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Abstract—The biphasic dynamics of the alkaloid aurantioclavine in the culture liquid of P. nalgiovense VKM
F-229 is shown to be due to the diauxic growth of the fungus on two carbon sources, succinate and mannitol.
In the phase of active growth on succinate, the fungus synthesizes aurantioclavine and excretes it into the
medium in an energy-independent manner, as aresult of which the concentration of the alkaloid in the culture
liquid rises. During the phase of metabolic adaptation to the other carbon source, mannitol, the concentration
of aurantioclavine in the culture liquid falls, probably due to the energy-dependent uptake of the alkaloid by
fungal cells. The reversible excretion of aurantioclavine in P. nalgiovense indicates that this processis regula
tory and depends on the growth parameters and the physiological state of the fungus.
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Aurantioclavine is an ergot akaloid, whose molec-
ular structure is characterized by a tetracyclic ergoline
system with a seven-atom ring C and amaodified ring D
[1]. An efficient producer of thisalkaloid is Penicillium
nalgiovense Laxa (1932) VKM F-229, formerly known
asP. aurantiovirensVKM F-229[2]. Optimal mediafor
the synthesis of aurantioclavine and other ergot alka
loids by Penicillium fungi contain succinate and man-
nitol as carbon sources and ammonium salts as nitrogen
sources [3]. P. nalgiovense VKM F-229 synthesizes
alkaloids (chanoclavinel, agroclavine, eimoclavine, and
isopenniclavine) only under hypoxic conditions[3].

The concentration of alkaloids in the culture liquid
and the mycelium of Penicillium fungi periodically
changes in the course of cultivation [4-9]. This phe-
nomenon is not understood in depth, although there is
evidence that the culture age, the medium composition,
and the cultivation mode are involved [8, 9] and that
periodicity in the accumulation of alkaloids in the
medium may be related to their alternating excretion
and uptake by producing fungi [10]. Relevant investiga-
tions are scarce and limited largely to the study of the
transport of the diketopiperazine alkaloid roquefortine
in the fungus P. crustosum, which either secretes or
takes up roquefortine from the medium [11-14]. These
results, however, cannot be entirely extrapolated to cul-
tivation conditions, since the experiments in those
workswere only performed in vitro with ayoung myce-
lium (two- to three-days-old).

The am of this work was to study the mechanisms
of the excretion and uptake of the alkal oid aurantiocla-
vine during the growth of the fungus P. nalgiovense
VKM F-229.

MATERIALS AND METHODS

The fungus Penicillium nalgiovense Laxa (1932)
VKM F-229, formerly known as P. aurantiovirens
VKM F-229, was obtained from the All-Russia Collec-
tion of Microorganisms (VKM). The fungus was main-
tained on glucose—potato agar slantsand grownin alig-
uid medium containing (g/l distilled water) mannitol,
50; succinic acid, 5.4; MgSO, - 7H,, 0.3; and KH,PO,,
1.0. The pH of the medium was adjusted to 5.4 with
NH,OH. The fungus was cultivated at 24 + 1°C in a
750-ml Erlenmeyer flask with 150 ml of the medium on
ashaker (220 rpm).

Fungal growth was evaluated from the mass of the
dry mycelium. The total nitrogen in the culture liquid
was determined by the Kjeldahl method [15], protein
was quantified by the method of Lowry et al. [16], and
phosphates were measured as described by Weil-Mahl-
erbe and Green [17].

To determine extracellular aurantioclavine, the pH
of the culture liquid filtrate was adjusted to 8.0 with
aqueous ammonia and extracted thrice with chloroform
(1: 1, v/v). The chloroform extracts were pooled, dehy-
drated with anhydrous sodium sulfate, and then com-
pletely dried using a vacuum rotary evaporator. To
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assay intracellular aurantioclavine, the mycelium was
washed thrice with distilled water, suspended in 2% tar-
taric acid, and disrupted using an MPW-302 homoge-
nizer (Mechanika precyzyjna, Poland) at 3000 rpm for
3 min. The homogenate was filtered, the filter cake was
washed thrice with 2% tartaric acid, and the four fil-
trates were pooled. Then the pooled filtrates were
treated in the same manner as described above for
extracellular aurantioclavine.

