Journal of General Microbiology (1974), 82, 247-252 247
Printed in Great Britain

Metabolism in Penicillium isariiforme on Exposure to Light, with
Special Reference to Citric Acid Synthesis

By W.D.J. GRAAFMANS
Department of Plant Physiology, University of Amsterdam, The Netherlands

(Received 29 October 1973; revised 13 December 1973)

SUMMARY

When exposed to light, cultures of Penicillium isariiforme showed a sharp
decrease in citric acid accumulation in the medium compared with parallel cultures
in continuous darkness, and a rise in the production of other low molecular weight
intracellular intermediates, lipids, nucleic acids and protein. The significance of
these phenomena is discussed.

INTRODUCTION

Light can influence metabolism and morphogenesis in a number of fungi. The phototropic
responses and effects on vegetative growth, sporulation and carotenoid synthesis are well
known and have been reviewed by several authors, e.g. Burnett (1968), Carlile (1970), Smith
& Galbraith (1971).

In Penicillium isariiforme differentiation is governed to a large extent by atmospheric
conditions and light. Previously we described the influence of carbon dioxide on sporulation
(Graafmans, 1973 a, b). Also, it has been established that the formation of coremia is strictly
light-dependent (Carlile, Dickens, Mordue & Schipper, 1962; Piskorz, 1967). Blue light
with a wavelength between 450 and 520 nm showed the strongest reaction (Bennink, 1972).

Little is known about biochemical changes that occur in this fungus upon light induction.
The present paper reports some aspects of metabolism after the transition from dark to
light, with particular respect to the synthesis of citric acid.

METHODS

Unless otherwise mentioned, all procedures were as described previously (Graafmans,
1973a). When not in darkness the fungus was kept in dim blue light (400 to 530 nm) with an
intensity of 80 ergfcm?/s at the culture surface, to get an optimal photomorphogenetic
reaction (fluorescent tubes: Philips No. 23; filter: ‘Plexiglas’ blue No. 627, Ré6hm and
Haas, Darmstadt, Germany). In a separate experiment a ‘Plexiglas’ red No. 502 filter was
used (> 585 nm). Light intensities were measured by means of a compensated thermopile
type CAl, connected with a microvolt meter type Micrograph BD5 (Kipp en Zn., Delft,
Holland). '

After incubation with [**C]sucrose, the mycelia were thoroughly rinsed to remove con-
taminating extracellular [**C]sucrose. Fractionation of mycelia into chemical components
was carried out according to the method of Roberts ez al. (1955) with a slight modification
in the first step. Lyophilized mycelium was very finely ground with glass powder and
extracted for low-molecular-weight intermediates at 2 °C with 59, trichloroacetic acid
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(TCA). After centrifuging, this procedure was repeated twice and the three supernatants
were combined. Consecutive extraction of the residue, with 75 9 ethyl alcohol (EtOH) and
75 % EtOH/ether at 45 °C, and with 5 9% TCA at 100 °C, provided supernatants that con-
tained mainly lipids, alcohol-soluble protein, hot TCA-extractable carbohydrate and nucleic
acids, respectively. The remainder consisted of residual hyphal walls and protein.

The cold TCA-soluble fraction was chromatographed on Dowex-8 anion-exchange resin
for separation of organic acids (mainly Krebs-cycle intermediates, aspartic acid and
glutamic acid). The first ‘neutral fraction’ consisting of neutral and basic components was
hydrolysed with 2 N-HCIl at 100 °C for 5 h. After further deionization on Amberlite mixed-
bed resin (IR-120 H, IRA-400 Ac), radioactive sugars in the eluate were separated by the
method of Wessels et al. (1972). Samples were co-chromatographed with glucose, mannose
or galactose. Spots were made visible with aniline phthalate and radioactivity was deter-
mined by liquid scintillation counting of scraped-off spots.

Chemicals. Ba*CO, and [C**-Ulsucrose were obtained from The Radiochemical Centre,
Amersham, Buckinghamshire, Dowex X8 (200 to 400 mesh) from Fluka A.G., Switzerland,
Amberlite resins IR-120 (H) and IRA-400 (Cl) from B.D.H. Chemicals Ltd, and aniline
phthalate from Merck.

RESULTS
Citric acid synthesis after exposure to light

Cultures of Penicillium isariiforme were grown for five days in darkness and then placed
in the light. The citric acid content of the medium and mycelium was determined just before
light-induction and on each of the subsequent four days. Cultures in continuous darkness
served as controls. In dark-grown cultures the citric acid content in the medium rose, whereas
after exposure to light the accumulation was strongly diminished (Fig. 1a). The differences
between the citric acid contents in the mycelia were less pronounced. The sucrose uptake
and the mycelium dry weights of the cultures used in this experiment are presented in Fig.
1 (b), (¢).

