± 1.04

Fructose 6-phosphate 1 1.00 ± 0.33' 0.69 ± 0.15 1.12 ± 0.24'
d 0.46 ± 0.22 0.63 ± 0.15 0.56 ± 0.12

Fructose 1,6-bisphosphate 1 0.26 ± 0.06 0.23 ± 0.04 0.34 ± 0.10'
d 0.20 ± 0.02 0.23 ± 0.17 0.96 ± 0.27

Glyceraldehyde 3-phosphate 1 0.32 ± 0.05' 0.11 ± 0.02 0.19 ± 0.06
d 0.22 ± 0.02 0.10 ± 0.04 0.28 ± 0.07

Dihydroxyacetone phosphate 1 1.47 ± 0.14' 0.56 ± 0.11 1.01 ± 0.14'
d 0.43 ± 0.06 0.37 ± 0.11 0.50 ± 0.07

2-Phosphoglycerate 1 0.30 ± 0.07'' 0.31 ± 0.10 0.29 ± 0.04
d 0.82 ± 0.23 0.39 ± 0.10 0.25 ± 0.11

Phosphoenolpyruvate 1 0.32 ± 0.07' 0.48 ± 0.05 0.25 ± 0.06
d 0.88 ± 0.05 0.51 ± 0.05 0.24 ± 0.04

Pyruvate 1 4.73 ± 1.20' 2.65 ± 0.62' 4.79 ± 1.06
d 11.20 ± 3.09 1.57 ± 0.22 4.42 ± 0.28

Lactate 1 59.62 ± 13.7' 85.58 ± 14.64' 82.87 ± 7.56'
d 38.35 ± 5.35 32.60 ± 1.05 43.76 ± 7.02

a 1, Light; d, darkness.
b The concentrations are expressed in micromoles per gram (dry weight) ± standard deviation.
' By Student's t test, deviation of light intermediate level from dark was significant. P < 0.05.

associated with NADH (e = 4,955 M-1 cm-') formation.
Citrate was assayed in a triethanolamine-ZnCl2 buffer (pH
7.6; 0.1 M triethanolamine, 0.2 mM ZnCl2; 25°C) as de-
scribed by Dagley (7) by measuring the decrease in A340
associated with NADH (e = 4,319 M-1 cm-') oxidation.

L-Alanine was assayed in a Tris-hydrazine buffer (pH 10;
40 mM Tris, 1 M hydrazine; 25°C) as described by Wil-
liamson (28) by measuring the increase in A340 associated
with NADH (e = 2,904 M1 cm-') formation.

Oxalacetate was assayed by the fluorimetric method of
Goldberg and Passonneau (12) at 340 and 465 nm for excita-
tion and emission wavelengths, respectively (4). The assay
was done in a digital spectrofluorimeter (Shimadzu Scientific
Instruments, Inc.; model RF-510) by measuring the fluores-
cence of NADH.
The determination of the concentration of metabolites was

performed by the endpoint method (2), and the metabolite
content was quantitated in micromoles of metabolite per
gram (dry weight) of mycelia. All values listed in the tables
are the averages of at least four tests, given with the standard
deviation. Statistical significance was calculated by Stu-
dent's t test.
Table 1 summarizes the levels of glycolytic metabolites,

glucose 6-phosphate, fructose 6-phosphate, fructose 1,6-
bisphosphate, glyceraldehyde 3-phosphate, dihydroxyace-
tone phosphate, 2-phosphoglycerate, phosphoenolpyruvate,
pyruvate, and lactate for the three strains of P. blakeslee-
anus studied.

Lactate showed the highest value of all metabolites in
cultures grown in light and in darkness for all Phycomyces
strains tested; the glyceraldehyde 3-phosphate level was the
lowest in all experimental conditions. Glucose 6-phosphate
and pyruvate were also present in higher concentrations,
although they reached values only of between 3 and 30% of
the lactate values.
The C 111 (-) mutant showed the response to light with

respect to the levels of the glycolytic intermediates assayed.
The concentrations of glucose 6-phosphate, pyruvate, and
lactate were the only ones affected by light; they were higher
for mycelia grown in light. Cultivation in light or darkness

had no influence on the concentration of the other metabo-
lites.
For the wild-type strain NRRL 1555 (-), fructose 6-

phosphate, glyceraldehyde 3-phosphate, dihydroxyacetone
phosphate, and lactate accumulated in cultures grown in
light, whereas glucose 6-phosphate, 2-phosphoglycerate,
phosphoenolpyruvate, and pyruvate accumulated in cultures
grown in darkness. The concentration of fructose 1,6-
bisphosphate appeared to be light independent. On the other
hand, for the C 115 (-) mutant, the levels of glucose
6-phosphate, fructose 6-phosphate, dihydroxyacetone phos-
phate, and lactate were higher in light than in darkness,
whereas fructose 1,6-bisphosphate accumulated when the
cultures were grown in the dark. None of the other metab-
olites was affected by light.