Aurantioclavine was analyzed by thin-layer chro-
matography (TLC) and UV spectrophotometry. To this
end, the dry extracts were dissolved in aiquots of chlo-
roform and applied onto Silufol UV-254 plates (Czech
Republic). The plates were devel oped in achloroform—
methanol—saturated ammonia solution (80 : 20 : 0.2)
mixture. Zones with aurantioclavine spots, which were
visualized under UV light, were cut and eluted with
methanol. The aurantioclavine-containing eluate was
clarified by passing through glass filter no. 4. The con-
centration of aurantioclavine in the filtrate was deter-
mined from its optical density measured at 287 nmin
an SF-26 spectrophotometer (Russia) using a calibra-
tion curve constructed with an authentic sample of
aurantioclavine. The standard error of these measure-
mentswas +5%.

The possibility of aurantioclavine degradation in the
culture liquid was tested in the following experiment.
The culture liquid filtrate (300 ml) was sterilized by
passing through a 0.2-um membrane filter (Schleicher
& Schill, Germany). Half of this filtrate (150 ml) was
placed in a sterile Erlenmeyer flask (750 ml), incubated
for 24 h under the cultivation conditions of the fungus,
and then analyzed for the concentration of aurantiocla-
vine. The other half of thefiltratewas analyzed for its con-
centration of aurantioclavineimmediately after filtration.

The concentration of aurantioclavine in the culture
liquid of the growing fungus was determined three
times per day between the 3rd and 13th days of cultiva-
tion. To elucidate the mechanism by which fungal cells
take up aurantioclavine from the medium, a nine-day
fungal culture was supplemented with the protono-
phore carbonyl cyanide p-trifluoromethoxyphenylhy-
drazone (FCCP) to a concentration of 5 uM, and culti-
vation was continued for 5 h. Then the culture liquid
was analyzed for the aurantioclavine concentration.

The excretion of aurantioclavine was studied in
vitro using a young (three-day-old) mycelium. The
mycelium was harvested by filtration and washed thrice
with distilled water. Aliquots of the washed mycelium
(59 by wet wt or 0.42 g by dry wt) were placed in flasks
with 150 ml of 20 mM MOPS-Na buffer (pH 5.4) and
incubated at 24 + 1°C on ashaker. The content of auran-
tioclavine in the buffer was determined after 3, 5, 15,
20, 30, 60, and 240 min of incubation. The effect of cer-
tain compounds on the excretion of aurantioclavine was
studied by adding 22 mM sodium succinate, 20 mM
L-tryptophan, or 5 uM FCCP to the buffer before incu-
bation. The concentration of aurantioclavine in these

MICROBIOLOGY Vol. 72 No. 2 2003

153

experiments was measured after 20 and 240 min of
incubation.

RESULTS AND DISCUSSION

When cultivated in the mineral medium with two
carbon sources, succinate and mannitol, and NH,OH as
the nitrogen source, P. nalgiovense VKM F-229
showed typical diauxic growth with two values of the
maximal specific growth rate and atransient lag phase,
which began on the ninth day of cultivation (Fig. 1). On
the tenth day of cultivation, the fungus began growing
again. As was shown earlier, during the transient lag
phase, the fungus adapts to growing on the second car-
bon source, mannitol [6].

The dynamics of aurantioclavine in the culture lig-
uid of the fungus aso displayed a biphasic pattern. The
extracellular concentration of the akaloid increased
concurrently with the biomass during the first phase of
active growth on succinate, decreased amost twofold
during the transient lag phase, and increased again dur-
ing the second phase of active growth on mannitol to
reach a maximum by the beginning of the stationary
growth phase (Fig. 1).

The cyclic character of accumulation was also
observed for many other akaloids of clavine, dike-
topiperazine, benzodiazepine, and quinoline nature
[4-9], the number of cycles ranging from one in the
case of the fungus P. farinosum[5] to two in the case of
P. kapuscinskii [6] and P. sizovae [7] and to four in the
case of P. verricosum [8]. The complex character of
alkaloid accumulation is not perfectly understood,
although thereis evidence that it depends on the physi-
ological and biochemical properties of growing strains
and is related to the culture age, the composition of the
medium, and the cultivation mode [4, 8].

