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Abstract Gibberellic acid has been known since 1954 but
its effect on rice still remains very important in the agri-
cultural world. Gibberellic acid (GAj3) is the main sec-
ondary metabolite produced by the Gibberella fujikuroi
fungus. This hormone is of great importance in agriculture
and the brewing industry, due to its fast and strong effects
at low concentrations (pg) on the processes of growth
stimulation, flowering, stem elongation, and germination of
seeds, among others. Plant promoters of growth production
such as the gibberellins, especially the GAj3 are a priority in
obtaining better harvests in the agricultural area and by
extension, improving the food industry. Three routes to
obtaining GAj; have been reported: extraction from plants,
chemical synthesis and microbial fermentation. The latter
being the most common method used to produce GAj;.
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In this investigation, glucose-corn oil mixture was used as a
carbon source on the basis of 40 g of carbon in a 7 L stirred
tank bioreactor. A pH of 3.5, 29°C, 600 min~! agitation
and 1 vvm aeration were maintained and controlled with a
biocontroller connected to the bioreactor, throughout the
entire culture time. The carbon source mixture affected the
fermentation time as well as the production of the GAs.
The production of 380 mg GA;L™' after 288 h of fer-
mentation was obtained when the glucose-corn oil mixture
was employed contrasting the 136 mg GAsL™" at 264 h of
culture when only glucose was used.

Keywords Inductive effect - Gibberellic acid -
Mixed carbon source - Gibberella fujikuroi

Introduction

Since the discovery of gibberellins in 1935 by Yabuta
(1935), there has been continued interest in the study of
their biosynthesis and how they act. The enzymes involved
in each stage of the metabolism are not known systemati-
cally nor how the genes that initiate their production shoot
off. With regards to the production process of gibberellins
there are many points to study. To date, more than 126 GAs
have been identified from these natural sources (Tudzynski
1999; Shukla et al. 2003). Some of these GAs act as natural
plant hormones, controlling developmental processes such
as the induction of hydrolytic enzyme activity during seed
germination, stem elongation, flower induction and pericarp
growth (Rojas et al. 2001). As a result of these properties
and their commercial applications, there has been consid-
erable interest in the GAs over the last half-century, leading
to many reviews of their biosynthesis (MacMillan 1997).
The commercial source of the GAs, especially the bioactive
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compound gibberellic acid (GAjs; Fig. 1), is obtained by
fermentation of the rice pathogen fungus, Gibberella
Sujikuroi, from which the GAs were originally discovered
(Phinney 1983) and capable of producing large amounts of
GA; during the secondary metabolism (Linnemannstonns
et al. 1999; Escamilla-Silva et al. 1999). Various investi-
gations have shown that the choice of carbon source during
the processes of microbial fermentation for the production
of metabolites directly affects their performance. The
majority of experimental developments on fermentative
processes have chosen glucose as the carbon source. This is
based on the fact that glycolysis is present in a large variety
of living organisms and is the fastest pathway to meeting the
energy needs of cell functions. The production of GAs
through G. fujikuroi has been no exception, since their main
lines of investigation are based on the use of glucose; even
the maximum reported production of GAj; used this source
of carbon (Escamilla et al. 2000). However, the need to
improve the production of GAs through G. fujikuroi, has led
to the search for new sources of carbon, focusing primarily
on the use of natural oils. Some reports suggested that flour
and oil plant extracts might contain precursors or inductors
of the GA pathway (Rademacher 1994; Vass and Jefferys
1979). In fact, Muromtsev and Agnistova (1984) and
Gancheva et al. (1984) have successfully used plant oils,

Fig. 1 The structure of the biologically most active gibberellin (GA3)