Cultures exposed to light had concentrations of 2-
phosphoglycerate and phosphoenolpyruvate similar to those
of cultures grown in the dark for both mutants C 111 (-) and
C 115 (-).
Table 2 shows the concentrations of metabolites assayed

as related to pyruvate metabolism. L-Malate and citrate are
present in the highest concentrations for each strain tested in
cultures grown in light or in darkness. Oxalacetate concen-
tration was the lowest in all cases, being 102-fold lower than
L-malate concentration. The metabolites accumulated in
light in Phycomyces wild type were acetyl coenzyme A,
oxalacetate, and citrate, whereas L-alanine and L-malate
were present in higher concentrations in dark-grown cul-
tures. All metabolites described from this strain were light
dependent. For the C 111 (-) strain, only oxalacetate in
light-grown cultures and citrate in dark-grown ones accumu-
lated.
For the C 115 (-) strain, L-alanine and citrate were higher

for cultures grown in light, whereas acetyl coenzyme A and
L-malate were higher for cultures grown in darkness.
Oxalacetate concentrations showed no change according to
light or dark culture conditions.

It is generally assumed that the study of the changes in
concentration provides a major understanding of the light
regulation of the enzymes and of the light perception-
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TABLE 2. Levels of metabolites related to pyruvate metabolism from mycelia of light- or dark-grown cultures of several Phycomyces
strains

Concn for P. blakesleeanus strainb:
Metabolic Growth

intermediate condition' NRRL 1555 C 111 (-) C 115 (-)

L-Alanine 1 1.10 ± 0.39' 3.51 ± 0.89 3.33 ± 0.33'
d 1.98 ± 0.27 4.03 ± 1.13 1.60 + 0.35

Acetyl coenzyme A 1 2.34 ± 0.48' 1.69 ± 0.22 0.62 ± 0.20'
d 1.35 ± 0.37 1.48 ± 0.30 1.01 ± 0.11

Oxalacetate 1 0.26 ± 0.09' 0.48 ± 0.10' 0.22 ± 0.06
d 0.12 ± 0.03 0.15 ± 0.03 0.21 ± 0.08

Citrate 1 6.24 ± 0.13' 6.06 ± 0.71' 11.82 ± 1.08'
d 3.25 ± 1.22 7.79 + 0.67 4.00 ± 0.43

L-Malate 1 12.84 ± 2.64' 22.44 ± 4.61 16.53 ± 0.64'
d 19.88 ± 1.04 20.38 ± 1.80 25.78 ± 2.41

a 1, Light; d, darkness.
b The concentrations are expressed in micromoles per gram (dry weight) ± standard deviation.
' By Student's t test, deviation of light intermediate level from dark was significant. P < 0.05.

metabolic response sequence. It should be noted that the
concentration of each metabolite may be controlled by more
than one enzyme activity from any of several metabolic
pathways, interacting or not.
From the concentrations of chosen metabolites, we can

see that all except fructose 1,6-bisphosphate were photo-
regulated in Phycomyces wild type. On the other hand, and
from the results obtained with the Phycomyces mutants, we
cannot exclude the possibility that some aspects of this
photoregulation are related to the mad and car S gene
product(s).

This work was supported in part by research grant 1372 from the
Comisi6n Asesora de Investigaci6n Cientffica y Tecnica, Ministerio
de Educaci6n y Ciencia, Spain.

LITERATURE CITED

1. Bergman, K., P. V. Burke, E. Cerdg-Olmedo, C. N. David, M.
Delbruck, K. W. Foster, E. W. Goodell, M. Heisenberg, G.
Meissner, M. Zalokar, D. S. Dennison, and W. Shropshire, Jr.
1969. Phycomyces. Bacteriol. Rev. 33:99-157.

2. Bergmeyer, H. U., E. Bernt, K. Gawehn, and G. Michal. 1974.
Handling of biochemical reagents and samples, p. 158-175. In
H. U. Bergmeyer (ed.), Methods of enzymatic analysis, vol. 1.
Academic Press, Inc., New York.

3. Busto, F., D. De Arriaga, and J. Soler. 1983. ATP, ADP and
AMP on the regulation of lactate dehydrogenase activity of
Phycomyces blakesleeanus. Int. J. Biochem. 15:73-78.

4. Cabezas, J. A., A. Reglero, and C. Hannoun. 1983. A
fluorimetric procedure for measuring the neuraminidase activ-
ity: its application to the determination of this activity in
influenza and parainfluenza viruses. Anal. Biochem. 131:
121-126.

5. Cerda-Olmedo, E. 1977. Behavioral genetics of Phycomyces.
Annu. Rev. Microbiol. 31:535-547.

6. Czok, R., and W. Lamprecht. 1974. Pyruvate, phosphoenolpy-
ruvate and D-glycerate 2-phosphate, p. 1446-1451. In H. U.
Bergmeyer (ed.), Methods of enzymatic analysis, vol. 3. Aca-
demic Press, Inc., New York.

7. Dagley, S. 1974. Citrate, p. 1562-1565. In H. U. Bergmeyer
(ed.), Methods of enzymatic analysis, vol. 3. Academic Press,
Inc., New York.