The similar dynamics of the specific growth rate (l1)
and the specific rate of aurantioclavine accumulation in
the medium (g,) (Fig. 2) indicate that the processes of
growth and akaloid synthesis are closely related and
that the biphasic pattern of aurantioclavine accumula-
tion in the medium may be due to the diauxic growth of
the fungus on two carbon sources, succinate and man-
nitol.

In general, the content of an alkaloid in aculturelig-
uid is determined by the relative rates of its synthesis,
excretion from and uptake by cells, and degradation in
the culture liquid [8]. During the active growth phase
(the second to sixth days of cultivation), the processes
of aurantioclavine synthesis and excretion are obvi-
ously prevalent, whereas when |1 decreases (the eighth
to ninth days of cultivation), the uptake of the alkaloid
from the culture liquid and/or its degradation there are
dominant.

Changesin the content of asecondary fungal metab-
olite in the medium are usually explained either by its
conversion into other products [18] or by its uptake by
producing cells[10]. To clarify which of these possible
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Fig. 1. The dynamics of the biomass, aurantioclavine concentration, and some other parameters during the cultivation of P. nalgio-
vense VKM F-229: (1) alkaloid; (2) biomass; (3) total nitrogen; (4) phosphates; (5) pH; (6) protein.

mechanisms is responsible for the decrease in the con-
centration of aurantioclavine in the culture liquid of
P. nalgiovense VKM F-229 between the eighth and
ninth days of cultivation, we analyzed the chloroform
extracts of the filtrates of the three- and nine-day-old
cultures and found that the alkaloid composition of
these extracts was the same. Accordingly, the decrease
in the concentration of extracellular aurantioclavine
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Fig. 2. Changesin (1) the specific growth rate (1) and (2) the
specific rate of aurantioclavine accumulation in the culturelig-
uid (q,) during the growth of P. nalgiovense VKM F-229.

cannot be explained by its conversion into other alka-
loids. On the other hand, the possibility cannot be
excluded that some extracellular enzymes are able to
degrade aurantioclavine into simple products undetect-
able by the method employed.

To verify this supposition, the culture liquid filtrate
of the nine-day-old fungus was sterilized by ultrafiltra-
tion (to prevent the inactivation of enzymes possibly
present in the cultureliquid) and incubated as described
in the Materials and Methods section. The initial con-
centration of aurantioclavine in the culture liquid fil-
trate was 260 pg/l. After theincubation of thefiltratefor
24 h, the concentration of aurantioclavinevirtualy did not
change, whereas the concentration of the adkaloid in the
growing culture decreased aimost twofold (to 133 pg/l)
over the same time period.

Similar results were obtained when the culture lig-
uid for sterile incubation was taken from other growth
phases of the fungus. These data strongly suggest that
the decrease in the extracel lular concentration of auran-
tioclavine observed on the ninth day of cultivation is
due to the uptake of the alkaloid by fungal cells rather
than to its conversion by extracellular enzymes. Earlier,
the uptake of the diketopiperazine alkal oid roquefortine
in an unmodified form by P. farinosum cells was shown
directly using the ['“C]-labeled alkaloid [11].
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To answer the question of whether the transport of
aurantioclavine is energy-dependent or not, we
employed the uncoupler FCCP at a concentration of
5 uM, at which this protonophore eliminates the elec-
trochemical gradient of protons across the plasma
membrane and thereby suppresses energy-dependent
transport processes. These experiments were carried
out with a nine-day-old fungal culture, which under-
went metabolic adaptation to the second substrate man-
nitol and took up aurantioclavine from the medium
(Fig. 1). FCCP was added directly to the culture on the
ninth day of cultivation (zero time in the table). After 5
h of incubation, the fungal biomassesin the experimen-
tal and the control (into which FCCP was not added)
flasks were the same. In contrast, after such incubation,
the concentration of aurantioclavine in the experimen-
ta flask (into which FCCP was added) dlightly
increased (by 22%), whereas it decreased more than
twofold in the control flask (table).