Fig. 2 Acetyl-CoA: precursor

e.g. sunflower oil, for GA productions. In our laboratory we
have already conducted research using sesame, safflower,
corn, and rice and sunflower oils for the production of GAs
(Negrete-Rodriguez 2002; Almanza-Rangel 2005) and have
concluded that the acetyl-CoA is a central intermediary of
oxidative metabolism in mitochondria. This is derived from
the descarboxylation of the pyruvate obtained by the bio-
conversion of carbohydrates for a glycolysis pathway, and
transmination of some amino acids together with the source
of acetyl-CoA, corresponding f-oxidation of the fatty acids.
In addition to the biochemical function of acetyl-CoA
within the citric acid cycle, there are other biological
functions of vital importance, emphasizing the metabolic
source of all carbon atoms in the synthesis of fatty acids.
Additionally, in certain living organisms, the acetyl-CoA
along with acetatoacetil-CoA and water, condense through
the action of enzyme hydroxymethylglutaryl-CoA synthase
to form hydroxymethylglutaryl-CoA (Fig. 2), a precursor
for GAs via the mevalonic acid pathway.

The main objective of this work was to study an
alternative strategy for increasing GAj; production by
G. fujikuroi, using a combination of glucose and vegetal oil
as a carbon source during the fermentation process and a
reduction in the activation time of the production of GA3
due to the immediate availability of fatty acids and glycerol
for the microbial cell. An increase in the production of GA3
is therefore expected; a positive effect because of the
acetyl-CoA occurring during the descarboxylation of
pyruvate from the glycolysis that may be used for the
production of secondary metabolites. It is important to note
that until now neither item has been reported in any sci-
entific research, which makes the project both interesting
and ground-breaking.
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Materials and methods

Gibberella fujikuroi strain CDBB H-984 maintained on
potato dextrose agar slants at 4°C and sub-cultured every
2 months was used in the present work (Culture collection
of the Department of Biotechnology and Bioengineering,
CINVESTAV-IPN, Mexico). Fully developed mycelia
materials from a slant were removed by adding an isotonic
solution (0.9% NaCl). The removed mycelium (2 ml) was
used to inoculate 250 ml of fresh culture medium contained
in an Erlenmeyer flask. The flask was placed in a radial
shaker (280 rev min~ ') for 38 h at 29 4 2°C. Subse-
quently, 200 ml contents of the flask were used to inoculate
3,800 ml of culture medium contained in the stirred tank
bioreactor. The culture medium employed for the inocu-
lums preparation is reported by Escamilla et al. (2000).

A Continuo Stirrer Tank Bioreactor (CSTB; Applikon,
The Nederland, 7 1) was used, which operates mechani-
cally mixing the air-sparged to the liquid medium and
jacket type to recycle water for control of temperature. It is
also equipped with pH and dissolved oxygen sensors to
control these variables by a bio-controller. The Bio-expert
software was used to record all the parameters throughout
the fermentation time. Moreover it allows material to be
fed or removed from the bioreactor employing peristaltic
pumps.

The typical culture medium contained glucose or glu-
cose-corn oil mixture as the carbon source on the basis of
40 g of carbon source, 2 g 17! NH,CL, 3 g 1! KH,PO,,
1.5 g 17! MgS0,4-7H,0 and 2 ml 17! of trace elements. A
stock solution of the trace elements used contained (g )
1.0 FeSO,4-7H,0, 1.5 Na,Mo0,-2H,0, 0.2 MnSO,4-H,0 and
1.0 ZnSO4-7H,0. A pH value of 3.5, 29°C, 600 rev min~!
agitation and 1 vvm aeration were maintained and con-
trolled with a bio-controller connected to the bioreactor,
throughout the culture time. Samples were taken over a
240 h period and stored at 4°C prior to analysis.

Fungi were harvested by filtration (under reduced pres-
sure) through pre-weighed oven-dried nitrocellulose
membranes (0.45 pm pore size). After drying at 90°C to
constant weight, the biomass was quantified by the dry
weight method. Lipids were determined gravimetrically
after the extraction with hexane and were rota-evaporate
for hexane recuperation in a rota evaporator (Biichi Swit-
zerland) and dried for 1 h in vacuum oven at 90°C and.
Residual NH, " in the fermentation broth was assayed by
the Kjeldahl method (A.O.A.C. 1990), and residual glucose
was measured by the DNS method (Miller 1959).