Mycelia were illuminated under blue light because it has the strongest morphogenetic
effect (Bennink, 1972). Independently, it was established that, compared with red light of
the same intensity (see Methods), blue light also caused the most pronounced decrease in
citric acid accumulation. The citric acid content in the media of red-light cultures was
147 (7) pg/mg dry wt of mycelium, in blue-light cultures 68 (4) #g and in the dark controls
202 (9) pg. These figures are the averages of determinations in four separate cultures after
cultivation for 9 days, of which the last 4 days were in the light; the figures in parentheses
are the deviations.

Besides the above-mentioned experiments in which citric acid was colorimetrically deter-
mined (Graafmans, 1973 a), the rate of synthesis of this compound with time was examined
in a pulse-label experiment. The medium of the cultures grown 7 days in darkness or 5 days
in the dark and 2 days in the light, was pulsed with [**C]sucrose for 1, 3 or 6 h. Radioactive
citric acid and other metabolites in a TCA-soluble extract of the mycelium and in the medium
were then determined after chromatography on Dowex-8 anion-exchange resin. It was
apparent that excretion of citric acid into the medium was more intense in dark-grown
cultures than in light-exposed ones (Table 1). As for the other compounds, strong differences
were found in the fraction consisting of neutral and basic metabolites. Here radioactivity
increased more in the fractions from the light-exposed mycelia than from the dark-grown
controls.
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Fig. 1. (a) Citric acid content in medium and mycelium of P. isariiforme. Citric acid content in
medium (two upper curves) expressed in ug excreted in medium/mg dry wt mycelium. Citric acid
content in mycelium (two lower curves) expressed in #g/mg dry wt mycelium. (b) Dry weight of
mycelium in the same experiment. (¢) Sucrose content in the culture media in the same experiment.
O, Illuminated cultures; @, dark-grown cultures. Values are the averages of determinations in
two separate cultures, harvested on the days indicated. The range is indicated, unless too small

to do so.
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We could not find distinct differences in sucrose uptake between cultures exposed to
light and dark-grown cultures, although the mycelium dry weights of the illuminated mycelia
were always higher than those of the dark controls (cf. Fig. 15, c¢). Therefore, it was of
interest to establish the distribution of 14C-labelled cell components in the two culture

types.

Labelling with [“C]sucrose from the moment of exposure to light was performed in a
culture grown for 5 days in darkness. Distribution of radioactivity after cultivation for
another 4 days was compared with a control culture labelled for the same period. All
fractions of the illuminated mycelium contained more radioactivity compared with the
dark control (Table 2). This was especially true for the cold TCA-soluble fraction. After
hydrolysis, pronounced differences were also found in glucose, the only detectable radio-

active sugar.
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Table 1. Distribution of **C in a TCA-soluble fraction from light-exposed and dark-
grown cultures of P. isariiforme after pulse-labelling with [**Clsucrose*

Pulse-labelled for (h)
I 3 6
f——‘A‘——\ ﬁ_“‘qjk Rl r % N

Light- Dark- Light- Dark- Light- Dark-

Fraction exposed grown exposed grown exposed grown

Neutral fraction (neutral and 4313 37-80 9344 43'84 152°42 6311
basic compounds)

Glutamic+ aspartic acid 058 042 357 352 834 726

Citric acid:

Mycelium 063 046 2-07 245 415 477

Mediumt 000 000 472 22°34 22°14 6737

Malic acid 018 007 107 030 1’14 059

Remainder 1-24 o018 0-28 031 0°40 085

* Radioactivity is expressed as d.p.m./mg dry wt mycelium. [*C]sucrose: 9-7 x 10°® d.p.m./incubation.
+ Radioactivity is expressed as d.p.m. excreted in medium/mg dry wt mycelium.

Table 2. Distribution of **C in components of light-exposed and dark-grown
cultures of P. isariiforme, fed with 1*C-sucrose* for 4 days

Light-exposed (d.p.m. x 10%) Dark-grown (d.p.m. x 10%)
Fraction Component Total Component Total
Mycelium
Metabolic intermediates (cold 6764 (484 %) 3340 (27'1%)
TCA-soluble)
Organic acidst 120:6 787
Basic compounds T1°4 47-8
Glucose 2956 1193
Other neutral compounds 188-8 88-2
Lipids, phospholipids (EtOH- 136°1 (9°7 %) 964 (78 %)
soluble + EtOH/ether soluble)
Nucleic acids, polysaccharides 1573 (11°2 %) 1425 (11°5 %)
(hot TCA-soluble)
Residual protein and cell walls 3490 (250 %) 2800 (227 %)
Medium 794 (57 %) 3820 (309 %)
Aspartic+ glutamic acid 4'4 13'4
Malic acid 63 17°2
Citric acid 46°1 3170
Remainder 226 344
Total (mycelium + medium) 13982 (100 %) 12349 (100 %)

* 14C.gucrose: 46 x 10® d.p.m./incubation.
+ Mainly (90 %) glutamic, aspartic, malic and citric acids.