These data show that FCCP inhibits the uptake of
aurantioclavine by P. nalgiovense cells, which suggests
that this uptake is energy-dependent, like the uptake of
roguefortine by the nitrogen-starved P. crustosum cells
[12]. It should be noted that the latter fungus also has
another, energy-independent, transport system for
roguefortine, which operates by the mechanism of
facilitated diffusion [12].

The intracellular content of aurantioclavine in
P. nalgiovense VKM F-229 cells was the same both in
the presence and absence of FCCP, indicating that the
consumed alkaloid is rapidly metabolized in the cells.
Earlier studies showed that the [**C]roquefortine con-
sumed by P. crustosum cells was a so rapidly metabo-
lized intracellularly, so that after 1 h of incubation with
the labeled alkaloid, the radioactive label was detected
in the PF1-PF4 precursors of roquefortine, proteins,
and in other cellular constituents[12].

Thus, it can be inferred that nine-day-old P. nalgio-
vense VKM F-229 cells, occurring in the transient lag
phase, take up the aurantioclavine synthesized and
excreted during earlier growth phases and that the alka-
loid uptake is an energy-dependent process.

Of interest was to study the effect of FCCP on the
excretion of aurantioclavine from cells. These experi-
ments were carried out with three-day-old P. nalgiov-
ense VKM F-229 cells, which actively synthesized the
alkaloid (Fig. 1). To prevent the possible inhibitory
effect of FCCP on the actively growing cells, they were
washed free of the nutrient medium and placed in
20-mM MOPS-Na buffer (pH 5.4). After 30 min of
incubation, the extracellular concentration of aurantio-
clavine reached 50 pg/l and then did not change for at
least 4 h (the total time of observations), indicating that
the akaloid was not consumed by fungal cells. The
excretion of aurantioclavine under these conditions did
not depend on the presence of succinate (as a source of
energy) and was not inhibited by FCCP, suggesting that
the excretion is an energy-independent process and pre-
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The effect of the addition (on the ninth day of growth) of 5 uM
FCCP on the content of aurantioclavinein the cultureliquid and
on the biomass of P. nalgiovense VKM F-229 cells

Concentration of Content of
Incubation aurantioclavineinthe | aurantioclavinein
time h culture liquid, pg/l the biomass, pg/g
Control FCCP Control FCCP
0 230 230 16 16
5 80 280 16.9 17.7

sumably occurs along the concentration gradient. The
termination of the excretion of aurantioclavine after
30min of incubation can be explained by the sup-
pressed synthesis of the alkaloid because of a nitrogen
deficiency in cells and the equalization of the intra- and
extracellular concentrations of the alkaloid. The valid-
ity of this explanation can be confirmed by the fact that
the addition of L-tryptophan to the incubation medium
raised the concentration of excreted aurantioclavine
almost twofold.

Knowledge of the alkaloid transport mechanismsis
important in elucidating the general role of alkaloidsin
the metabolism of fungal cellsand the regulatory mech-
anisms of alkaloid biosynthesis. Relevant studies are
scarce and limited to the study of thetransport of roque-
fortine in the fungus P. crustosum [11-14]. Like the
excretion of aurantioclavine by the fungus P. nalgiov-
ense, the excretion of roquefortine by P. crustosum is
energy-independent [13]. The uptake of these alkaloids
by the growing fungi is energy-dependent, the differ-
ence between these fungi lying in the fact that the
uptake of roquefortine by P. crustosum cells is stimu-
lated by nitrogen starvation [12], whereas the uptake of
aurantioclavine by P. nalgiovense VKM F-229 cellsis
related to the metabolic adaptation of the fungus from
growth on succinate to growth on mannitol (Figs. 1, 2).

It should be noted that roquefortine can be con-
sumed by the young, three-day-old, nutrient-starved
P. crustosum mycelium, whereas the fungus P. nalgiov-
ense acquiresthe ability to take up aurantioclavine after
only eight to nine days of cultivation. In both fungi, the
alkaloids consumed probably undergo rapid catabolic
conversions [11].

Thus, it can be concluded that, as arule, the excre-
tion of clavine and diketopiperazine akaloids by the
growing fungi is an energy-independent process,
whereas the alkaloid uptake is an energy-dependent
process. Relevant regulatory systems have yet to be
studied in depth.
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