Determination of gibberellic acid

The quantitative determination of gibberellic acid
(Shchegolev and Kucherov 2005; Ge et al. 2007) by

different methods reported a wide variation of GAj con-
centration between one method and another, but enabled a
comparison to be made with bioassays and establish a
correlation between them. In this paper we report the
analysis by HPLC and in a subsequent paper we will report
in particular the results obtained using different methods
and the equivalences between them. The GAj in the culture
fluid was quantified by HPLC using a Varian 9012 Chro-
matograph after extracting 10 mL samples of culture fil-
trate before adjusting to pH 2.0 with HC1 0.1 M, with three
10 ml portions of ethyl acetate. The organic fractions were
rotary evaporated and the residue taken up in 3 mL of
methanol. GA; was identified and quantified by reference
to a GAj standard (Sigma-—Aldrich), Negrete-Rodriguez
(2002).

Results and discussion

Different studies conducted in this work showed that gib-
berellins production begins when the source of nitrogen is
exhausted. Comparisons made with a mixture of carbon
sources; one that was easily assimilated and another that
assimilated slowly, producing an inductive effect: reducing
the time before gibberellins production begins, and
increasing the concentration of gibberellins, especially
gibberellic acid, as can be seen in the following results.
Figure 3 shows the relation between glucose uptake and
gibberellic acid throughout the fermentation time. It can be
observed for 96 h, the rate of glucose consumption over the
exponential period, the fungus only uses the glucose for its
growth and in a respiratory chain. At the end of this period
the secondary metabolism with the gibberellins production
began. Glucose uptake follows a first order kinetics and its
concentration decreases as zero-order changes. This shows
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Fig. 3 Gibberellic acid (filled square) production obtained with

medium containing only glucose (filled diamond) as carbon source
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that glucose is used practically for the growth of micro-
organisms and stores up to 40% for maintenance and this is
where the kinetics of fungus growth changes (Briickner and
Blechschmidt 1991). At 240 h the maximal GA; was
reached, after this time the reserve of glucose was used by
the fungus and the GAj production began to decline.
Figure 4 shows the dynamics of consumption of nitro-
gen, phosphorus and its relationship with biomass pro-
duction. It can be seen that in less than 46 h the nitrogen is
depleted and it is at this point where gibberellins biosyn-
theses shoots up through the glutamine, which is what
governs the metabolic flux. Moreover, the dynamics of the
phosphorous consumption during the growth period of
G. fujikuroi can be observed in this figure, a stage where it

is used for the production of ATP to metabolize glucose
during the first 46 h of fermentation, and after this time
remains constant throughout the process. Interestingly,
when nitrogen and glucose sources were exhausted, max-
imum biomass was achieved, between 48 and 60 h,
whereas maximum production of gibberellins is achieved
after 230 h, a fact which shows that gibberellins are not
associated with microbial growth.

Figure 5 shows the kinetics of production of GA; when
using a mixture of glucose and corn oil as a carbon source.
It illustrates how the glucose is depleted in an exponential
way, indicating that the microorganism used it for their
growth, whereas the corn oil hydrolyzes first, a fact dem-
onstrated by the presence of a large concentration of

