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1 Filamentous fungi, as well as other microorgan�
isms, synthesize structurally diverse, biologically
active compounds. Formation of secondary metabo�
lites by producers is controlled by the regulatory
mechanisms affected by changing environmental con�
ditions. Since the conditions favorable for the maxi�
mum rate of a producer do not necessarily favor the
synthesis of secondary metabolites, a balance between
the growth rates and the maximum product yield is
required [1, 2]. In the production of antibiotics, this
problem is solved by using two�stage processes. The
conditions for rapid vegetative growth and for efficient
product formation are created at the first and second
stage of cultivation, respectively (the tropho� and
idiophasic kinetics). Growth of the overwhelming
majority of fungal producer strains of the genus Peni�
cillium in a synthetic medium with mannitol, succinic
acid, mineral salts, and ammonium nitrogen (optimal
for secondary metabolite synthesis) was accompanied
by the synthesis of nitrogen�containing compounds
[3]. It is known that the genes involved in the synthesis
of secondary metabolites are clustered, and these clus�
ters are controlled by transcription regulators (DNA�
bound proteins) having either specific effects on the
genes within the cluster or on the genes of the com�
mon metabolic pathways [4]. Secondary metabolite
biosynthesis involves multifunctional enzyme com�
plexes: a polyketide synthase, a nonribosomal peptide
synthetase, and their hybrid [5]. Expression of the
genes of secondary metabolism depends on the
medium composition, cultivation conditions, meta�
bolic products, and trace elements. During the culti�
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vation of producers, production of the bioactive com�
pounds is sometimes substantially enhanced by opti�
mizing the physical (temperature, pH, aeration) and
chemical factors (medium components, precursors,
inducers, etc.) [6].

Penicillium citrinum VKM F�4043 D isolated from
ancient permafrost deposits forms two classes of bio�
logically active compounds: clavine ergot alkaloids
(EA) (epoxyagroclavine�I and agroclavine�I) and
quinoline alkaloids, quinocitrinines (QC) [7, 8].

The goal of this work was to study the effects of cul�
tivation temperature, pO2, and the concentrations of
NaCl and the carbon substrate (mannitol) on the for�
mation of secondary metabolites by P. citrinum VKM
F�4043 D.

MATERIALS AND METHODS

The fungus P. citrinum VKM F�4043 D used in the
work was provided by the All�Russian Collection of
Microorganisms, the Institute of Biochemistry and
Physiology of Microorganisms of the Russian Acad�
emy of Sciences (VKM). The effects of growth tem�
perature (20, 24, and 28°C) and dissolved oxygen con�
centration (pO2 10, 20, 40, and 80% of air saturation
at 24°C) were studied during the cultivation of the fun�
gus in a 10�L ANKUM�2M fermenter (Biopribor,
Russia) with a 6�L working volume. Constant temper�
ature and the pH changes were recorded automati�
cally. The pO2 values were regulated by rotational
velocity of the stirrer (300–400 rpm) and by air supply
varying from 0.01 to 0.5 L/L min according to the
pO2�meter reading. The fungus was cultivated in a
mineral medium containing the following (g/L of dis�
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tilled water): mannitol, 50.0; succinic acid, 5.4;
KH2PO4, 1.0; MgSO4 ⋅ 7H2O, 0.3; ZnSO4 ⋅ 7H2O,
0.005; pH was adjusted to 5.4 with a concentrated
ammonia solution.

The effect of the substrate concentration on sec�
ondary metabolite production was investigated at 20 or
50 g/L of mannitol. The effect of 2.5% NaCl was stud�
ied at a mannitol concentration of 20 g/L with or with�
out the addition of ZnSO4 ⋅ 7H2O (5 mg/L). The fun�
gus was grown in a submerged culture in flasks
(750 mL) with 150 mL of the medium at 24 ± 1°C on
a shaker (220 rpm) for 13 days. The media were inoc�
ulated with conidia (1–2 × 107 cells/mL) washed of a
14�day culture grown on wort agar slants with 0.05%
Tween�80 solution. The fermenter was inoculated with
a 6�day mycelium (10% of the medium volume) grown
as a submerged culture in flasks with the medium used
for cultivating the producer in a fermenter. P. citrinum
was grown for 7 days on the Czapek yeast extract agar
(CYA) at 5, 9, 18, 25, 28, and 37°C to investigate the
influence of cultivation temperature on the linear
growth rate. The content of fungal biomass in sub�
merged culture was determined daily by the biomass
dry weight. The culture was examined under a light
microscope (Jena, Germany). Secondary metabolites
were analyzed daily in the culture liquid filtrate.