With regard to the distribution of 4C in the medium, it was evident that in the dark-grown
culture a considerable part of the sucrose used was transformed into organic acids, mainly
citric acid.

Experiments with 14CO,

Previously we reported a direct relationship between CO, assimilation and citric acid
synthesis, as CO, may have an anaplerotic function in oxaloacetate formation via carboxyla-
tion of pyruvate or PEP (Graafmans, 19734, b). Because of the high yield of citric acid in
dark-grown cultures it was of interest to study the fixation of CO,.
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Table 3. Radioactivity in medium and mycelium of light-exposed and dark-grown
cultures of P. isariiforme after *COz* pulse-chase labelling

There was a pulse of 60s in each experiment, and a chase period of 0 min and 59 min in Expts 1
and 2, and Expts 3 and 4, mpectively. Expts 1 and 2 were carried out in duplicate (deviations in
parentheses). Radioactivity in citric acid was determined after chromatography of the medium
and a TCA extract of the mycelium on Dowex-8 anion resin. Dark-grown culture 7 days dark.

Light-exposed culture: 5 days dark+2 days light.

Expt 1 Expt 2 Expt 3 Expt 4
(light-exposed) (dark-grown) (light-exposed)  (dark-grown)
Mycelium# 3668 (+52-7) 6242 (£381) 2434 4279
Citric acid — — 899 162°5
Mediumi 1-3(104) 27 (£0°2) 231 107-8
Citric acid — — 136 933
Mycelium + medium 3681 (+53°1) 6269 (+383) 2665 5357
Citric acid — — 103°5 2558

* 4CQO,: 90 x 10® d.p.m./incubation; concentration: 1 %,.
1 Radioactivity is expressed as d.p.m./mg dry wt.
1 Radioactivity is expressed as d.p.m. excreted in medium/mg dry wt mycelium.

A pulse of 14CO; was given for a short period of time to prevent dilution of the label
(CO, production by the mycelium was less than 2 % of the ¥CO, administered during the
time of incubation). As all the assimilated 4CO, was not permanently fixed in cellular
components, but partly set free again by decarboxylation, radioactivity should also be
measured after a chase period (Graafmans, 1973a).

From the results in Table 3, it appeared that more 4CQO, was assimilated by the dark-
grown mycelium. After a chase period of 59 min, the content of labelled components in
this culture type remained higher than in the parallel light-exposed culture. This was also
true for citric acid.

DISCUSSION

There appears to be an important shift in metabolism when Penicillium isariiforme is
exposed to light. Light stimulated the synthesis of cell components, resulting in a 9o %,
increase in dry weight after 4 days of illumination compared with the dark control. No
significant differences in sucrose uptake were observed between the two treatments, but in
the illuminated culture the accumulation of citric acid decreased considerably.

Differences in dry weight between mycelia cultured in darkness or in the light were also
demonstrated by Piskorz (1972), although the excretion of organic acids in the medium
was not taken into account. Piskorz observed that the consumption of glucose was equal
in both culture types and suggested that the increased mycelial dry weight in the light might
be due to a stimulated carboxylation.

The results presented in this paper, however, suggest that the conversion of sucrose into
cell components other than citric acid might partly explain the increase in dry weight upon
exposure to light. Moreover, with regard to 4CO, fixation the present results seem to be at
variance with those of Piskorz (1972), as we observed a stimulated assimilation of this
compound in dark-grown mycelium. Previously, we reported the anaplerotic role of carbon
dioxide in citric acid synthesis in this fungus (Graafmans, 1973 @, b). The stimulated assimila-
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tion of carbon dioxide in dark-grown cultures is in agreement with the increased accumulation
of citric acid.

Goldstein & Cantino (1962) observed that in synchronized cultures of Blastocladiella
emersonii the dry weight, soluble protein and especially the soluble polysaccharide increased
more rapidly in the light. They suggested that light inhibited the pathway for glucose de-
gradation, shunting the metabolism towards the manufacture of polysaccharides. It is
therefore of importance to study the influence of light on carbohydrate metabolism and on
the flow of carbon to the citric acid cycle in Penicillium isariiforme.

I am grateful to Professor Dr D. Stegwee, Dr G. Bennink and Dr H. van den Ende for
helpful discussions and for reading the manuscript.
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