Fig. 4 Biomass (filled square)
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Fig. 7 The effect of the glucose (filled square) and glucose + corn
oil (filled diamond) mixture as carbon source on the production of
gibberellic acid by G. fujikuroi

lipases. Corn oil enabled the growth rate of the fungus to be
regulated from 96 to 350 h, which is very important
because the period of production of GA; was linear from
96 to 240 h, achieving a maximum at around 280 h. A
quickly metabolized substrate such as glucose and nitrogen
may often achieve maximum cell growth rates as can be
seen in Fig. 6, but is known to inhibit the production of
many secondary metabolites. This “catabolite repression”
is thought to be due to intermediates generated from the
rapid catabolism of glucose interfering with enzymes in the
secondary metabolism process (Marwick et al. 1999).
Therefore, plant oils as a carbon source are not only inert
for carbon catabolite repression but also make available a

method to maximize the production of GAj, through lipid-
to-gibberellins metabolic switching. Basically, the experi-
ment aimed to inhibit cell growth by adding sesamol to the
fermentation medium. This resulted in the primary
metabolism being blocked without any involvement on the
secondary metabolism, because sesamol inhibited growth
by about 40% and lipid accumulation by 35%. With GA3
counterparts, accumulation was increased 20-fold, to a
specific production of 63 mg g~' biomass. A metabolic
analysis of these biological phenomena indicated that the
acetyl-CoA for the biosynthesis of fatty acids is switched to
the synthesis of GAj. Therefore, on F. moniliforme, GAs
and lipids are synthesized from a common precursor,
acetyl-CoA. In accordance with our data we may assume
that using a glucose- corn oil mixture as the carbon source
the lipid requirements of cell functions could be satisfied
by the catabolism of the corn oil, which minimizes the use
of acetyl-CoA in the biosynthesis of fatty acids, and thus
increases the flux of acetyl-CoA to GAj;. In a similar way to
carbon, the nitrogen source is understood to regulate

@ Springer



1504 World J Microbiol Biotechnol (2011) 27:1499-1505
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secondary metabolism. The biosynthesis of GAs as sec-
ondary metabolites reduces its production in G. fujikuroi by
regulating the source of nitrogen, beginning after the
nitrogen source depletion (Rybakov and Bourd 1991;
Sanchez-Fernandez et al. 1997; Giordano et al. 1999).
These data showed that GAj; production began after
nitrogen exhaustion and Escamilla et al. (2000), found that
in G. fujikuroi the exponential growth ceases when the
nitrogen source is depleted in the culture medium and
occurs within the idiophase. This is characterized by ini-
tiating the formation of Gpg by the promotion of the bio-
synthesis of glutamine, which is the basis for the genes
cluster, a set of synthetases. A group of these are six of the
seven cloned genes under control of the positively acting
general transcription factor AREA (Tudzynski 1999;
Mihlan et al. 2003). High levels of preferred nitrogenous
compounds can drastically reduce the expression of GA-
biosynthetic genes and GA amounts produced. Phosphate,
although essential for growth, can at certain concentrations
suppress secondary metabolism, inhibiting, for example,
phosphatases and oxygenases (Spizek and Tichy 1995;
Chavez-Parga et al. 2007). In G. fujikuroi the GAs bio-
synthesis is not regulated by phosphate concentration or
rate of growth (Giordano et al. 1999).

As shown in Fig. 7, the secondary metabolism began
around 60 h of culture and a production of 380 mg
GA;L ! after 288 h of fermentation was obtained when the
mixture glucose-corn oil was employed. This is in contrast
to the 136 mg GA;L™' at 264 h of culture when only
glucose was used, and the GA3 production began around
96 h of fermentation as can see in Fig. 7. The results
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clearly indicate that the carbon source produced an
inductive effect in the secondary metabolism and affected
the fermentation time and the phytohormone production
during the fermentation process of G. fujikuroi on the
conditions studied (Fig. 8).

Conclusion

As for the assumption of the existence of a regulatory
mechanism of glucose absorption from corn oil, the results
clearly showed that both carbon sources are metabolized
quickly, which means that glucose does not exert catabolic
repression on assimilation corn oil, or some kind of met-
abolic control in the transport of fatty acids in the cells of
G. fujikuroi. When using a mixture of carbon sources has
been an increase in the production of gibberellic acid than
when using only glucose and a decrease in time when
production of GAj is initiated.
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