The metabolites were isolated from the culture liq�
uid filtrate by threefold chloroform extraction as
described [7] and from mycelium by extraction with
chloroform–methanol (1 : 1). The extract from the
biomass was diluted with distilled H2O and extracted
thrice with chloroform at acidic and alkaline pH val�
ues. Chloroform extracts were dried over anhydrous
Na2SO4 and evaporated under vacuum. The extracts
were analyzed by thin�layer chromatography on Silica
gel (Silica gel 60 F254, Merck, Germany) in the chlo�
roform/methanol/25% NH4OH (conc.) (90 : 10 : 0.1)
and (80 : 20 : 0.2) systems. The substances were

detected by UV absorption and after spraying the
plates with the Ehrlich reagent for EA detection and
with the Dragendorff reagent for QC identification.
The amounts of EA and QC were determined by spec�
trophotometry [7].

RESULTS AND DISCUSSION

Investigation of the effect of temperature on the
linear growth rate of P. citrinum on solid medium was
carried out within the range from 5 to 37°C with an
optimum of 28°C (Fig. 1). Cultivation of the fungus on
the mineral medium in the fermenter at 28, 24, or
20°C confirmed that the optimal growth temperature
was 28°C, when the highest values of the growth
parameters (biomass yield (x), the maximum specific
growth rates on succinate (μ1) and mannitol (μ2)) were
observed (Fig. 2). When the fungus was cultivated at 20
and 24°C, these values were considerably lower than at
28°C. Within the studied temperature range, μ1 and μ2
decreased in proportion to the decrease in the cultiva�
tion temperature. Thus, the P. citrinum strain isolated
from a permafrost soil sample 1.8–3 million years old
[9] may be classified as a mesophile.

The effect of cultivation temperature on secondary
metabolite production in P. citrinum was assessed by
determining the maximum concentration of metabo�
lites in the culture liquid, the maximum specific rate of
their biosynthesis and productivity, and the yield of
metabolites per unit of biomass. The P. citrinum culti�
vation temperature was shown to have different effects
on EA and QC biosynthesis. The maximum values of
EA biosynthesis were observed during the cultivation
of P. citrinum at 24°C (Fig. 3). It decreased at both
higher and lower values of the cultivation temperature.
On the contrary, the maximum values of QC biosyn�
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Fig. 1. Effect of temperature on the diameter (mm) of
P. citrinum colonies (day 7).
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Fig. 2. Effect of cultivation temperature on the maximum
growth parameters of P. citrinum: biomass, g/L (1); µ1, h–1
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thesis increased with the cultivation temperature and
reached maximum values at 28°C. Thus, QC produc�
tion was shown to be more intensive at the optimal
growth temperature (28°C), while the optimal tem�
perature for QA production was 24°C.

The effects of different pO2 values (10, 20, 40, and
80% of air saturation at 24°C) were studied during cul�
tivation of the fungus in the fermenter. With high initial
aeration of the medium (air feeding, 0.50 L/L min;
shaker, 400 rpm), pO2 values did not go down below
80% during 72 h of observation. No biomass growth
occurred under these conditions; the differentiation of
hyphae and the formation of penicilli and conidia were
observed in 24 h after the beginning of fermentation.
At lower initial aeration of the medium (0.01, 0.08,
and 0.15 L/L min), the pO2 values decreased to 10, 20,
and 40%, respectively, in 24 h and were maintained at
these levels during further cultivation. Under these
conditions, no differentiation of the mycelium was
observed throughout the experiment. The biomass
yield was the same (17.7 g/L). It was shown that the
maximum specific growth rates on succinate (μ1) and
mannitol (μ2) were more than twofold higher at pO2
20% compared to other tested pO2 values (Fig. 4).
Thus, these data show that the optimal pO2 value for
the culture growth is 20% of aeration. The lack of oxy�
gen at pO2 10% limits the culture growth on succinate,
while the excess of oxygen at pO2 40% inhibits fungal
growth on both substrates. The inhibition of fungal
growth by oxygen substantially increases at pO2 80%.