8. De Arriaga, D., F. Teixido, F. Busto, and J. Soler. 1984. The
nature of the substrate inhibition of cytoplasmic malate dehy-
drogenase from Phycomyces blakesleeanus. Biochim. Biophys.
Acta 784:158-163.

9. Decker, K. 1974. Acetyl-coenzyme A: UV-spectrophotometric

assay, p. 1988-1993. In H. U. Bergmeyer (ed.), Methods
of enzymatic analysis, vol. 4. Academic Press, Inc., New
York.

10. Garces, R., and J. R. Medina. 1985. Light-dependent decrease
in alcohol dehydrogenase activity of Phycomyces. Exp. Mycol.
9:94-98.

11. Garton, G. A., T. W. Goodwin, and W. Liinsky. 1951. Studies
in carotenogenesis. I. General conditions governing P-carotene
synthesis by the fungus Phycomyces blakesleeanus Burgeff.
Biochem. J. 48:154-163.

12. Goldberg, N. D., and J. V. Passonneau. 1974. Oxaloacetate:
fluorimetric determination, p. 1608-1611. In H. U. Bergmeyer
(ed.), Methods of enzymatic analysis, vol. 3. Academic Press,
Inc., New York.

13. Graafmans, W. D. J. 1977. Effect of blue light on metabolism in
Penicillium isariiforme. J. Gen. Microbiol. 101:157-161.

14. Gutmann, I., and A. W. Wahlefeld. 1974. L(+)-Lactate, p.
1464-1468. In H. U. Bergmeyer (ed.), Methods of enzymatic
analysis, vol. 3. Academic Press, Inc., New York.

15. Gutmann, I., and A. W. Wahlefeld. 1974. L(-)-Malate, p.
1585-1589. In H. U. Bergmeyer (ed.), Methods of enzymatic
analysis, vol. 3. Academic Press, Inc., New York.

16. Herrera-Estrella, L., and J. Ruiz-Herrera. 1983. Light response
in Phycomyces blakesleeanus: evidence for roles of chitin
biosynthesis and breakdown. Exp. Mycol. 7:362-369.

17. Jayaram, M., D. Presti, and M. Delbruck, 1979. Light-induced
carotene synthesis in Phycomyces. Exp. Mycol. 3:42-52.

18. Lang, G., and G. Michal. 1974. D-Glucose 6-phosphate and
D-fructose 6-phosphate, p. 1238-1242. In H. U. Bergmeyer
(ed.), Methods of enzymatic analysis, vol. 3. Academic Press,
Inc., New York.

19. Lapointe, D. S., and R. J. Cohen. 1983. Ornithine decarboxylase
in Phycomyces: in vitro and in vivo properties. Arch. Biochem.
Biophys. 224:515-525.

20. Lopez-Diaz, I., and E. Cerda-Olmedo. 1980. Relationship of
photocarotenogenesis to other behavioural and regulatory re-
sponses in Phycomyces. Planta 150:134-139.

21. Michal, G., and H. 0. Beutler. 1974. D-Fructose 1,6-bisphos-
phate, dihydroxyacetone phosphate and D-glyceraldehyde 3-
phosphate, p. 1314-1319. In H. U. Bergmeyer (ed.), Methods of
enzymatic analysis, vol. 3. Academic Press, Inc., New York.

22. Ng, W. S., J. E. Smith, and J. G. Anderson. 1972. Changes in
carbon catabolic pathways during synchronous development of
conidiophores of Aspergillus niger. J. Gen. Microbiol. 71:495-
504.

23. Russo, V. E. A., and P. Galland. 1980. Sensory physiology of
Phycomyces blakesleeanus, p. 71-110. In P. Hemmerich (ed.),
Structure and bonding, vol. 41. Springer-Verlag KG, Berlin.

24. Sandmann, G., and W. Hilgenberg. 1978. The light-dependent
intermediary metabolism of Phycomyces blakesleeanus Bgff. I.
The CO2 fixation reaction. Biochem. Physiol. Pflanz. 173:390-

J. BACTERIOL.



VOL. 169, 1987 NOTES 907

395.
25. Sandmann, G., and W. Hilgenberg. 1980. The light-dependent

intermediary metabolism of Phycomyces blakesleeanus Bgff. II.
Formation and degradation of oxalacetic acid. Z. Pflanzen-
physiol. 96S:203-210.

26. Turian, G., and D. E. Bianchi. 1972. Conidiation in Neurospora.
Bot. Rev. 38:119-154.

27. Van Laere, A. 1985. Purification and properties of an NADPH-
dependent dihydroxyacetone reductase from Phycomyces
spores. FEMS Microbiol. Lett. 30:377-381.

28. Williamson, D. H. 1974. L-Alanine; determination with alanine
dehydrogenase, p. 1679-1682. In H. U. Bergmeyer (ed.), Meth-
ods of enzymatic analysis, vol. 4. Academic Press, Inc., New
York.