The pO2 values maintained throughout the cultiva�
tion process influenced the biosynthesis of EA and QC
by the fungus P. citrinum (Fig. 5). EA concentration
was 36% higher at pO2 40% compared to pO2 10%.
The effect of pO2 on QC production was the opposite:
QC accumulation was 35% lower at pO2 40% com�
pared to pO2 10 and 20%. Thus, pO2 values can be
used for regulating the composition of the synthesized

secondary metabolites: EA and QC production condi�
tions are optimal at pO2 40% and pO2 10–20%,
respectively.

When the fungus was cultivated in the medium with
50 g/L mannitol, its growth was diauxic with the sec�
ond lag phase on day 6–7. Conidia formation and
microcyclic conidiogenesis observed in the medium
with 20 g/L mannitol were determined by carbon and
energy deficiency in the medium. Mannitol concen�
tration influenced the yield of biomass. When the fun�
gus was grown in the medium with 20 g/L mannitol,
the biomass yield was 2.4 times lower compared to
50 g/L of the substrate (see table). Thus, in the pres�
ence of two carbon sources in the medium, the opti�
mal concentration of the second carbon substrate
(mannitol) was shown to be 50 g/L.

The dependence between mannitol concentration
and the values of EA and QC production was revealed
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Fig. 3. Effect of cultivation temperature on the maximum
accumulation of EA (1) and QC (2) in the medium
(mg/L).
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(table). In the presence of 20 g/L mannitol in the
medium, accumulation of EA and QC in the culture
liquid was 4.1 and 1.6 times less and the maximum
specific rates of EA (qEA) and QC (qQC) biosynthesis
were 2.7 times lower compared to the medium with
50 g/L mannitol. With 20 g/L mannitol, YEA/x
decreased 1.8 times and YQC/x increased by 50% com�
pared to the medium containing 50 g/L mannitol.

Investigation of the effect of 2.5% NaCl on the
growth of P. citrinum and production of alkaloids by
the fungus showed that addition of this salt to the
medium resulted in a 1.4�fold decrease in biomass
yield compared to the control, without any significant
effects on the maximum specific growth rates on suc�
cinate (μ1) and mannitol (μ2) (table). The decrease in
biomass yield was undoubtedly associated with the
increase in the amount of energy the culture spends on
the maintenance of the necessary intracellular
osmotic pressure [10]. Under these conditions, the
maximum accumulation of EA and QC in the culture
liquid was 3.8� and 1.3�fold lower than in the control,
respectively, but the maximum specific rates of EA and
QC biosynthesis remained unchanged (table), indi�
cating the absence of inhibition of the enzymes of EA
and QC biosynthesis by 2.5% NaCl.

Previously, it has been shown that zinc ions stimu�
late the EA and QC production in P. citrinum [7]. The
values of the growth parameters of the fungus
increased upon addition of zinc ions to the medium
with NaCl. The biomass yield doubled and the maxi�
mum specific growth rates on succinate (μ1) and man�
nitol (μ2) increased 1.8� and 1.4�fold, respectively,
compared to the medium without zinc (table). In this
medium, the maximum accumulation of EA and QC
in the culture liquid was 15.8� and 1.2�fold higher,
respectively, than in the medium without zinc. In the
presence of NaCl, zinc ions stimulated only EA pro�
duction but had a negative effect on QC production.
The qEA and YEA/x values increased 2.3� and 7.4�fold,
respectively, while qQC and YQC/x decreased by about
40% in the presence of both salt and the trace element,
compared to the medium containing NaCl alone
(table). Since the energy spent on maintenance of the
concentration gradients between the mycelium and

the medium was the same in the zinc�containing
medium, it may be supposed that zinc ions activated
oxidative metabolism. Zinc ions are known to activate
one of the glycolytic enzymes: glucose�1,6�diphos�
phate aldolase. It should be noted that EA concentra�
tion in the medium containing 20 g/L mannitol, 2.5%
NaCl, and zinc ions reached the level observed in the
medium with 50 g/L mannitol (38 mg/L), while the
levels of QC were lower by 47 and 10%, respectively.

Cultivation temperature is one of the essential fac�
tors influencing the intensity and direction of second�
ary metabolite biosynthesis. A decrease in the cultiva�
tion temperature of Aspergillus parasiticus resulted in
the shift of the biosynthesis of aflatoxin B1 towards
aflatoxin G1 [11]. In P. roqueforti, roquefortine was not
formed at the temperature below 12°C [12].

Our research showed the cultivation temperature to
have a regulatory effect on the synthetic activity of
P. citrinum. The production of QC was more intensive
when the fungus was grown at the optimal growth tem�
perature (28°C), while EA production was more
intense at the temperature below the optimum (24°C).
These differences may be due to different functions of
the metabolites in the producing organism. QC can be
considered as antibacterial protection of the culture,
which increases in the case of favorable growth condi�
tions. QCs were shown to be efficient against gram�
positive and gram�negative bacteria, yeasts, and fungi,
as well as cytotoxic for tumor cells [8]. It is supposed
that the production of ergot alkaloids is associated
with reserving the primary metabolites that can be uti�
lized by the culture for cell growth processes in case of
deficiency, e.g., of tryptophan [3].

Low solubility of oxygen in the nutrient media,
which depends on temperature, concentration of
nutrients, etc., often limits the growth and biosyn�
thetic processes. The necessary condition of any
microbiological process is determination of the aera�
tion mode for the cultivation of the producer, since
different producers of biologically active substances
have peculiar requirements for oxygen concentration
[13]. Investigation of the effect of different pO2 values
on EA and QC production by P. citrinum revealed the
optimal conditions for EA and QC accumulation to

Table. Effect of mannitol and NaCl concentrations on the maximum parameters of growth and secondary metabolite bio�
synthesis in the fungus P. citrinum

Medium components, g/L Index

Mannitol NaCl Zn2+ pH Biomass,
g/L

µ1,

h–1

µ2,

h–1
 EA,

mg/L
qEA

mg/g day
YEA/x, 
mg/g

QC,
mg/L

qQC
mg/g day

YQC/x,
mg/g

50 0 0 4.4 12.4 0.022 0.012 37 1.9 3.0 14 1.1 1.1

20

0 0 6.8 5.2 0.025 0.015 9 0.7 1.7 9 0.4 1.7

25 0 4.6 3.8 0.025 0.014 2.4 0.7 0.7 6 0.3 2.1

25 0.001 4.0 7.7 0.046 0.019 38 1.6 5.2 7 0.2 1.2
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develop at pO2 values of 40 and 10–20%, respectively.
Various oxygenases requiring molecular oxygen for
their activity are known to be involved in ergot alkaloid
synthesis [1]. This fact probably accounts for the
higher pO2 values needed for EA production.

Many fungi of the genus Penicillium, including the
species P. citrinum, are tolerant to different NaCl con�
centrations [14]. It gives them an ecological advantage
of competitiveness when they colonize some habitats,
e.g., foodstuffs with the high concentrations of
osmolytes. Production of the secondary metabolites is
considered to be associated with the adaptation of pro�
ducers to the environment. This suggestion was con�
firmed by the data on changes in the profiles of sec�
ondary metabolites in response to variation of the
medium composition. NaCl added to the cultivation
medium of P. thymicola at a concentration above 2.5%
inhibited the synthesis of yellow pigments and stimu�
lated the formation of fumiquinazolines [15]. In
P. verrucosum, NaCl affected the regulation of citrinin
and ochratoxin accumulation [16]. Predominant for�
mation of ochratoxin A containing a chlorine atom in
its molecule was observed at high salt concentrations,
suggesting partial involvement of this metabolite in
chlorine ion homeostasis in a fungal cell. Addition of
NaCl to the medium for P. citrinum resulted in lower
accumulation of biomass, EA, and QC in the culture
liquid. At the same time, the maximum specific rates
of EA and QC production did not change, demon�
strating the absence of inhibition of the enzymes of EA
and QC synthesis by NaCl. Production of nitrogen�
containing compounds is probably not associated with
the regulatory mechanism ensuring fungal growth at a
high osmolarity of the medium.

Thus, the medium composition, cultivation tem�
perature, and pO2 were shown to have regulatory
effects on the production of ergot alkaloids (EA) and
quinocitrinines (QC) by the fungus P. citrinum VKM
F�4043 D. The temperature of 24°C was optimal for
EA biosynthesis, while the maximum accumulation of
QC took place at 28°C. The maximal biosynthesis of
EA was observed at pO2 40%, while the conditions for
QC production were optimal at pO2 10–20%. The
metabolite production directly depended on the car�
bon substrate concentration in the medium. Addition
of 2.5% NaCl did not inhibit the accumulation of EA
and QC.
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